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Respiratory rate estimation is a critical physiological parameter with
applications across healthcare, particularly in diagnosing respiratory,
cardiovascular, and neurological conditions. This paper reviews multiple
studies focused on respiratory rate estimation using electrocardiograms
(ECG) and various signal processing techniques. The studies range from
open-source software development to advanced signal fusion models and
deep learning approaches. This review highlights the key methodologies,
clinical validations, and the evolution of techniques for improving
accuracy, reliability, and application in real-world clinical environments.

Abstract

INTRODUCTION

Respiratory rate (RR) is an important vital sign for
assessing  patient health, particularly in
cardiopulmonary and neurological conditions.
Traditional RR monitoring techniques, including
spirometry and chest motion detection, often
require dedicated equipment. The ability to
estimate RR from electrocardiogram (ECG) signals
offers a promising alternative due to its non-
invasive nature and widespread availability in
clinical settings. This review covers recent
developments in RR estimation from ECG and
fusion with other signals, providing insights into
methodologies, clinical applications, and future
directions.

KEY STUDIES AND METHODOLOGIES

A. Roberts and Walton (2024): This study
presents open-source software for RR estimation
using single-lead ECG, providing a user-friendly
platform for researchers. The software extracts
respiratory features from ECG using well-known
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algorithms and offers an accessible tool for clinical
and research applications.

B. Bujan et al. (2023): A contactless RR monitor
utilizing radar-based sensors and ECG was
clinically validated. This system demonstrated
strong agreement with standard reference
methods, providing a comfortable and non-
invasive alternative for RR monitoring.

C. Dong et al. (2023): This study introduced a
novel method combining frequency-domain
features with an Interacting Multiple Model (IMM)
Smoother, improving the robustness of RR
estimation in noisy environments.

D. Khreis et al. (2019): By integrating ECG and
Photoplethysmogram (PPG) signals, this study
employed Kalman smoothing to enhance accuracy
in noisy environments.

E. Birrenkott et al. (2018): A robust fusion
model merging ECG and PPG data was developed,
addressing physiological variances and improving
reliability in emergency care scenarios.
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SIGNAL PROCESSING TECHNIQUES

A. Frequency-Domain Analysis: Frequency-
domain features were used to extract respiratory-
related oscillations embedded in ECG signals,
improving RR estimation during activities like
exercise or sleep.

B. Kalman Filtering: Probabilistic approaches
like Kalman filtering have been employed to
reduce noise, enhancing signal quality and making
the method robust in real-world settings.

C. Deep Learning Approaches: Deep learning
models have demonstrated significant potential in
fusing ECG and PPG signals for RR estimation,
modeling complex signal patterns to enhance
precision.

CLINICAL VALIDATION AND APPLICATIONS

A. Contactless Monitoring: Bujan et al. (2023)
validated radar-based contactless RR monitors,
highlighting their potential for remote patient
monitoring.

B. Ambulatory Monitoring: Boyle et al. (2009)
demonstrated  single-lead  ECG-based RR
estimation for wearable applications, enabling
abnormal breathing pattern detection outside
clinical environments.

C. Smart Clothing Integration: Shen et al. (2017)
explored smart clothing integration with ECG,
impedance, and motion sensors, enhancing
accuracy in dynamic environments.

V. Challenges and Future Directions

A. Signal Noise and Artifacts: Challenges like
motion artifacts and noise require more robust
algorithms to enhance reliability during physical
activities.

B. Scalability: Real-world deployment remains
challenging, particularly in wearable technology.
Adaptable machine learning models are a
promising avenue for overcoming this limitation.
C. Open-Source Tools: The development of open-
source platforms can accelerate innovation,
providing researchers and clinicians with
affordable tools for testing new algorithms.

CONCLUSION

Respiratory rate estimation using ECG-derived
signals has advanced significantly, leveraging
signal processing, machine learning, and multi-
modal signal fusion. Clinical validation studies
confirm the applicability of these methods in
diverse settings, from hospitals to ambulatory
care. Future research will focus on addressing
real-world variability, improving robustness, and
expanding the accessibility of open-source tools.
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