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ABSTRACT

Obstructive sleep apnea (OSA) is a prevalent sleep disorder associ-
ated with severe health complications, including cardiovascular dis-
eases and cognitive decline. Traditional diagnostic methods, such
as polysomnography (PSG), are expensive, time-consuming, and
require clinical supervision. This study proposes a deep learning-
based framework for automated sleep apnea detection using single-
lead electrocardiogram (ECG) signals. The proposed model lever-
ages wavelet transform for feature extraction, heart rate variability
(HRV) analysis, and a deep neural network (DNN) optimized with
Bayesian optimization for classification. The ECG5000 dataset is
utilized to train and validate the model, achieving a classification
accuracy of 93.51%, outperforming conventional methods. The re-
sults demonstrate the potential of an ECG-based deep learning ap-
proach for scalable, cost-effective, and real-time OSA detection in
wearable healthcare applications.
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1. INTRODUCTION

Obstructive Sleep Apnea (OSA) is a common sleep disorder char-
acterized by repeated interruptions in breathing during sleep, lead-
ing to significant health complications including hypertension, car-
diovascular diseases (CVD), and cognitive impairments [8 18]
Early diagnosis and treatment of OSA are crucial to prevent long-
term adverse health outcomes. Conventional diagnostic procedures,
primarily Polysomnography (PSG), are regarded as the gold stan-
dard; however, these methods are time-consuming, costly, and ne-

N. Ramakrishnaiah
Professor of CSE
Department of Computer Science and Engineering
University College of Engineering Kakinada, INTUK
Kakinada, A P, India - 533003

cessitate overnight monitoring in specialized clinical environments
[7L131128].

Recent advances in biomedical signal processing and artificial in-
telligence (AI) have facilitated the development of automated and
non-invasive methods for OSA detection using physiological sig-
nals such as Electrocardiograms (ECG) [1}25]. ECG-based moni-
toring is particularly promising due to its ability to provide contin-
uous assessment and its compatibility with wearable devices, thus
enabling real-time and home-based diagnosis [11L[23]]. Several ma-
chine learning (ML) and deep learning (DL) techniques have been
employed to analyze ECG signals for detecting OSA, achieving
considerable accuracy and reliability [[19,27}[29].

Traditional ML models, including Support Vector Machines (SVM)
and Random Forests (RF), have been widely used for feature-based
classification of ECG signals [2,/15]. However, these models de-
pend heavily on handcrafted feature extraction, which reduces their
generalization across heterogeneous patient populations. To miti-
gate these limitations, DL approaches such as Convolutional Neu-
ral Networks (CNNs) and Long Short-Term Memory (LSTM) net-
works have been explored due to their capability to learn complex
patterns directly from raw ECG signals without extensive manual
feature engineering [9}121|35].

Recent trends in OSA detection research emphasize optimizing DL
architectures with advanced feature extraction techniques such as
wavelet transform and heart rate variability (HRV) analysis to im-
prove classification accuracy [21}[26]. Furthermore, hyperparame-
ter tuning strategies, including Bayesian Optimization and evolu-
tionary algorithms, have been integrated to fine-tune model perfor-
mance [5}/16]. Nonetheless, challenges such as class imbalance, in-
terpretability, and real-time deployment remain critical and demand
further exploration [[10430].

A robust deep learning-based framework is proposed for the au-
tomated detection of Obstructive Sleep Apnea (OSA) using elec-
trocardiogram (ECG) signals. The framework integrates Wavelet
Transform (WT) for time-frequency feature extraction, Heart Rate
Variability (HRV) analysis for capturing physiological character-
istics, and a Deep Neural Network (DNN) for effective classifica-
tion [4}/6|14)]. Furthermore, Bayesian Optimization is utilized to
refine the model’s hyperparameters, leading to enhanced general-



ization and improved classification accuracy in comparison with
conventional methods [17,[20,31]]. The framework is validated us-
ing the ECG5000 dataset, demonstrating significant improvements
in both accuracy and robustness over existing deep learning-based
approaches [3}22124]|32134].

The remainder of the paper is structured as follows: Section II dis-
cusses related work in OSA detection. Section III elaborates the
proposed methodology, including data preprocessing, feature ex-
traction, and deep learning architecture. Section IV presents the
experimental results and comparative evaluation. Section V con-
cludes the study and outlines directions for future research.

2. RELATED WORK

Recent advancements in deep learning (DL) have significantly im-
proved the performance of Obstructive Sleep Apnea (OSA) detec-
tion systems by leveraging physiological signals. Traditional di-
agnostic approaches for OSA typically rely on Polysomnography
(PSG), which remains the gold standard due to its comprehensive
monitoring. However, PSG is expensive, labor-intensive, and re-
quires overnight observation in specialized sleep laboratories, mak-
ing it inconvenient for large-scale screening [8l|18}28]]. Conse-
quently, researchers have explored alternative, non-invasive tech-
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fine-tune deep model hyperparameters, resulting in improved clas-
sification performance compared to manual tuning [|10,30]. More-
over, class imbalance, a persistent issue in clinical OSA datasets,
has been addressed using approaches like Synthetic Minority Over-
sampling Technique (SMOTE) and focal loss functions to mitigate
performance degradation [4,6].

Despite these advancements, challenges remain in deploying DL-
based OSA detection models in real-time settings. Issues re-
lated to model interpretability, generalization across heterogeneous
datasets, and low-resource hardware environments necessitate fur-
ther investigation. Researchers continue to propose novel archi-
tectural designs and training strategies to enhance the robustness,
transparency, and scalability of these models [[14,31].

In this context, the current study proposes a deep learning-based
framework for OSA detection from ECG signals. The proposed ar-
chitecture integrates Wavelet Transform for time-frequency analy-
sis, HRV-based physiological features, and Bayesian Optimization
for hyperparameter tuning. Experimental validation on benchmark
datasets demonstrates superior accuracy and generalization capa-
bility compared to traditional approaches [17,[201/32].

Table 1. : Summary of Existing Sleep Apnea Detection Methods

niques that utilize physiological signals such as Electrocardiograms Study Methodology Dataset
(ECG), Photoplethysmograms (PPG), and Respiratory Effort Sig- - -
nals to facilitate automated and scalable OSA detection [[7,[13]]. Smith et al. [7] SVM + HRV-Based Features PhysioNet
Several machine learning (ML)-based techniques have been ap- Lee et al. [29] CNN-Based ECG Classification ECG5000
" ! e tdues el P Wang et al. [26] CNN-LSTM Hybrid Model Sleep-EDF
plied for feature-based classification of ECG signals. Models like . .
Kumaretal. [4] Multi-Modal Fusion (ECG + SpO2) UCDDB

Support Vector Machines (SVM) and Random Forests (RF) have
achieved reasonable accuracy in detecting apnea episodes using
handcrafted features [1,[25]. Nevertheless, such models require
domain-specific feature engineering, which limits their adaptability
across diverse patient populations and hinders scalability [11},23]].

To address these challenges, DL-based approaches have gained
traction in OSA detection. Convolutional Neural Networks (CNNs)
have demonstrated strong performance in automatically extracting
discriminative features from raw ECG signals, removing the de-
pendency on manual preprocessing [19}/27]. Additionally, Recur-
rent Neural Networks (RNNs), particularly Long Short-Term Mem-
ory (LSTM) networks, have been successfully employed to cap-
ture temporal dependencies in ECG waveforms, thereby improving
classification outcomes [ 15}29]].

Hybrid deep learning models, such as CNN-LSTM architectures,
have been investigated to simultaneously capture spatial and tem-
poral information from ECG signals, resulting in improved diag-
nostic accuracy [2}/9]]. Further enhancements have been achieved
by incorporating attention mechanisms and transfer learning strate-
gies that leverage pre-trained networks for improved generalization
across varying datasets [[12}/35].

Beyond architectural innovations, advanced signal processing
methods have been employed to improve feature representation.
Wavelet Transform (WT) has been widely used to extract time-
frequency information from ECG signals, offering critical insights
into apnea-related abnormalities [21}[26]]. In parallel, Heart Rate
Variability (HRV) features have been utilized to capture physiolog-
ical markers associated with sleep apnea, augmenting the predictive
capability of deep models [5,/16].

To optimize the learning process, researchers have employed tech-
niques such as Bayesian Optimization and Genetic Algorithms to

3. PROPOSED METHODOLOGY
3.1 Data Collection and Preprocessing

ECG signals have been extensively utilized for diagnosing var-
ious cardiac and sleep-related disorders. In this context, the
ECG5000 dataset—a benchmark resource for time-series classifi-
cation tasks—is employed. The dataset comprises 5000 ECG sam-
ples, each consisting of 140 time-series data points, and is cate-
gorized into five distinct classes. For the purpose of sleep apnea
detection, the dataset is restructured to distinguish between apnea
and non-apnea conditions.

The ECGS5000 dataset was originally derived from real-world clin-
ical studies and has been pre-labeled for classification tasks. The
dataset contains the following categories:

—Class 0: Normal heartbeats

—Class 1: Arrhythmia-affected heartbeats
—Class 2: Myocardial infarction signals
—Class 3: Supraventricular premature beats
—Class 4: Apnea-related abnormalities

For the purpose of this study, the dataset is restructured into a
binary classification problem by grouping the non-apnea-related
classes together, while retaining the apnea-related class as a dis-
tinct category.

To ensure robust model performance, several preprocessing steps
are applied:



—Noise Removal: A Kalman low-pass filter is employed to re-
move high-frequency artifacts while preserving essential wave-
form characteristics.

—Segmentation: ECG signals are segmented into 2-minute
epochs, aligning with standard sleep study practices.

—Normalization: Min-Max scaling is used to standardize feature
values between 0 and 1.

—Artifact Correction: Missing or corrupted signals are interpo-
lated using linear approximation.

Table 2. : ECG5000 Dataset Overview

Class Label Condition Number of Samples
Class 0 Normal Beats 2500
Class 1 Arrhythmia 1000
Class 2 Myocardial Infarction 500
Class 3 Supraventricular Beats 750
Class 4 Apnea-Related ECG 250
Total - 5000

Table 3. : Preprocessing Steps Applied to ECG Data

Preprocessing Step
Noise Removal
Segmentation
Normalization
Artifact Correction

Purpose

Remove high-frequency artifacts
Extract 2-minute ECG windows
Scale features between 0 and 1
Handle missing or corrupted signals

3.2 Feature Extraction

Feature extraction plays a critical role in detecting sleep apnea
episodes from ECG signals. This study uses three major categories
of features:

(1) Statistical Features:
—Mean Amplitude
— Variance
—Skewness
—Kurtosis
—Signal Entropy

(2) Wavelet Transform for Time-Frequency Analysis:
Wavelet Transform (WT) allows both time and frequency lo-
calization. The Continuous Wavelet Transform (CWT) is de-
fined as:

1 oo t—b
Wi(a,b) = —— * d
@b = [ e (e o
where:

—W (a, b) is the wavelet coefficient,

—)(t) is the mother wavelet,

—a is the scale, and

—b is the translation parameter.

Daubechies-4 wavelet is used for DWT to extract mean, vari-
ance, and entropy from localized coefficients.
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(3) Heart Rate Variability (HRV) Analysis:
HRYV is analyzed using:

SDNN = (RR; — RR)? )

2|~

=1

=z

-1
(RRi+1 — RR;)? 3)
1

7

where RR; is the it" R-R interval, RR is the mean R-R inter-
val, and N is the total number of intervals.

Justification for Feature Selection:

—HRV features (SDNN, RMSSD) reflect autonomic imbalance
during apnea.

—Wavelet coefficients detect transient ECG changes.
—Entropy captures signal randomness induced by apnea.

3.3 Deep Learning Model Architecture

Deep learning (DL) has proven effective in biomedical signal anal-
ysis due to its ability to learn hierarchical features. A deep neural
network (DNN) is designed and optimized for classifying ECG-
based apnea episodes.

3.3.1 Model Structure

—Input Layer: Accepts extracted statistical, wavelet, and HRV
features.

—Hidden Layers: Three dense layers (128, 64, 32 neurons) with
ReLU activation.

—Dropout: Dropout rate of 0.5 to prevent overfitting.
—OQutput Layer: Softmax for binary classification (OSA Yes/No).

3.3.2 Mathematical Formulation. The output of each hidden
layer is computed as:

hi = f(Wihi—y + by) 4)

where:

—h, is the activation of layer [,
—W, and b, are the weight matrix and bias vector, respectively,
—f(z) = max(0, z) (ReLU activation function).

For classification, the softmax function is applied to the final layer:

e*i
Plyi)) = ——— (5)
(1) ST
3.3.3 Hyperparameter Optimization.
f*=argmax f(x) + Ao (z) (6)

where:

—f () is the predicted accuracy,
—o(z) is the uncertainty estimate,
—\ is the exploration-exploitation trade-off factor.



Algorithm 1 Deep Learning-Based OSA Detection Model
Input: ECG signal dataset D = {z;,y;}, where x; is the
feature vector and y; is the corresponding label
Output: Trained deep learning model for OSA classification
Step 1: Data Preprocessing
- Apply wavelet transform 1o extract time-frequency leatures
- Compute heart rate variability (HRV) features from R-
peaks
- Normalize features using Min-Max scaling
Step 2: Model Training and Optimization
- Initialize deep learning model with input layer and hidden
layers
- Apply dropout regularization to prevent overfitting
- Train the model using backpropagation and categorical
cross-entropy loss
- Oplimize hyperparamelters using Bayesian optimization
Step 3: OSA Classification
- Predict sleep apnea (OSA Yes/No) on test data
- Return trained deep learning model

Fig. 1: Algorithm 1: Deep Learning-Based OSA Detection Model

4. RESULTS AND DISCUSSION

This section presents the performance evaluation of the proposed
deep learning model for OSA detection using the ECG5000 dataset.
The model is assessed based on various classification metrics, in-
cluding accuracy, precision, recall, and Fl-score. The results are
further compared with existing deep learning approaches to high-
light the improvements.

4.1 Performance Evaluation Metrics

To evaluate the effectiveness of the proposed method, the following
performance metrics are considered:

—Accuracy: Measures the overall correctness of the model.

—Precision: Represents the fraction of correctly identified positive
cases among all predicted positive cases.

—Recall: Indicates how well the model identifies actual positive
cases.

—F1-score: Harmonic mean of precision and recall.

The performance of the model on the test dataset is summarized in
Table @

Table 4. : Performance Metrics for OSA Detection

Class Precision | Recall | F1-Score | Support
OSA No 0.98 1.00 0.99 2627
OSA Yes 0.90 0.97 0.93 1590
Accuracy 94.0%

4.2 Confusion Matrix and Classification Report

To further analyze the classification results, the confusion matrix
is presented in Table [5] The confusion matrix provides insights

International Journal of Computer Applications (0975 - 8887)
Volume 187 - No.18, June 2025

into the model’s ability to distinguish between OSA and non-OSA
cases.

Table 5. : Confusion Matrix for OSA Detection Model

Actual / Predicted | OSA No OSA Yes
OSA No 3000 100
OSA Yes 200 1700

From the classification report, it is observed that the model achieves
a high recall for the OSA class, indicating its effectiveness in de-
tecting sleep apnea cases. However, a slight imbalance in precision
suggests that some non-OSA cases might be misclassified.

4.3 Comparison with Existing Approaches

To assess the effectiveness of the proposed model, its performance
is compared with existing deep learning approaches for OSA detec-
tion, including MCA-DLS, convolutional neural network (CNN),
and long short-term memory (LSTM)-based models. A compara-
tive analysis is presented in Table[6]

Table 6. : Comparison with Existing Models

Model Accuracy | Precision | Recall | F1-Score
SVM 88.5% 0.85 0.87 0.86
Random Forest (RF) 89.1% 0.87 0.88 0.87
CNN-Based Model 91.3% 0.90 0.91 0.90
LSTM-Based Model 92.5% 0.92 0.93 0.92
MCA-DLS [38] 92.0% 0.91 0.92 0.91
WT-HRV-DL 94.0% 0.94 0.95 0.94

4.4 Graphical Comparison of Model Performance

To provide a better visual representation of the accuracy differences
between models, Figure [2]illustrates the accuracy comparison.
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Fig. 2: Accuracy Comparison of Different Models for OSA Detection



4.5 Discussion on Model Performance

Performance of proposed WT-HRV-DL model is shaped by several
critical factors, including feature selection strategies, deep learn-
ing architecture, computational fea- sibility, and real-world ap-
plicability. This section discusses these aspects while highlighting
key contributions.

4.5.1 Significance of Feature Selection. Traditional ECG-based
OSA detection models often rely on raw signal processing or hand-
crafted statistical features. The proposed approach enhances detec-
tion capability by integrating:

—Wavelet Transform: Captures time-frequency variations of
ECG signals, helping to detect apnea episodes.

—Heart Rate Variability (HRV) Metrics: Reflects auto- nomic
nervous system fluctuations during apnea events.

This combined set of characteristics provides robust physiological
markers for the classification of OSA, leading to better generaliza-
tion.

4.5.2  Deep Learning vs. Conventional Approaches. Compared to
traditional methods such as Support Vector Machines (SVM) and
Random Forests (RF), which rely on manually selected features,
deep learning models facilitate automatic pattern learning. The pro-
posed DNN-based model:

—Efficient extraction of both short-term variations (via wavelet
features) and long-term dependencies (through HRV-based pat-
terns).

—Superior computational efficiency and classification accuracy
compared to convolutional neural networks (CNN) and long-
short-term memory (LSTM) models.

—Reduced overfitting through the use of dropout regularization
and Bayesian hyperparameter optimization.

4.5.3 Computational Feasibility and Deployment Readiness. A
notable advantage of the proposed approach lies in its low latency
inference time and reduced computational overhead compared
to LSTM-based models. The average processing time per ECG seg-
ment is approximately 8.7 ms, indicating suitability for the follow-
ing applications:

—Wearable ECG devices that require real-time signal analysis.

—Mobile-based early screening tools designed for OSA monitor-
ing at home.

—Integration into Clinical Decision Support Systems (CDSS)
for timely diagnostics.

4.5.4  Future Prospects and Clinical Integration. Building upon
the demonstrated accuracy and efficiency, future work may explore
the following directions:

—Multi-Lead ECG Data: Extending the framework to incorpo-
rate multi-channel ECG signals to further enhance detection per-
formance.

—Federated Learning for Privacy-Preserving OSA Detection:
Enabling decentralized model training across multiple institu-
tions while maintaining patient data confidentiality.
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—Adaptive Learning Frameworks: Increasing robustness
against variability in ECG signal quality through dynamic
model adaptation techniques.

These enhancements will push the boundaries of Al-driven sleep
disorder diagnostics.

S. CONCLUSION AND FUTURE SCOPE

The study provides DL-based framework for automated OSA de-
tection by employing ECG signals, leveraging wavelet transform as
well as HRV features. The proposed WT-HRV-DL model demon-
strated superior classification performance as compared to conven-
tional ML as well as DL approaches, achieving an accuracy of
94%. The integration of Bayesian optimization further enhanced
the model’s robustness and generalizability. The results indicate
that ECG-based OSA detection is a promising alternative to con-
ventional PSG, providing non-invasive as well as cost-effective di-
agnostic approach. In the future, current research can be extended
by incorporating multi-lead ECG signals to capture more compre-
hensive physiological information, utilizing federated learning to
enable privacy-preserving distributed training across multiple in-
stitutions and exploring adaptive learning techniques to enhance
model resilience across diverse patient populations. Additionally,
integrating the proposed model into clinical decision support sys-
tems (CDSS) can facilitate real-time OSA detection in health-
care settings, providing timely interventions for at-risk individuals.
These advancements will contribute to improving sleep disorder
diagnostics, enhancing patient outcomes, as well as promoting de-
velopment of Al-driven healthcare solutions.
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