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Abstract

According to recent statistics from the World Health Organization, cardiovascular
diseases are the leading cause of death globally, highlighting the need for advanced
diagnostic tools. An electrocardiogram (ECQG) is a non-invasive test that records the
electrical activity of the heart, providing essential information for diagnosing cardiac
conditions. ECG delineation refers to the process of identifying specific points of
interest (fiducial points) in the ECG signal, such as the onsets, peaks and offsets of
the P, QRS, and T waves, which are crucial for accurate interpretation and diagnosis.

While traditional ECG delineation methods such as wavelet transforms and rule-
based algorithms have been widely used, they often struggle with noise and morpho-
logical variations. Recent deep learning approaches, including convolutional neural
networks (CNNs) and recurrent neural networks (RNNs), have shown promise, but
lack accuracy in detecting smaller regions.

This Master’s Thesis proposes a novel deep learning model that addresses several
limitations of existing models and facilitates their future clinical use with wearable
devices. The proposed attention-enhanced U-Net model (Peak Attention U-Net) in-
corporates an attention mechanism into the U-Net architecture, allowing it to focus
on small yet clinically relevant regions of the ECG signal, such as peaks. The Peak
Attention U-Net achieves state-of-the-art performance in fiducial point delineation,
particularly excelling in the detection of P, R, and T peaks. Compared to recent and
relevant deep learning approaches, it demonstrates a remarkable improvement of
over 12.5% in F1 score for peak detection. The model’s performance was evaluated
using the widely recognized PhysioNet LUDB database, ensuring a robust comparison
with existing methods.

Key advantages of the proposed model include its ability to detect peaks, process
entire ECG signals, its lead-agnostic design, and its computational efficiency. These
features make it a versatile and practical tool for various clinical scenarios, including
both offline analysis and potential real-time monitoring applications.

Experimental results demonstrate the potential of the developed framework for real
clinical use. By addressing the limitations of existing methods and offering improved
performance, this research contributes to the advancement of ECG delineation and
opens possibilities for early diagnosis beyond traditional medical settings with the use
of wearable devices. Future work will focus on evaluating the model’s generalizability
across diverse datasets and in real-world clinical settings to confirm its clinical utility.

Keywords: ECG Delineation, Attention Mechanism, U-Net, Peak Detection, Cardiac
Diagnosis, Deep Learning, Artificial Intelligence, Biomedical Signal Processing.

iii






Resumen

Segun estadisticas recientes de la Organizacion Mundial de la Salud, las enfer-
medades cardiovasculares son la principal causa de muerte a nivel mundial, lo que
destaca la necesidad de herramientas de diagnoéstico avanzadas. El electrocardio-
grama (ECG) es una prueba no invasiva que registra la actividad eléctrica del corazon,
proporcionando informacion esencial para el diagnéstico de afecciones cardiacas. La
delineacion del ECG se refiere al proceso de identificacion de puntos de interés es-
pecificos (puntos fiduciales) en la sefial del ECG, como los comienzos, picos y finales
de las ondas P, QRS y T, que son cruciales para una interpretacion y diagnostico
precisos.

Mientras que los métodos tradicionales de delineacion del ECG, como las transfor-
madas wavelet y los algoritmos basados en reglas, han sido ampliamente utilizados, a
menudo tienen dificultades con el ruido y las variaciones morfologicas. Los enfoques
recientes de aprendizaje profundo, incluyendo las redes neuronales convolucionales
(CNN) y las redes neuronales recurrentes (RNN), han mostrado promesa, pero carecen
de precision en la deteccion de regiones mas pequenas.

Este Trabajo de Fin de Master propone un modelo novedoso de aprendizaje profundo
que aborda varias limitaciones de los modelos existentes y facilita su uso clinico
futuro con dispositivos wearables. El modelo U-Net mejorado con atencion propuesto
(Peak Attention U-Net) incorpora un mecanismo de atencion en la arquitectura U-
Net, permitiéndole enfocarse en regiones pequenas pero clinicamente relevantes de
la senal ECG, como los picos. El modelo Peak Attention U-Net logra un rendimiento
del estado del arte en la delineacion de puntos fiduciales, destacando particularmente
en la deteccion de picos P, Ry T. En comparacion con enfoques recientes y relevantes
de aprendizaje profundo, demuestra una mejora notable de mas del 12,5% en la
puntuacion F1 para la deteccion de picos. El rendimiento del modelo fue evaluado
utilizando la ampliamente reconocida base de datos LUDB de PhysioNet, asegurando
una comparacion robusta con los métodos existentes.

Las ventajas clave del modelo propuesto incluyen su capacidad para detectar picos,
procesar senales completas de ECG, su disefio agnostico de la derivacion y su eficien-
cia computacional. Estas caracteristicas lo convierten en una herramienta versatil
y practica para varios escenarios clinicos, incluyendo tanto el analisis offline como
potenciales aplicaciones de monitoreo en tiempo real.

Los resultados experimentales demuestran el potencial del marco desarrollado para
su uso clinico real. Al abordar las limitaciones de los métodos existentes y ofrecer un
mejor rendimiento, esta investigacion contribuye al avance de la delineacion de ECG
y abre posibilidades para el diagnostico precoz mas alla de los entornos meédicos
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tradicionales con el uso de tecnologia wearable. El trabajo futuro se centrara en
evaluar la capacidad de generalizacion del modelo en diferentes conjuntos de datos y
en entornos clinicos reales para confirmar su utilidad clinica.

Palabras clave: Delineacion de ECG, Mecanismo de Atencion, U-Net, Deteccion
de Picos, Diagnostico Cardiaco, Aprendizaje Profundo, Inteligencia Artificial, Proce-
samiento de Senales Biomédicas.
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Chapter 1

Introduction

Recent statistics from the World Health Organization highlight cardiovascular dis-
ease as the leading cause of unnatural death, with significant mortality and disability
rates [1]. The heart operates through a coordinated process of atrial depolarization
followed by ventricular repolarization. To monitor this crucial activity, the electrocar-
diogram (ECQ) is an effective and non-invasive diagnostic tool. It captures the electri-
cal activities of the heart by detecting the propagation of electrical signals within the
heart through electrodes placed on the extremities and on the thoracic surface. This
method provides valuable information about the functioning of the heart, enabling
early detection and treatment of cardiovascular conditions.

An ECG is traditionally composed of 12 leads, each of which provides a unique view
of the electrical activity of the heart from various angles around the body. These leads
are categorized into two main types: limb leads and precordial (chest) leads. The limb
leads, comprising leads I, II, III, aVR, aVL, and aVF, focus on the heart’s electrical
activity from the frontal plane, providing a view of the superior-inferior axis of the
heart. On the other hand, the precordial leads, called V1 to V6, are placed across the
chest and provide a detailed view of the heart’s electrical movement in the horizontal
plane. The data from these 12 leads are compiled to form a complete ECG trace, as
shown in Figure 1.1, which allows healthcare professionals to interpret the heart’s
three-dimensional electrical activity in a two-dimensional representation.

Each lead of an ECG records the electrical activity of the heart over several heart-
beats, allowing accurate identification and analysis of variations in heart rhythm and

Figure 1.1: 12-lead ECG signal. Source: [2].
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Figure 1.2: Delineated heartbeat with its waves, peaks, segments and intervals.
Source: [3].

pattern. This sequential recording is vital for detecting irregularities that could indi-
cate heart conditions such as arrhythmias, ischaemia or myocardial infarction.

The morphology of each heartbeat is composed of a series of waves and intervals,
specifically the P wave, QRS complex, T wave, and the intervals between these com-
ponents. The P wave represents atrial depolarization, the process by which the atria
contract to push blood into the ventricles. Following the P wave, the QRS complex
appears as a sharp series of peaks, representing ventricular depolarization, which is
the contraction of the ventricles to push blood out to the lungs and the rest of the
body. This phase is crucial, as it reflects the main pumping action of the heart. Fi-
nally, the T wave indicates ventricular repolarization, a recovery period in which the
ventricles prepare for the next heartbeat. Figure 1.2 shows a heartbeat labeled with
its waves, peaks, segments and intervals.

The main characterization of these waves are its onsets (beginnings), peaks, and
offsets (endings), which describe the intervals between waves. These are known as
fiducial points. For example, the PR interval measures the time between the onset of
the P wave and the onset of the QRS complex, and it helps in detecting atrioventricu-
lar blocks [4]. The QT interval, which spans from the start of the QRS complex to the
end of the T wave, reflects the total time for ventricular depolarization and repolariza-
tion, with variations indicating potential electrolyte imbalances, medications effects,
or genetic conditions [5]. The morphology of each component and interval on the ECG
is crucial for diagnosing and understanding a wide range of cardiac conditions.
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Figure 1.3: Delineated ECG with onsets, peaks and offsets of the waves.

ECG delineation refers to the detailed analysis and interpretation of these waves, in-
tervals, and complexes recorded on an ECG trace. This process is essential for the
precise assessment of heart rhythm, the identification of cardiac abnormalities, and
the evaluation of the heart’s overall health. ECG delineation involves the identifi-
cation of the onset, peak, and offset of each wave and interval, allowing healthcare
professionals to detect subtle changes that might indicate underlying cardiac condi-
tions. Figure 1.3 shows a delineated ECG signal.

The rise of wearable devices has highlighted the importance of automatic ECG de-
lineation as a tool for managing the growing data from continuous heart monitoring.
Figure 1.4 shows the procedure to record different ECG leads using a smartwatch [6].
Automatic ECG delineation algorithms are designed to accurately identify the critical
points in the ECG waveform (i.e., onset, peak, and offset of the P, QRS, and T waves)
without the need for manual intervention. By automating this process, large volumes
of ECG data can be processed quickly and accurately, making it easier for healthcare
professionals to identify abnormal heart rhythms and diagnose conditions.

The applications of automatic ECG delineation goes beyond personal use, making
cardiac monitoring feasible in settings where traditional electrocardiographs are im-
practical due to their size and cost. Advances in wearable technology allow for contin-
uous heart monitoring in diverse locations, including remote clinics and ambulances,
improving patient care by offering vital cardiac data anytime, anywhere.

Given the large and growing availability of ECG data and the recent advances in deep
learning models, it seems appropriate to use these models to automatically delineate
ECGs. This could solve the problem of the increasing volume of data generated but
the lack of medical staff capacity to analyze it. However, the complex nature of ECG
data poses a challenge, as even two expert cardiologists may delineate and interpret
the same ECG differently. This variation in manual annotations is a challenge for the
development of deep learning algorithms that require consistent data for training.

1.1 Objectives

The proposed research addresses the challenge of ECG signal delineation. The main
objective is to develop a deep learning-based solution to segment ECG signals at
critical points and regions, so that they can be efficiently analyzed by medical profes-
sionals. The ultimate goal is to create a robust ECG delineation framework that offers

3
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Figure 1.4: The positions of the smartwatch to obtain 9-lead ECGs. Source: [6].

similar performance to the state-of-the-art methods. However, state-of-the-art meth-
ods are not applicable due to certain limitations that will be explained later. Instead,
the framework must be able to perform effectively in real clinical scenarios.

The specific objectives of this work are:

* Develop a deep learning model for ECG delineation that can be applied to real-
world clinical scenarios by addressing the limitations of current state-of-the-art
models. To achieve this, the model must be able to detect the P, QRS, and T
peaks, delineate entire ECG signals, and delineate ECG signals from any lead.

* Evaluate the performance of the proposed model and compare it with the state-
of-the-art models. Assess the model’s efficiency and generalizability across di-
verse patients and conditions.

* Analyze the potential clinical applications of the proposed model and its impact
on the field of cardiology.

1.2 Hypothesis

This research hypothesizes that incorporating an attention mechanism into a U-Net-
based deep learning model will significantly improve ECG delineation by enhancing
peak detection capabilities, a limitation in current state-of-the-art deep learning ap-
proaches. Additionally, it posits that such models can be trained to accurately delin-
eate complete ECG signals from any individual lead, thereby enabling the delineation
of full 12-lead ECGs.
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1.3 Research Methodology

Analysis of the problem
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Figure 1.5: Flowchart of the employed methodology.

In order to achieve the objectives outlined in this work, a structured methodology is
followed, as shown in Figure 1.5. The methodology consists of four main stages:

1. Analysis of the problem: Given the high medical complexity of the problem, the

initial phase requires a thorough research on the subject. With the collabora-
tion of health professionals Gonzalo Alonso! (Hospital Universitario de Navarra,
Pamplona) and Mauro Buelga? (Hospital Universitario Ramén y Cajal, Madrid),
the different concepts of cardiology are studied, including the delineation and
the reasons for its importance and applications.

. Literature review and definition of the objectives: A comprehensive review of
the state-of-the-art in automatic ECG delineation is conducted to gain the nec-
essary knowledge for addressing the problem. Through this review, unresolved
issues in the literature are identified, which prevent the application of current
models in real clinical scenarios. Based on these findings, the objectives of this
work are defined to address these limitations and bridge the gap between re-
search and clinical practice. A deep study of the U-Net model and the attention
mechanism is carried out given their relevance to the proposed solution.

. Solution design and implementation: In this stage, the proposed solution
is conceived, designed and implemented. This includes investigating different
databases and selecting the most suitable one for the study. The main inno-
vation is the integration of the attention mechanism into the 1D U-Net model
to solve the peak detection problem, leading to the development of the Peak
Attention U-Net. The entire experimental pipeline is designed, including pre-
processing and post-processing of the data.

1Gonzalo Alonso’s ORCID: https://orcid.org/0000-0001-5914-8526
2Mauro Buelga’s ORCID: https://orcid.org/0000-0002-6325-357X
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4. Evaluation and analysis: After implementing the solution, the model's per-
formance is comprehensively evaluated to verify that it achieves the proposed
objectives. It is benchmarked against recent and relevant studies, with a focus
on its high performance in peak detection. The efficiency and generalizability of
the model in delineating ECG signals across a diverse set of patients and condi-
tions are assessed. Finally, the results are analyzed in depth, and the potential
clinical applications of the model are explored.

1.4 Organization of the Document

The document is organized as follows: Chapter 2 provides a comprehensive review
of the state-of-the-art in automatic ECG delineation, identifying the limitations of
current models and the rationale for this research. Chapter 3 presents the theoretical
foundations needed to fully understand the research presented. Chapter 4 describes
the dataset used and the proposed solution, introducing the Peak Attention U-Net
model in detail. Chapter 5 discusses the results of the proposed model, comparing
its performance against state-of-the-art models, and highlighting the improvements
achieved by this approach. Finally, Chapter 6 concludes the study by summarizing
key findings and contributions, discussing implications, and suggesting avenues for
future research in the intersection of artificial intelligence and ECG analysis.

1.5 Relation with Master’s Degree subjects

This Master’s Thesis is primarily related to the following subjects within the master’s
degree program.

On a theoretical level, the most relevant subject is “Biomedical Informatics”. This
work revolves around electrocardiogram signals, which represent the activity of the
heart and are considered biomedical data, a key topic studied in this course.

On the technical side, “Computer Vision” is the most pertinent subject. The knowl-
edge gained in this course about convolutional neural networks has been crucial for
developing the proposed model for ECG delineation. Specifically, the U-Net model,
studied in the context of semantic image segmentation, served as the foundation for
the proposed model in this work. This course also provided essential insights into the
general workflow of machine learning projects, covering fundamental concepts such
as overfitting, regularization, and model evaluation, among others. Additionally, the
“Artificial Neural Networks and Deep Learning” course offered a deep dive into these
fundamental concepts, which are critical for any artificial intelligence project.

The most significant improvement in the proposed model is the incorporation of an
attention mechanism, the basis of which was studied in the course “Deep Learning
for Natural Language Processing”. The knowledge from this course inspired the idea
to integrate the attention mechanism, enhancing the detection of small but crucial
segments in the ECG signal, such as peaks.

In general, all the subjects of the master’'s degree have been valuable for this re-
search. The constant reading of academic papers and the study of the scientific
method throughout the master’s program have provided me with the methodology
that has led to the success of this work.



Chapter 2

Background and Rationale

This chapter provides a foundation for understanding previous work on ECG signal
delineation to better frame and contextualize the objectives of this study. It begins
with a review of the state-of-the-art, followed by an identification of the main unre-
solved issues in the literature. Finally, the specific objectives that this work aims to
achieve are outlined.

2.1 State-of-the-Art Review

This section presents a comprehensive review of state-of-the-art techniques in auto-
matic ECG delineation. It begins with an overview of classical techniques, followed
by a discussion on deep learning-based methods. These include both sequence mod-
eling approaches and those based on the encoder-decoder architecture, which has
gained particular relevance in recent years for segmentation tasks.

2.1.1 Traditional approaches for ECG Delineation

The development of ECG delineation methods has historically focused on creating
rule-based systems for identifying and locating the QRS complex. A notable early
contribution in this area was made by Pan and Tompkins [7], who used slope, ampli-
tude, and width information to detect the QRS complex.

Since then, more advanced techniques have been employed to identify not only the
QRS complex but also the P and T waves. Digital signal processing techniques like
wavelet transforms [8, 9, 10], Hilbert transforms [11, 12], and phasor transforms
[13] have all been applied in this context. Additionally, classical machine learning
approaches such as hidden Markov models [14, 15] and Gaussian mixture models
[16] have also been used.

Wavelet-based methods have emerged as a state-of-the-art approach for ECG de-
lineation, as demonstrated by their performance on publicly available datasets like
QTDB [17]. In recent years, the wavelet-based algorithm proposed by Kalyakulina
et al. [10] has been validated using the LUDB dataset [18], further solidifying its
effectiveness.

A relevant study of Rincon et al. [19] proposed a real-time delineation algorithm
based on digital wavelet transforms, emphasizing the importance of embedded signal

7
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filtering to compensate noise that appears during ambulatory monitoring. Building
on this method, a new modular, low-complexity algorithm for real-time ECG wave
delineation was introduced by Bote et al. [20]. Optimized for resource-constrained
embedded systems, this algorithm adapts its operation between an ultralow-power
mode with low-frequency sampling and a high-accuracy mode with high-frequency
sampling based on arrhythmic activity detection. However, such methods can be
challenging to tune, are susceptible to noise, and the tuning directly affects the qual-
ity of the delineation. Additionally, these methods are not easily adaptable to differ-
ent leads, as they require specific tuning for each lead. Therefore, the development
of a robust ECG delineation algorithm is crucial for enhancing detection accuracy
given the high data variability among patient ECG recordings, and deep learning
approaches are well-suited for this task.

2.1.2 Deep Learning based ECG Delineation

Early applications of artificial intelligence in ECG signal delineation utilized machine
learning algorithms such as Support Vector Machines [21] and advanced multi-agent
techniques like Particle Swarm Optimization [22]. Additional studies employed a com-
bination of wavelet transforms and fuzzy logic [23], while morphological and heart-
beat interval features were leveraged to classify ECGs into various pathologies [24].
These methods were effective for their time, enhancing outcomes beyond traditional
processing techniques. However, the inherent complexity and patient-to-patient vari-
ability in ECG recordings have posed significant challenges to the efficacy of these
machine learning approaches.

In recent years, deep learning has emerged as a promising approach for automating
the segmentation of ECG signals. Among deep learning architectures, the literature
research can be divided into two subgroups, those that focus on the sequential and
periodic aspects of the ECG signals, and those that adopt an encoder-decoder archi-
tecture.

2.1.2.1 Sequence-Based Deep Learning

Given the sequence nature of ECG signals, Peimankar and Puthusserypady [25] stud-
ied the effectiveness of recurrent neural networks (RNNs), specifically Long Short-
Term Memory (LSTM) networks, for automated ECG signal delineation. Given their
promising results, Nurmaini et al. [26] proposed a bi-directional LSTM (BiLSTM)
classifier for ECG waveform delineation. This model segmented ECG data based on
individual heartbeats and achieved state-of-the-art performance. However, one no-
table limitation of this approach is its dependency on a predefined beat length starting
from the P-wave onset, which may pose challenges in practical scenarios.

Later, Peimankar and Puthusserypady [27] introduced the DENS-ECG algorithm, a
deep learning model designed for real-time heartbeat segmentation. This algorithm
integrates convolutional neural networks (CNNs) with LSTM units to accurately iden-
tify the onset and offset of P, QRS, and T waves in ECG signals, yielding highly
effective results.

Based on this successful combination of CNNs and LSTMs, Nurmaini et al. [28]
recently introduced a novel approach by merging the CNN-LSTM framework with
their earlier BILSTM model, leading to their ConvBiLSTM model. This hybrid model
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has achieved the highest performance in sequence-based deep learning techniques
for ECG analysis.

2.1.2.2 Encoder-Decoder Approaches

Recent advances in deep learning for ECG signal segmentation have highlighted
encoder-decoder models. These architectures excel at encoding raw ECG data to
extract relevant features and then decoding them to accurately identify key waveform
components, such as P, QRS and T waves. Their ability to handle variable-length
sequences and adapt to physiological variations increases their robustness and gen-
eralizability. By learning to compress and decompress ECG data, these models can
better handle noise and other distortions inherent in real-world data. Researchers
have explored various architectures for this task.

In a pioneering study on the use of encoder-decoder architecture for ECG delin-
eation, Moskalenko et al. [29] developed a U-Net-inspired [30] architecture that
achieved state-of-the-art performance on LUDB in terms of Fl-score, outperform-
ing both deep learning [31] and wavelet-based methods [10]. Later, Jimenez-Perez et
al. [32] adapted the U-Net structure to one-dimensional data, while Sereda et al. [31]
employed an 8-layer convolutional network to investigate the benefits of ensemble
methods versus single-network approaches.

In a similar vein, Jimenez-Perez et al. [33] modified the U-Net for segmentation, with
a focus on regularization techniques to compensate for limited training data. Their
model demonstrated comparable performance to digital signal processing techniques
like wavelet transforms [9] when cross-validated on QTDB. More recently, Chen et al.
[34] designed a 1D-U-Net model for classifying heartbeat samples into P, QRS, T, and
none categories. By combining this model with a proposed post-processing strategy,
the delineation algorithm outperformed other approaches in terms of sensitivity for
both QTDB and LUDB.

Londhe et al. [35] proposed a hybrid model based on an encoder-decoder architec-
ture, by combining CNNs with BiLSTM networks. This model leverages the spatial
features extracted by the CNN and the temporal dynamics captured by the BiLSTM.

Recently, Liang et al. proposed the ECG_SegNet [36], a delineation model based on
an encoder-decoder structure for detecting various heartbeat waveforms. They intro-
duced a standard dilated convolution module into the encoder path to extract more
informative features that are relevant to the ECG signal. Additionally, BiLSTMs were
incorporated into the bottleneck to obtain a rich set of temporal features, enabling
the model to accurately recognize various heartbeat waveforms.

The two latest studies [35, 36] have achieved state-of-the-art results in ECG delin-
eation using deep learning. Consequently, they will serve as primary benchmarks for
comparison and evaluation in this study, alongside the seminal work of Moskalenko
et al. [29] in utilizing encoder-decoder architectures for ECG delineation. However,
these studies share several characteristics that, despite being widely accepted in the
literature, limit the practical use of these models in real clinical scenarios. These
characteristics will be explained in the following section.
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2.2 Issues in the Current Literature

Following an extensive review of the state-of-the-art, three main issues are identified
in the current literature on ECG delineation using deep learning:

1. Lack of peak delineation. All the deep learning studies analyzed only segment
the signals into their P, QRS and T waves. After post-processing, they obtain the
onsets and offsets of the waves from the segment boundaries. However, there
are no studies that focus on peak delineation, and it is a crucial aspect of useful
and meaningful ECG delineation. Correct identification of peaks would allow
the use of these models in a real clinical setting.

2. Lack of whole signal delineation. Existing deep learning studies for ECG de-
lineation typically preprocess the data by looking at the labels and segmenting
the entire signal into individual heartbeats, thereby training their models to de-
lineate single heartbeats. Although this approach results in higher validation
performance, it is not possible to apply it in a real clinical scenario, as the
recorded signals are not easily segmented into individual heartbeats.

3. Lead-dependent delineation. The studies analyzed train their models using
data from only one or a few ECG leads. This approach is justified by the signifi-
cant morphological differences between leads. For instance, the QRS complexes
in certain leads may look totally different from the QRS complexes in others (see
variations in different leads shown in Figure 1.1). By selecting specific leads
for model training, the models achieve better validation performance since they
do not need to account for the morphological variations across different leads.
However, for an automatic delineation model to be effective in real-world sce-
narios, it must be capable of delineating any lead, ensuring it can accurately
analyze complete 12-lead ECGs.

All these issues have in common that they hinder the practical application of ECG
delineation models in real clinical settings.

2.3 Rationale

The automatic delineation of ECG signals is a crucial task in cardiac diagnostics and
monitoring. While significant progress has been made in this field, particularly with
the advent of deep learning techniques, several critical issues remain unresolved.
These include the lack of peak delineation, the need for whole signal delineation, and
the limitation of lead-dependent delineation. Addressing these challenges is essential
for developing a robust and clinically applicable ECG delineation algorithm.

The rationale for this study is grounded in the necessity to overcome these limitations
and enhance the practical utility of ECG delineation models. By focusing on peak
delineation, we aim to improve the accuracy and clinical relevance of the models.
Addressing the need for whole signal delineation will ensure that the models can be
applied to continuous ECG recordings without requiring segmentation into individual
heartbeats. Finally, developing a lead-independent delineation model will enable the
analysis of complete 12-lead ECGs, making the model more versatile and applicable
in diverse clinical scenarios.

By addressing these issues, this study aims to bridge the gap between state-of-the-art
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performance in controlled research settings and the practical needs of clinical ECG
analysis. The goal is to develop a robust ECG delineation framework that maintains
high accuracy while being directly applicable in real-world clinical scenarios, poten-
tially improving the efficiency and accuracy of cardiac diagnostics and monitoring.

2.3.1 Objectives and Requirements of the Proposed Model

To achieve the goals outlined above, the proposed ECG delineation model must meet
the following requirements:

Peak delineation: The model must accurately detect the peaks of the P, R, and
T waves, which are crucial for diagnosing heart conditions.

Whole signal delineation: The model must delineate the entire ECG signal,
avoiding the need for segmenting the signal into individual heartbeats.

Lead agnosticism: The model must be able to process ECG signals from any
lead, enabling the delineation of entire 12-lead ECGs.

Computational efficiency: The model must be computationally efficient and
lightweight, allowing for real-time processing and deployment in clinical settings
with limited resources.

Generalizable delineation: The model must be able to delineate ECG signals
from diverse patients and conditions, ensuring its generalizability in clinical
practice.
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Chapter 3

Theoretical Foundations

This chapter provides an overview of the fundamental concepts necessary for a com-
prehensive understanding of this research. The discussion begins with an examina-
tion of artificial intelligence and neural networks in general, followed by an explo-
ration of more specialized topics, including convolutional neural networks, the U-Net
architecture, and attention mechanisms. This step-by-step foundation prepares the
reader for the advanced deep learning methods used for ECG delineation in subse-
quent chapters.

3.1 Introduction to Artificial Intelligence

Artificial intelligence (Al) is a field of computer science focused on the development
of computer systems that can perform tasks that typically require human intelli-
gence, such as learning, problem-solving, and decision-making. Symbolic Al relies
on explicit programming of rules and symbols to solve problems. This approach is
prominent in fields like expert systems and knowledge representation, where logic
and symbolic reasoning play crucial roles. Conversely, subsymbolic Al focuses on
learning patterns and representations from data, often without explicit programming
of rules. Subsymbolic Al excels in fields like computer vision, natural language pro-
cessing, and robotics, where tasks are complex and require pattern recognition and
adaptation.

Within subsymbolic Al, Machine Learning (ML) is a fundamental subset that focuses
on the development of algorithms and statistical models that enable computers to
perform specific tasks without using explicit instructions. Instead, these systems
learn and make decisions based on data. ML can be further divided into three main
types: supervised learning, where the model is trained on labeled data; unsupervised
learning, where the model learns from data without labels; and reinforcement learn-
ing, where an agent learns to behave in an environment by performing actions and
seeing the results.

Deep Learning [37], a subset of machine learning, involves neural networks with
many layers. These neural networks are called “deep” because they have more than
one hidden layer, allowing them to model complex patterns and perform advanced
tasks like image and speech recognition more effectively than traditional machine
learning approaches. Deep learning models are particularly powerful in handling
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large and complex datasets, extracting patterns and features without needing manu-
ally extracted features.

3.2 Introduction to Neural Networks

A neural network consists of layers of interconnected neurons, which are basic com-
putational units. The network typically includes an input layer, one or more hidden
layers, and an output layer. Each neuron in a layer is connected to several neurons in
the preceding and succeeding layers. These connections are weighted and represent
the strength or importance of the connection in processing the input data.

The input layer receives raw data, which is then processed through successive lay-
ers where each neuron computes a weighted sum of its inputs and then applies a
nonlinear function, often called an activation function. Common activation functions
include the sigmoid, tanh, and ReLU (Rectified Linear Unit), each providing different
properties that affect the learning dynamics of the network.

The primary goal of a neural network in processing ECG signals or any other form
of data is to accurately predict an output or classify data points. This is achieved
through the training process, where the network iteratively adjusts the weights of the
connections to minimize the difference between the predicted output and the true
output (often provided as part of labeled training data). This process is guided by an
optimization algorithm, with gradient descent being one of the most common. During
each iteration of training, gradients of a loss function (a measure of prediction error)
are computed to update the weights in a direction that minimally decreases the error.

A key mechanism that enables learning in neural networks is backpropagation. This
is a method used for efficiently calculating the gradients necessary for adjusting the
weights. Essentially, errors are propagated backward through the network (from
output towards input), allowing for efficient computation of gradient values at each
layer. This facilitates the update of weights in a way that progressively reduces the
overall error of the network.

While neural networks are powerful tools, they are also susceptible to overfitting,
where a model performs well on training data but fails to generalize to unseen data.
To avoid this, regularization techniques are employed. For instance, L1 and L2 reg-
ularization add a penalty for larger weights to the loss function, encouraging the
model to maintain smaller weights and thus simpler models. Dropout is another
technique that randomly disables neurons during training, which helps in prevent-
ing co-adaptations where neurons excessively rely on particular other neurons.

3.3 Convolutional Neural Networks

Following this foundational understanding of general neural networks, for the pur-
pose of this research it is essential to explore convolutional neural networks (CNNs),
which introduce the concept of convolutions to neural networks. CNNs are particu-
larly suited for data that have a grid-like topology, such as images or time-series data
like ECG signals. The convolutional layers in CNNs exploit the spatial correlations
present in the input data, making them highly efficient for tasks involving images,
videos, and medical signal data, such as ECG analysis.
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Convolutions are mathematical operations used in CNNs that involve sliding a filter
or kernel over the input data. This kernel is a small matrix used to extract features
such as edges, shapes, and textures from the input by performing element-wise mul-
tiplication with the part of the input it covers, and then summing the results into
a single output pixel. This process is repeated across the entire input, creating a
feature map that highlights important attributes in the data.

The effectiveness of CNNs in feature detection and extraction is enhanced by stacking
multiple convolutional layers. Each layer typically performs a different convolution,
focusing on increasingly abstract aspects of the input. After convolutional layers,
pooling layers are often used to reduce the dimensionality of the data, helping to
decrease the computational load and control overfitting. The most common types of
pooling include max pooling and average pooling, which downsample the input by
selecting the maximum or average value respectively from a set of values in a region
defined by the pooling filter.

The architectural sophistication of CNNs has given rise to more complex architec-
tures, each designed for specific types of problems or to improve upon the limitations
of earlier models. Notable examples include:

1. AlexNet [38]: This was one of the first deep architectures that showed the power
of CNNs in large scale image recognition tasks. It significantly outperformed
traditional methods in the 2012 ImageNet competition.

2. VGGNet [39]: Known for its simplicity, VGGNet consists of multiple convolu-
tional layers followed by three fully-connected layers. It emphasizes depth by
using a large number of convolutional layers with small-sized kernels.

3. ResNet [40]: Short for Residual Network, ResNet introduced the concept of skip
connections allowing gradients to flow through an alternative shortcut path to
combat the vanishing gradient problem in very deep networks.

4. GoogLeNet (Inception) [41]: This model introduced the idea of an ‘Inception mod-
ule’, which uses parallel convolutional layers with different sizes to capture in-
formation at various scales.

These architectures exemplify the evolution and diversification of convolutional neu-
ral networks, showing how each iteration improves on the previous one to address
specific challenges in image processing and pattern recognition.

The following section will delve into U-Net, a significant architecture derived from
CNNs, specifically designed for biomedical image segmentation, showing how spe-
cialized network designs can further optimize performance for specific tasks.

3.4 The U-Net Architecture

The U-Net architecture was introduced by Ronneberger et al. in their paper titled
“U-Net: Convolutional Networks for Biomedical Image Segmentation” [30]. It is char-
acterized by its symmetric structure, which enables precise localization and uses of
context. This architecture is particularly suited for tasks where the output requires
exact alignment with the input, such as semantic segmentation tasks, where the goal
is to classify each pixel of an image into a specific category.
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The U-Net architecture comprises two main parts: the contracting (downsampling)
path and the expansive (upsampling) path, which gives it a characteristic “U” shape.
Here is a breakdown of each component:

* Contracting Path: The contracting path follows the typical architecture of a con-
volutional network. It consists of repeated application of two 3x3 convolutions
(each followed by a rectified linear unit, or ReLU), and a 2x2 max pooling op-
eration with stride 2 for downsampling. With each downsampling, the number
of feature channels doubles (i.e., the feature maps increase in depth) to cap-
ture increasingly abstract features and reduce spatial dimensions. This path is
responsible for capturing the context in the input image, which helps in recog-
nizing features at various scales.

* Bottleneck: This part of the network bridges the contracting and expansive
paths. It typically consists of two 3x3 convolutions, each followed by a ReLU. It
helps the network transition from feature encoding to feature decoding, which
is crucial for precise localization in the output.

* Expansive Path: The expansive path mirrors the architecture of the contracting
path, but in reverse order. It includes a series of upsampling operations fol-
lowed by 2x2 transposed convolutions (or upsampling and a 3x3 convolution)
that increase the dimensions of the feature maps. After each upsampling, the
number of feature channels is halved. This is followed by a concatenation with
the corresponding cropped feature map from the contracting path (skip connec-
tion). This process of concatenation is critical as it allows the network to use
context gathered during the contracting path to enable precise localization. Fol-
lowing the concatenation, two 3x3 convolutions are applied, each followed by a
ReLU activation function. These convolutions help refine the features for more
accurate output.

* Final Layer: The final layer of the U-Net is a 1x1 convolution that is used to map
the feature vectors to the desired number of classes in each pixel, outputting
the segmented image.

Figure 3.1 shows the diagram of the U-Net architecture presented in the original
paper.

In the context of ECG delineation, the U-Net architecture can be used to perform pre-
cise segmentation of the ECG signal into its waveforms—P wave, QRS complex, and T
wave. The ability of the U-Net to capture both local and broader contextual informa-
tion makes it suitable for this task, as ECG delineation requires both high precision
in waveform boundary detection and an understanding of the overall structure of the
ECG signal.

The U-Net architecture offers several advantages for ECG delineation. One of the
main benefits is its precision. Thanks to its symmetric expansion path, U-Net can
achieve precise localization, making it ideal for accurately delineating ECG waveform
boundaries. Also, U-Net can be trained end-to-end from very few images while still
yielding high segmentation accuracy. This is particularly advantageous in medical
applications where annotated examples are often scarce. Furthermore, although U-
Net was originally designed for segmentation tasks, its versatility allows it to be suc-
cessfully adapted for other applications requiring high-resolution output from limited
input data, such as ECG delineation.

16



Theoretical Foundations

64 64

input
image ||
tile

output
| segmentation
3 map

55 256 512 256 t
:H*H n[ :mfﬂ"ﬂ =» conv 3x3, RelLU
~ —4' t =1 =1

copy and crop

S22 1024 512
el — ¢ - # max pool 2x2
S 29 iom o B 4 up-conv 2x2
p\:lt lr’ = conv 1x1

Figure 3.1: Original U-Net architecture. The contracting path (left) captures con-
text through successive downsampling operations, while the expansive path (right)
enables precise localization via upsampling and concatenation with high-resolution
features from the contracting path. Source: [30].

3.5 Attention Mechanism

The attention mechanism has become one of the most influential recent innovations
in the field of artificial intelligence, especially in the area of deep learning. Inspired by
human perceptual processes, this mechanism enhances the ability of models to focus
on specific parts of an input when performing tasks, thus improving the efficiency
and effectiveness of learning processes. It has been adopted mainly in domains like
natural language processing (NLP) and image recognition.

Introduced by Bahdanau et al. (2014) [42] in sequence-to-sequence (seq2seq) mod-
els, the attention mechanism was developed to overcome the limitations of traditional
fixed-sized context vectors in handling long sequences, thereby improving perfor-
mance in tasks such as machine translation. Initial work explored attention-maps
by interpreting gradient of output class scores with respect to the input image. On
the other hand, trainable attention is enforced by design, and can be categorized into
hard-, soft- and self-attention.

Hard attention, as described by Mnih et al. (2014) [43], is typically non-differentiable
and relies on reinforcement learning for parameter updates, making the training pro-
cess more challenging. This type of attention focuses on specific parts of the inputs
while ignoring others, which is beneficial for tasks requiring explicit decisions, such
as iterative region proposal and cropping. Recursive hard attention has been applied
to detect anomalies in chest X-ray scans [44].

In contrast, soft attention is probabilistic and employs standard back-propagation
without the need for Monte Carlo sampling [45]. It assigns weights to all input parts
using a softmax function to compute these weights. Examples include additive soft
attention in machine translation [42, 46] and image classification [47, 48]. Squeeze-
and-Excitation networks [49] use channel-wise attention to emphasize important fea-
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tures, winning the ILSVRC 2017 image classification challenge [50].

Self-attention [47, 51] analyzes the importance of input parts relative to each other,
removing the need for external gating. It captures long-range dependencies [51] and
improves image classification through class-specific pooling [47, 48]. Self-attention
is a key component of the widely-used Transformer model.

The Transformer model, introduced by Vaswani et al. (2017) [52], relies entirely on
self-attention to capture global dependencies between input and output. The model’'s
ability to handle long-range dependencies made it significantly more powerful than
models based on earlier seq2seq architectures. This model introduced the concept of
multi-head attention, where multiple attention mechanisms are utilized in parallel,
enabling the model to attend to different aspects of the input. Since its introduction,
Transformers have dominated the field of NLP with adaptations such as BERT [53],
GPT [54], and others, demonstrating the effectiveness of the attention mechanism.

The attention mechanism also improves model interpretability, as its attention weights
can be analyzed to understand what the model is focusing on, making it easier to
interpret the model’'s decisions. It also enhances performance due to its focus on
relevant parts of the data, allowing for more effective handling of complex datasets.
Moreover, its flexibility makes it versatile, integrating well with various neural net-
work architectures, and enhancing their applicability across different Al domains.

3.6 Attention U-Net

Building on the concepts from previous sections on U-Net and attention mechanisms,
Oktay et al. proposed a novel approach that leverages both to address challenges in
medical image segmentation [55]. Their work introduces Attention U-Net, which im-
proves on the base U-Net architecture, particularly for complex anatomical structures
with high variability in shape, size, and appearance.

The Attention U-Net addresses this limitation by incorporating attention gates into
the network architecture. Specifically, the attention gates are applied to the concate-
nation of skip connections from the contracting path (encoder) and the upsampled
feature maps from the expansive path (decoder). This architectural modification al-
lows the network to selectively emphasize or suppress relevant features during the
decoding process, ultimately leading to improved segmentation performance.

The key difference between the standard U-Net and the Attention U-Net is the intro-
duction of these attention gates. Each attention gate is a small convolutional block
that generates an attention map corresponding to the input feature maps. This at-
tention map is then element-wise multiplied with the input feature maps, modulating
the feature activations based on their relevance to the target segmentation task.

By focusing on the relevant parts of the image, Attention U-Net achieves higher seg-
mentation accuracy, especially in complex cases where traditional models might fail.
Attention gates also help reduce computational complexity by allowing the model to
focus on the areas of interest, potentially reducing the need for a larger number of
parameters. In addition, this model better handles variations in medical images,
making it more robust and generalizable across different datasets and medical con-
ditions. Moreover, the attention maps provide interpretability, allowing visualisation
of which regions the network is focused on during the segmentation process.
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Chapter 4

Methods

This chapter provides details on the data and methods utilized in this work. It begins
by describing the datasets employed, including their source, size, and characteris-
tics along with an exploratory data analysis to gain insights into the data. The data
pre-processing steps, such as filtering, are then explained. The architecture and im-
plementation of the proposed deep learning model are outlined. Finally, the chapter
covers the post-processing methods to refine outputs and the evaluation metrics for
assessing performance. This overview establishes the foundation for the presentation
of experimental results and analyses in subsequent chapters.

4.1 Databases

Training and validating ECG delineation models requires standardized databases
with complexes and waves, manually annotated by specialists. Several widely used
collections are available, such as the MIT-BIH Arrhythmia Database [56], the Euro-
pean ST-T Database [57], and the QT Database [17]. However, their annotations have
limitations. For instance, the MIT-BIH Arrhythmia Database and the European ST-
T Database only provide annotations for QRS complexes. The QT Database includes
annotations for P, QRS, and T waves, but several complexes remain unmarked, and it
only contains leads I and II. To address these limitations, the Lobachevsky University
Electrocardiography Database (LUDB) [18] was developed.

4.1.1 LUDB Database

The Lobachevsky University Electrocardiography Database (LUDB) [18] is a public
dataset developed for the purpose of ECG analysis and the testing of delineation al-
gorithms. It comprises 200 12-lead ECG recordings sampled at a frequency of 500
Hz with a 10-second duration. Each ECG recording in LUDB is annotated with P-
wave, QRS complex, and T-wave boundaries and peaks identified and validated by
expert cardiologists, providing high-quality ground truth for training and validating
deep learning models. The dataset includes ECGs from patients with various arrhyth-
mias, thus presenting a diverse set of cardiac rhythms for comprehensive analysis.
Additionally, LUDB provides demographic information for each subject, allowing re-
searchers to consider age-related and gender-specific characteristics in their studies.
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4.1.2 Expanded Classification Approach in This Study

Most works in the deep learning literature consider ECG delineation as a four-class
segmentation problem, distinguishing between P waves, QRS complexes, T waves,
and isoelectric segments. However, while classifying these waveforms provides signif-
icant insights, the precise delineation of the peaks within these waves (specifically,
P, R, and T peaks) is also crucial. Precisely locating the peaks enhances temporal
precision, crucial for measuring intervals and durations within the ECG that diag-
nose conditions like arrhythmias. Furthermore, peak characteristics, such as the
height and sharpness of the R peak, can yield insights into cardiac functions, indi-
cating conditions like ventricular hypertrophy. Peaks can also reveal subtle changes
in heart’s electrical activity that broader wave classifications might overlook, aiding
in the detection of early or mild cardiac dysfunctions.

Given the importance of both waveforms and their peaks, this study extends beyond
the traditional four classes typically considered in ECG analysis. An expanded seven-
class system is incorporated to include the three additional peak classes: P peak, R
peak, and T peak. This expanded classification scheme enables the proposed deep
learning model to not only recognize and categorize the main waveforms but also to
accurately identify and analyze the critical peaks within these waves. By training
the model on this refined class system, a higher level of detail and accuracy in ECG
signal analysis is aimed for, potentially leading to improved diagnostic capabilities.

4.1.3 Training on Multi-Lead Data for Enhanced Model Robustness

Another key aspect that sets this study apart from the existing literature is the ap-
proach to training data. Commonly, deep learning models for ECG delineation are
trained and evaluated using signals from a single lead, typically Lead II (see [29, 36,
34]). However, one of the main objectives of this work is to develop a model that can
be applied in real-world scenarios, where ECG signals may be acquired from any lead
depending on clinical settings and patient characteristics. This is particularly rele-
vant with the increasing popularity of wearable devices, which often allow users to
select the number and placement of leads based on their preferences and the device’s
capabilities.

To achieve this “lead agnosticism”, the model is trained using all available leads from
the LUDB database. Each of the 12 leads in an ECG captures electrical signals
from different angles across the heart, resulting in varied waveforms or morpholo-
gies. These differences in morphology across leads can include variations in wave
amplitude, shape, and timing. For instance, the R peak might appear sharper and
more pronounced in one lead while being flatter in another, as illustrated in Figure
4.1. This variability poses a significant challenge even for classical algorithms not
based on deep learning, which is why they are also typically tuned and validated for
one or a few leads (see [9, 19, 20]). Similarly, deep learning models trained on a sin-
gle lead may struggle to generalize to other leads, potentially leading to suboptimal
performance in real-world applications.

The implication of these morphological variations for a deep learning model is twofold.
Firstly, it increases the complexity of the learning task as the model must recognize
and interpret the same waveform patterns presented in different ways. Secondly, and
more importantly, it enhances the model’s robustness and adaptability. By exposing
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(a) Lead I morphology. (b) Lead III morphology.

Figure 4.1: Comparison of ECG morphology between leads during the same cardiac
cycle, captured simultaneously.

the model to diverse waveform representations during training, the aim is to make
it more versatile and capable of handling ECG signals from any lead. This “lead
agnosticism” is particularly valuable in clinical practice, where the choice of lead
may vary or when dealing with patients who have unconventional lead placements
due to specific medical conditions or anatomical variations.

4.2 Exploratory Data Analysis

Table 4.1 presents the distribution of sample point classes across the seven prede-
fined categories: P, QRS, and T waves, along with their respective peaks, and the
isoelectric class. The table reveals a significant class imbalance, particularly between
the peak classes and the other categories. This imbalance is expected given that a
peak represents a singular, discrete sample point within a wave, which itself consists
of a contiguous segment of sample points.

Table 4.1: Sample point distribution of the entire dataset.

Class Number of sample points % of total
Isoelectric 7,667,846 68.45%
P wave 770,854 8.84%
QRS wave 989,842 14.81%
T wave 1,659,130 6.88%
P peak 33,078 0.38%
R peak 42,530 0.34%
T peak 38,048 0.30%

A closer examination of Table 4.1 also uncovers imbalances among the wave classes
themselves. The isoelectric class, representing transitions between waves in the ECG
signal, constitutes the majority of the data. This prevalence is understandable as
these transitions occupy most of the ECG signal. The P wave exhibits fewer sample
points compared to the QRS and T waves, which can be attributed to cases of atrial
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Table 4.2: Distribution of ECG conditions in the LUDB database.

Condition Number of ECGs % of total
Sinus rhythm 1,716 71.5%
Sinus tachycardia 48 2%
Sinus bradycardia 300 12.5%
Rhythm Sinus arrhythmia 96 4%
Irregular sinus rhythm 24 1%
Abnormal rhythm 228 9.5%
Conduction abnormalities (blocks) 792 33.00%
Extrasystoles 168 7.00%
Hypertrophy 1,704 71.00%
Ischemia 612 25.50%
Pacemaker 120 5.00%
Non-specific repolarization abnormalities 588 24.50%
Other 108 4.50%

fibrillation—an ECG pathology characterized by the absence of P waves. Additionally,
the T wave has a larger representation than the QRS wave due to its longer duration
within a heartbeat.

Similar imbalances are observed within the peak classes. The lower representation of
P peaks can be linked to the presence of atrial fibrillation cases in the data. R peaks,
however, appear more frequently than T peaks due to the labeling convention in the
LUDB database, where many samples end with an R label, omitting the subsequent
T wave for the last heartbeat.

The LUDB database also includes a wide range of cardiac conditions, providing a
diverse set of ECG signals for training and evaluation. Table 4.2 displays the distri-
bution of ECG conditions in the database. It can be observed that the majority of
ECGs exhibit sinus rhythm, which is the normal heart rhythm originating from the
sinus node. Notably, almost 10% of the ECGs in the database exhibit an abnormal
rhythm, indicating the presence of arrhythmias or other cardiac abnormalities. Ad-
ditionally, the dataset includes ECGs with conduction abnormalities, extrasystoles,
hypertrophy, ischemia, and other conditions. The age of the patients in the database
ranges from 11 to 89 years, with an average age of 52 years, and a gender distribu-
tion of 57.5% men and 42.5% women. This diversity of conditions and demographics
provides a rich and comprehensive dataset for training and evaluating the deep learn-
ing model, enabling it to learn patterns across a wide range of cardiac rhythms and
abnormalities and enhancing its generalization capabilities.

4.3 Data Pre-processing

ECG signals are inherently noisy and prone to various artifacts due to the sensi-
tive nature of cardiac measurements and the dynamic environment in which they
are acquired. The quality of the ECG signal is crucial for accurate delineation and
interpretation, therefore, robust pre-processing techniques are essential. This sec-
tion discusses the pre-processing steps employed to enhance the ECG signals and
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improve the accuracy of delineation with deep learning algorithms.

4.3.1 Noise in ECG Signals

Noise in ECG signals refers to any unwanted electrical interference or artifacts that
distort the true cardiac electrical activity. These distortions can obscure important
diagnostic features of the ECG waveform, such as the P wave, QRS complex, and
T wave, leading to misinterpretation of the signal and potentially incorrect clinical
decisions. Several types of noise commonly affect ECG signals, including:

* Powerline interference: This noise originates from the AC (alternating current)
electrical power supply and typically appears as a 50Hz or 60Hz interference,
depending on the region’s power standard. It manifests as a prominent, consis-
tent frequency component in the ECG signal.

* Baseline Wander: This type of noise refers to low-frequency variations in the
isoelectric line of the ECG signal. It can be caused by respiration, poor electrode
contact, or patient movement, and may interfere with accurate delineation of
the signal.

¢ Electromyographic (EMG) noise: EMG noise arises from the electrical activity of
skeletal muscles. It is often observed in ECG recordings due to movement or
muscle contractions, appearing as high-frequency noise or baseline wander.

* Motion artifacts: Patient movement or vibration of the recording equipment can
introduce noise into the ECG signal. This type of noise can vary in frequency and
amplitude, often requiring adaptive filtering techniques for effective removal.

Effective noise reduction is essential for accurate ECG delineation, as it enhances
the visibility of the waveform components and improves the model’s ability to detect
and classify the fiducial points accurately. The following pre-processing steps are
applied to the ECG signals to remove noise and prepare the data for input to the deep
learning model.

4.3.2 Band-pass Filtering

To remove unwanted noise and emphasize the frequency components of interest,
a band-pass filter is applied to the ECG signals. This filter allows only a specific
range of frequencies to pass through while attenuating frequencies outside this range.
The band-pass filter is characterized by three key parameters: the lowcut frequency,
which defines the lower boundary of the passband; the highcut frequency, which sets
the upper boundary; and the order of the filter, which influences the sharpness of the
transition between the passband and the stopband!.

In this study, a third-order Butterworth band-pass filter [58] was employed with a
lowcut frequency of 0.5Hz and a highcut frequency of 40Hz. The lowcut frequency
of 0.5Hz was chosen to remove baseline wander and very low-frequency artifacts,
while the highcut frequency of 40Hz was selected to eliminate high-frequency noise,
including EMG noise and powerline interference. The order of 3 was chosen to provide

'A higher order filter results in a steeper transition, providing a more abrupt cutoff of frequencies
outside the desired range.
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a balance between effective noise reduction and preservation of the ECG waveform
morphology.

The effect of the band-pass filter on the ECG signal is illustrated in Figure 4.2, which
zooms in on two heartbeats from a longer ECG recording. The blue signal represents
the raw ECG, which includes noise, especially around the QRS wave. The orange
signal displays the filtered output after applying the band-pass filter, which demon-
strates a clearer waveform morphology, with reduced high-frequency noise and a
more stable baseline.
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Figure 4.2: Effect of band-pass filtering (0.5-40Hz) on the ECG signal. The blue signal
represents the raw ECG, while the orange signal shows the filtered output.

4.4 Proposed Model Architecture: Peak Attention U-Net

This section introduces the proposed deep learning model for ECG delineation, the
Peak Attention U-Net. The model architecture is designed to accurately classify each
sample point of an ECG signal into one of seven predefined classes: P, QRS, and
T waves, along with their respective peaks (P peak, R peak, and T peak), and the
isoelectric class. The model leverages the U-Net architecture, a popular choice for
image segmentation tasks, and incorporates attention gates to enhance the model’s
ability to focus on salient features and suppress irrelevant information. The Peak
Attention U-Net is designed to capture the complex temporal patterns and subtle
morphological features present in ECG signals, enabling precise delineation of the
fiducial points.

The proposed ECG delineation method classifies individual sample points from the
signal data, similar to pixel classification in image semantic segmentation tasks. The
U-Net architecture [30], known for its success in these tasks, serves as the foundation
for our model. However, given that the original U-Net is tailored for 2-dimensional im-
age segmentation, we adapt it by substituting 2D convolutions with 1D convolutions,
as described by Equation 4.1, thus creating the 1D U-Net.

y(t) = (xxw)(t) = Z z(n) - w(t —n) (4.1)

where z is the input data sequence, y is the output of the convolution, and w is the
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convolution kernel of size m. This kernel w slides over the input signal = to generate
feature maps. To effectively capture the characteristics of different waveforms in the
ECG signal, the kernel size m is set to 9 after testing different kernel sizes [59].

4.4.1 Encoder-Decoder Architecture

The proposed model in this work is based on the well-known U-Net architecture,
which employs an encoder-decoder structure. This design allows the model to effec-
tively capture and utilize both high-level representations and fine-grained details for
the task of ECG delineation.

Encoder The encoder component of the model is responsible for extracting relevant
features from the raw ECG signals. It is composed of three blocks, each designed
to learn increasingly complex and abstract representations of the input data. The
detailed structure of each encoder block is as follows:

1. First Convolutional Layer: The first layer of the encoder begins with a 1D con-
volutional layer using 16 filters. This layer applies learnable filters across the
temporal dimension of the ECG signal to extract local patterns and features.
The number of filters in the convolutional layers doubles with each subsequent
block.

All the convolutional layers employ a ReLU (Rectified Linear Unit) activation
function to introduce non-linearity into the model while maintaining computa-
tional efficiency. The ReLU activation function is defined as ReLLU(z) = max(0, x),
which helps in mitigating the vanishing gradient problem and accelerates con-
vergence.

2. Batch Normalization: Following the convolution, batch normalization is applied.
This technique normalizes the activations of the previous layer for each mini-
batch, stabilizing and accelerating the training process. It also reduces the
internal covariate shift and allows for higher learning rates by maintaining the
mean output close to zero and the output standard deviation close to one.

3. Spatial Dropout: To prevent overfitting and improve the generalization capabil-
ity of the model, spatial dropout is employed. Unlike standard dropout, which
drops individual neurons randomly, spatial dropout drops entire feature maps.
This is particularly effective in 1D convolutional networks, as it encourages the
model to develop redundant representations and prevents co-adaptation of ad-
jacent features.

4. Second Convolutional Layer: Another 1D convolutional layer with the same
number of filters as the first layer of the current block is applied. This layer fur-
ther refines the features extracted by the previous layer, capturing more complex
patterns and relationships in the ECG signal.

5. Max-pooling: Finally, a max-pooling operation is performed, which reduces the
spatial (in this case, temporal) dimensionality of the feature maps and increases
the receptive field of subsequent layers. Max-pooling selects the maximum value
within small windows of the feature maps, thereby providing a form of transla-
tion invariance. This operation downsamples the input, allowing the model to
learn hierarchical representations at different scales.
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As the input progresses through the three encoder layers, the temporal resolution
decreases while the feature depth increases. These layers have 16, 32, and 64 filters,
respectively, capturing both local and global patterns in the ECG signal.

Bottleneck The bottleneck layer serves as the bridge between the encoder and de-
coder. It captures the most abstract and high-level features extracted by the encoder
and provides a compact representation of the input signal. The bottleneck layer
consists of two 1D convolutional layers with 128 filters, each followed by batch nor-
malization, spatial dropout, and ReLU activation.

Decoder The decoder component of the 1D U-Net is responsible for reconstruct-
ing the segmented ECG signals by upsampling the feature maps obtained from the
encoder. This process involves combining high-level semantic information with fine-
grained spatial details to generate accurate delineations. The decoder consists of
three blocks, each designed to restore the spatial resolution of the feature maps. The
detailed structure of each decoder block is as follows:

1. Upsampling: The decoder starts with an upsampling operation, implemented as
transposed 1D convolution. This learnable upsampling operation increases the
spatial resolution of the feature maps, allowing the decoder to recover the fine-
grained spatial details lost during the downsampling process in the encoder.
The transposed convolutional layer uses a kernel size of 2 and a stride of 2 to
double the spatial dimensions of the input.

2. Concatenation: A key aspect of the U-Net architecture is the use of skip con-
nections, which concatenate the upsampled feature maps from the decoder with
the corresponding feature maps from the encoder. This enables the decoder to
access detailed spatial information captured at different levels of the encoder
hierarchy. The skip connections facilitate the flow of fine-grained details from
the encoder to the decoder, enhancing the model’s ability to generate accurate
delineations.

3. First Convolutional Layer: Following the concatenation, a 1D convolutional layer
with the same number of filters as the corresponding encoder block is applied.
This layer refines the combined feature maps, capturing the spatial dependen-
cies and morphological characteristics.

4. Batch Normalization: Similar to the encoder, batch normalization is applied to
stabilize and normalize the feature maps, improving the training process and
accelerating convergence.

5. Spatial Dropout: Again, spatial dropout is used to prevent overfitting and en-
hance the generalization capability of the model.

6. Second Convolutional Layer: Another 1D convolutional layer is applied to fur-
ther refine the features and generate more detailed representations. This layer
captures complex patterns and relationships in the feature maps, enhancing
the model’s ability to delineate the ECG signals accurately.

The decoder gradually restores the temporal resolution while reducing the feature
depth. The three decoder blocks have 64, 32, and 16 filters, respectively, mirroring
the encoder’s structure.
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Output Layer The final layer of the model outputs a feature map with the same
temporal dimensions as the input ECG signal but with 7 channels, corresponding
to the 7 classes of the delineation task. A softmax activation function is applied to
obtain a probability distribution over the classes for each sample point, as shown
in Equation 4.2. This distribution indicates the likelihood of each class being the
correct classification at each time step of the ECG signal. The class with the highest
probability is taken as the predicted classification for that sample point.

softmax(z;) = - (4.2)

237:1 e%

In this equation, z; represents the input to the softmax function for the i-th class,
which is the output of the convolutional layer for that class. The numerator e* is the
exponential of the i-th class score, and the denominator 2]7.:1 e’ is the sum of the
exponentials of all class scores. The softmax function normalizes the inputs into a
probability distribution, where the sum of the probabilities for all classes equals 1.
The output of the model is a delineation of the input ECG signal, where each data
point is assigned a probability for each class. The class with the highest probability
is taken as the predicted classification for that data point. This enables accurate and
precise classification of each segment of the ECG signal into one of the 7 predefined
classes.

4.4.2 Incorporating Attention Gates

Attention mechanisms have shown remarkable improvements in various deep learn-
ing tasks. A later study proposed the Attention U-Net [55], which incorporated at-
tention gates to highlight salient features and suppress irrelevant ones. Motivated by
the enhanced results of this study in the context of medical image segmentation, we
extend this concept to the 1D ECG signals, aiming to achieve similar improvements
in performance.

The intuition behind the attention gate is to provide the network with a mechanism
to selectively emphasize or suppress different parts of the input dynamically (i.e.,
weight the importance of different parts of the input). This adaptive behavior enables
the model to focus on the most informative regions of the ECG signal, potentially im-
proving its ability to classify sample points accurately. This is particularly beneficial
for tasks where the relevant features are sparse or localized, such as the peaks in an
ECG wave.

The mathematical framework for implementing attention gates for 1D signals is dis-
cussed below.

1. Convolutional Transformation: The attention gate takes two inputs: the up-
sampled feature map (z;(¢)) and the corresponding feature map (skip connection)
from the encoder path of the U-Net (x2(t)). The first step in the attention gate is
to project these inputs into an intermediate feature space using 1D convolution
operations with a kernel size of 1 (point-wise convolution). This transformation
is described by:
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F;—1
yilt) = D wig-wi(t) +b; fori=1,2 (4.3)
k=0

where F; is the number of filters for the i-th input, w; ;, are the weights of the k-th
filter, and b; is the bias. In our implementation, F; = F» = n (number of interme-
diate filters), and the transformation aims to reduce the channel dimensions to
n for both inputs without altering the spatial dimensions.

2. Feature Combination and Activation: After obtaining the transformed fea-
tures y () and y2(t), where y,(¢) acts as the context feature map, the next step is
to combine these features. This is achieved using element-wise addition followed
by a ReLU activation function, as shown in Equation 4.4:

2(t) = ReLU(y1(t) + y2(t)) (4.4)

3. Attention Coefficients: Subsequently, the combined signal z(¢) is processed
by another convolutional layer to compute the attention coefficients (Equation
4.5). This convolutional operation reduces the number of filters to 1, aiming
to generate a single attention signal g(¢) which is passed through a sigmoid
activation to form the final attention coefficients «(t) (Equation 4.6):

gt)y=1v-z(t)+0b (4.5)

a(t) = o(g(t)) (4.6)

where ¢ and b are the weights and bias of this convolutional filter, and o denotes
the sigmoid function given by o(z) = H% The sigmoid function ensures that
the output attention coefficients «(t) are normalized to a range between O and
1, indicating the importance of the corresponding input features.

4. Application of Attention Coefficients: Finally, the attention coefficients are
applied to the original input z;(¢) by performing an element-wise multiplication,
which modulates the input based on the learned attention weights. This opera-
tion is expressed as in Equation 4.7:

1 (t) = a(t) © z1(t) (4.7)

Here, %(t) represents the attention-modulated output of the gate. This output
selectively emphasizes features in z;(¢) based on the contextual cues captured
from o (t).

By adding attention gates to the decoder blocks, the model can focus on relevant fea-
tures during upsampling, resulting in more precise and robust ECG delineation and
significantly better peak detection. Figure 4.3 shows the structure of the proposed
attention gate.
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Figure 4.3: Structure of the proposed attention gate.

Putting it all together, the proposed model architecture, Peak Attention U-Net, com-
bines the 1D U-Net structure with attention gates to enhance the model’s ability to
capture salient features and suppress irrelevant information. The model is designed
to accurately delineate ECG signals by classifying each sample point into one of the
seven predefined classes. Figure 4.4 illustrates the architecture of the Peak Atten-
tion U-Net, highlighting the encoder-decoder structure, the incorporation of attention
gates, and the flow of information through the network.
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Figure 4.4: Architecture of the proposed Peak Attention U-Net.

Table 4.3 presents the size in MB and the number of parameters for the proposed
model, both with and without attention gates. Incorporating the attention gates re-
sults in an approximate increase of 2.3% in both model size and number of parame-
ters. However, as will be demonstrated in Chapter 5, this marginal increase in model
complexity leads to a significant improvement in ECG peak detection. Additionally,
the relatively small model size and low number of parameters make the model feasible
to use in real-world applications.
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Table 4.3: Model sizes and number of parameters.

Model Size (MB) Number of parameters
U-Net (this work w/o Attention) 1.76 460,343
Peak Attention U-Net (this work) 1.8 471,434

4.5 Proposed Model Implementation: Peak Attention U-Net

This section delves into the specifics of the proposed Peak Attention U-Net model
implementation, including the choice of loss function, optimization algorithm, batch
size, training epochs, and the use of activation functions. All these choices were
made after extensive hyperparameter optimization to ensure the model’s optimal per-
formance.

First, the loss function employed in the model is discussed. The cross-entropy loss
function, as defined in Equation 4.8, was utilized to measure the discrepancy between
the predictions of the model and the actual labels (ground truth).

C
L(y,@) = - Zyc log(@c) (4.8)
c=1

In this equation, y represents the ground truth as a one-hot encoded vector, where
the correct class label is assigned a value of 1, and all other elements are set to 0. gy
denotes the model’s predicted probability distribution, indicating the assigned proba-
bility of each instance belonging to each class. The terms y. and g. represent the true
label and the predicted probability for class ¢, respectively. The summation ) ex-
tends over all C classes, representing the total loss computed from the discrepancies
across all predicted classes.

This function L quantifies the degree to which the model's predictions deviate from
the true classifications. The logarithmic component of the loss function penalizes
incorrect classifications more heavily when the model is confident in its incorrect
prediction (i.e., when ¢, is high for the wrong class), emphasizing the cost of being
confidently incorrect. The negative sign ensures that a lower loss score corresponds
to a higher model accuracy, aligning the objective of loss minimization with the goal
of maximizing predictive accuracy.

To optimize the model and minimize the cross-entropy loss, the Adam optimization
algorithm [60] is employed. Adam, short for Adaptive Moment Estimation, is an ex-
tension of the classic stochastic gradient descent and is characterized by its use of
momentum [61] to compute individual adaptive learning rates for different param-
eters. This method combines the advantages of two other extensions of stochastic
gradient descent: Adaptive Gradient Algorithm (AdaGrad) [62], which works well with
sparse gradients, and Root Mean Square Propagation (RMSProp) [63], which handles
non-stationary objectives effectively. The Adam optimizer is widely recognized for its
fast convergence and robustness to initial learning rate settings, making it a standard
choice for many deep learning applications.

During the training process, a batch size of 32 is used, which means that the model
processes 32 training samples at a time before updating the model parameters. This
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batch size is a trade-off between computational efficiency and model accuracy, as
larger batch sizes can lead to faster training but may also result in less accurate
models.

The number of training epochs is set to 300, with an early stopper of 10 epochs.
An epoch refers to one complete pass through the entire training dataset, where
the model sees every training sample once. The early stopper is a mechanism that
monitors the model’s performance on the validation set and stops the training process
if the model’s performance does not improve for a specified number of epochs (in this
case, 10). This prevents overfitting and saves computational resources.

In addition to the early stopper, two callbacks are also employed to further optimize
the training process. The first callback reduces the learning rate on a loss plateau of
5 epochs, which means that if the model’s loss on the validation set does not decrease
for 5 consecutive epochs, the learning rate is reduced to encourage the mod