
Results
Typical results for an input SNR of 5dB:

Noninvasive Fetal ECG Denoising Typical ECG Denoising

Comparison with classical methods

Filtering Scheme

The dynamic model parameters are trained for a given set of noisy ECG recordings

Abstract
In this work a nonlinear Bayesian filtering framework is proposed for the filtering of noisy 
Electrocardiogram (ECG) recordings. The ECG is modeled by a state-space nonlinear 
dynamic model. This model is used for constructing Bayesian filters, such as the Extended 
Kalman Filter (EKF), Extended Kalman Smoother (EKS), Unscented Kalman Filter (UKF), and 
Particle Filter (PF). The method is evaluated on several ECG recordings, and also on 
synthetic data produced by adding real non-stationary muscle artifacts, white and colored 
Gaussian noises to clean ECG recordings, and studying the SNRs and morphology of the 
filter outputs. The results of the study show superior results compared with conventional ECG 
denoising approaches such as band-pass FIR filtering, adaptive filtering (AF), and wavelet 
denoising (WD). The proposed technique has been recently used in a real-time ECG 
monitoring system.

A Dynamical Model for the ECG
Based on a modified version of the synthetic ECG generator, by McSharry et al.

A Nonlinear Bayesian Filtering Framework for ECG A Nonlinear Bayesian Filtering Framework for ECG DenoisingDenoising

References
R. Sameni, M.B Shamsollahi, C. Jutten, and G.D Clifford, A Nonlinear Bayesian Filtering 
Framework for ECG Denoising, IEEE Transactions on Biomedical Engineering, Vol. 54, No. 12, pp. 
2172-2185, Dec. 2007

R. Sameni, M.B Shamsollahi, and C. Jutten, Model-Based Bayesian Filtering of Cardiac 
Contaminants from Biomedical Recordings, Physiological Measurements, Vol. 29, No. 5, pp. 595- 
613, May 2008

P. E. McSharry, G. D. Clifford, L. Tarassenko, and L. A. Smith. A Dynamic Model for Generating 
Synthetic Electrocardiogram Signals. IEEE Trans. Biomed. Eng., 50:289-294, march 2003

Reza Sameni, Mohammad B. Shamsollahi, Christian Jutten, and Gari D.  Clifford
School of Electrical & Computer Engineering, Shiraz University, Shiraz, Iran

School of Electrical Engineering, Sharif University of Technology, Tehran, Iran
GIPSA-Lab, Institut National Polytechnique de Grenoble (INPG), Grenoble, France

Laboratory for Computational Physiology, Harvard-MIT Division of Health Sciences and Technology (HST), Cambridge MA, USA
Emails: rsameni@shirazu.ac.ir, mbshams@sharif.ir, christian.jutten@inpg.fr, gari@mit.edu

Bayesian Filters
The Kalman Filter (KF) is an optimal filter for
linear Gaussian processes

The Kalman Smoother (KS) is a non-causal version of the KF which uses 
future measurements to give better estimates of the current state

The Extended Kalman Filter (EKF) is a
generalization of the KF for nonlinear
systems

The Extended Kalman Smoother (EKS) is the nonlinear extension of the KS

The Unscented Kalman Filter (UKF) is a variant of the EKF for highly 
nonlinear (non-)Gaussian systems, based on the Unscented Transform (UT)

Particle Filters (PF) are Monte Carlo estimation techniques, based on 
Sequential Importance Sampling which are useful for nonlinear non-Gaussian 
systems
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Dynamical ECG model
Noisy observations
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Dipole Model of the Heart
The cardiac potentials may be modeled by a single rotating dipole located at 
the heart. This model is known as the Single Dipole Model (SDM).

The ECGs can be considered as projections of the cardiac dipole onto the 
electrode axes.

Other models: Moving dipole, Multipole, Activation maps, …

Conclusions
The proposed method is a generalization of conventional ECG filtering 
approaches, with superior performance. It has found great interest for low SNR 
applications such as the cancellation of maternal ECG from noninvasive fetal 
ECG recordings, and the removal of ECG artifacts from Electroencephalogram 
(EEG) and Electromyogram (EMG) recordings.
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(State equation)

(Observation equation)
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Linearization

Dynamical ECG model

Noisy observations
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(Process noise covariance matrix)

(Observation noise covariance matrix)

SNR calculated over the whole ECG SNR calculated over the ST-segment
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