Automated method for Doppler Echocardiography Analysis in Patients with Atrial Fibrillation
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ABSTRACT
An automated method has been developed for the extraction of clinical data from Doppler Echocardiography images. Currently, medical data from Doppler Echocardiography is extracted manually and is subject to large inter- and intra- observer variability. An automated method that analyzes the Doppler signal is important for improving the analysis accuracy and can result in a powerful tool for noninvasive evaluation of cardiac haemodynamics, especially for patients with Atrial Fibrillation (AF). AF patients suffer from a non-regular heart rate, and the shape of the Doppler signal obtained from them differs from beat to beat. This variability requires the use of multiple measures, and the averaging of them in order to produce an acceptable clinical data. The presented methodology works on signals from the Mitral Valve (MV) and the Tricuspid Valve (TV), and detects the envelope of the velocity vs. time function, the Maximal Velocity Envelope (MVE). An ECG signal is used to achieve synchronization, for beat-by-beat analysis. Image processing and computer-vision tools are used, including image filtering, edge detection, linking and interpolation. From the MVE, clinical data is extracted. Parameters extracted are compared to those acquired manually by an echo technician, and outputted both individually and averaged. A high correlation is found between the automatically extracted parameters for each beat and the manual.
1. INTRODUCTION
An automated method for the extraction of clinical data from Doppler Echocardiography blood-flow images (signals) is presented. Doppler Echocardiography blood-flow images show blood flow vs. time tracings across a certain valve. In this work, tracings across the Mitral valve (MV) during diastole and the Tricuspid valve (TV) during systole are analyzed. Parameters of interest from these tracings include: peak and mean velocity, the time velocity integral (TVI) and deceleration time. Manual methods are currently used clinically in order to extract these parameters. A trained technician traces the flow images by hand, with the help of a track-ball. The manual extraction method is time consuming, has limited reproducibility and is subject to inter- and intra- observer variability. 

In the case of Atrial Fibrillation, heart-beats are extremely irregular, and Doppler tracings are extremely variable, as the shape and SNR present in the image differs greatly between patients [1].  This variability presents the technicians with further difficulties in the parameter extraction. When dealing with ATF patients, the technician needs to extract average parameters, taken from at least 3 or 4 beats. This method is very time consuming, and is subject to inter-observer variability as the technician needs to determine which beats should be taken into the averaging process. An automated method to analyze the Doppler signal can improve its accuracy and can result in a powerful tool for clinical noninvasive evaluation of the cardiac haemodynamics.

Works in the field include [2],[3],[4]. The work by Tschirren et al [4] deals with the automated extraction of parameters from Doppler tracings taken from the Brachial Artery.  In our work, we modify and expand the methodology presented there, in order to extract parameters from Doppler tracings taken from the heart and to deal with the challenging task of analyzing patients with Atrial Fibrillation. To the best of our knowledge, applying image analysis tools for the automatic evaluation of Doppler heart signals, and in particular for the cases of ATF, is novel.
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Figure 1: A Doppler Echocardiography image taken from the Mitral Valve (MV). The image is traced by a technician. The ECG signal is shown on the bottom

2. METHODS
In order to extract the desired parameters, the envelope of the signal has to be extracted. This envelope is called the Maximal Velocity Envelope (MVE). In TV images, currently only the peak velocity is taken and then translated into pressure using the approximated Bernoulli equation, 
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.  From MV images, which are "M" shaped, two peaks can be extracted. The first one is the peak of the E wave, which corresponds to the early, passive filling of the left ventricle. The second one is the A wave, which corresponds to the late, active filling of the left ventricle during the systole. Detecting these too peaks is not always simple due to the great variability in the shape of MV signals. Moreover, ATF patients have only the E wave during their heart beat. Another parameter taken from the MV images is the VTI.

A Doppler image contains several beats. In the automated framework, parameters can be extracted from each beat and then averaged [5]. This averaging is of a great importance in images taken from patients with Atrial Fibrillation. Examples of Doppler images, of patients with and without ATF, are shown in Figure 2.
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Figure 2: Doppler images: TV image from a non-ATF patient (a); TV image from a ATF patient (b); MV image from a non-ATF patient (c); MV image from a ATF patient.

The MVE tracking is done by a series of image processing and computer vision algorithms. The main steps are depicted in the block-diagram of Figure 3, and are briefly described next. An image contains number of cardiac cycles which isn't constant, and usually varies between 5 and 9 cycles. The Algorithm process all of these cycles (excluding cycles in the end of the image) In the first major step of the scheme, an ECG curve that is synchronized with the MV or TV signal is separated from the main image. This separation is done by a-priori knowledge of the ECG's location and color. The image time-axis is segmented into cardiac cycles according to the ECG. The analysis of the ECG signal is much simpler then the analysis of the Doppler image itself, as the ECG signal is relatively clean.


[image: image6]
Figure 3: Block diagram for the automated Doppler analysis scheme.

The second major step includes a preliminary LPF step, to filter out high-frequency noise present in the input image, followed by a segmentation step to separate the data from the background.  The segmentation is achieved by using the K-means algorithm [6]. Three major clusters are found (k=3), representing background pixels, strong signal pixels and weak signal pixels. Finding the background pixels cluster enables the thresholding of the background from the signal. A non-linear edge detection technique follows; combining the Sobel operator [7] with a non-linear Laplace edge detector [4]. An initial estimate for the MVE is extracted at this point from the edge image. Several steps of linking, smoothing and interpolation are applied to the edge image extracted. These steps take into consideration the differences between the MV and TV tracings. The linking process is done separately for each cardiac cycle (the division is given from the ECG). The process starts from a seed point, which is the peak of the signal (two seed points are taken in MV images). Starting from each seed point, descending and ascending slopes are detected and interpolated together to create the MVE. The selection of these slopes is done by taking into account the length of each slope, and its contribution to the desired shape of the MVE (for example "M" shape for MV signals). The resulting MVE is a graph that follows the shape of the original image. However, all the previous steps often result in an accumulating error in the MVE. Some MVE segments are clearly erroneous, as they pass through areas that were previously detected as background. Therefore, the MVE is improved by an additional step of thresholding (using the same threshold as defined in the first stage of the analysis), in order to tighten the fit of the MVE into the original signal. As a final step the MVE is further smoothed by fitting to a parametric model using the Levenberg-Marquardt algorithm [8], which is a non-linear least-squares method. We used the sum of cosine functions as a model, as suggested by [4]. 

3. RESULTS

The scheme was applied to clinical data, in particular, MV and TV images. A set of 167 beats from 35 images that were taken from 18 patients were processed. Figures 4 and 5 show examples of detected MVEs (bold white curve) superimposed on the original data. Both example images were taken from ATF patients. Once the MVE is extracted, a set of desired parameters are determined automatically. Parameters extracted from Figure 3 and Figure 4, are listed in Table 1. The peak velocity and VTI were taken from each of the signals in the MV image, and then averaged. From the TV image, only the peak velocity was measured.  The averaged parameter was compared to the average of the manually extracted parameters. The percent deviation from the human-expert given parameters is shown. A positive sign in the deviation indicates overestimation of the value by the automated analysis. The deviation value is the typical deviation found (across a large set of experiments conducted) between the automated scheme and the manually acquired results. 
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Figure 4: MVE detection of a MV Doppler image taken from an ATF patient

	Image
	MeanPeak Velocity
	Mean MVE VTI

	Figure 2 (MV)
	0.864 [m/sec] (+3%)
	0.122 [m] (+5%)

	Figure 3 (TV)
	2.88 [m/sec]  (+4.2%)
	-


Table 1 : Parameters extracted from the images shown in Figure 2 and Figure 3. The number in the brackets is the deviation from the human-expert given parameters.
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Figure 5: MVE detection of a TV image taken from an ATF patient

The plots in Figures 4 and 5 demonstrate that the automated tracking of the MVE achieves satisfying results. The detected MVE follows the signal closely. Problems can be expected in areas in which the SNR is very low in the sense that the background noise is much stronger then the signal itself (see Figure 5). This phenomenon is common in TV signals. However, when the error appears in the lower part of the MVE, it isn't critical, since the parameters of interest in TV signal include such parameters as the peak velocity and peak pressure, both extracted from the mid-upper region of the MVE signal.

Another common error in the MVE is the false detection of an envelope segment in MV signals. Normal MV signals consist of two peaks per cycle, as shown in Figure 6. The algorithm is designed to find two velocity peaks, thus the scheme sometime detects a second peak when one doesn't exist (see Figure 4). These false MVE fragments are usually suppressed, but sometime small residual noise remains. 
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Figure 6: MVE detection of a MV Doppler image taken from a non-ATF patient

In order to evaluate the performance of the proposed framework, a comparison is conducted (beat-by-beat) between the parameters extracted automatically and the parameters extracted by manual curve tracing of an experienced technician. Results are shown in Figure 7 for several parameters. Very high correlation is observed in all cases, with r=0.99 for the peak velocity and r=0.9796 for the VTI. 

4. DISCUSSION AND CONCLUSIONS

Currently, Doppler signals are analyzed manually. When averaging need to be done (such in the case of ATF), the technician selects a beat which has the appearance of an average beat. This method is inaccurate and subject to inter-observer variability. The presented work provides automated tools for the extraction of the Doppler data. Our scheme is novel in the sense that the entire MV signal, both E and A waves, are extracted simultaneously The robustness of the scheme allows analysis of cardiac images, which contain a large amount of noise as well as great inter and intra patient variability. Note the difference between the MV signal shown in Figure 4, and the one shown in Figure 6, both taken from the Mitral Valve. The results show a strong correlation between the automatically extracted parameters and the manually extracted ones. Future work entails further development of the algorithms and their robustness, while working on further evaluation of the automated process results. A comparison between the manual parameter extraction of several technicians could help us determine whether the deviation of our scheme is acceptable. The application of the proposed scheme to additional heart valves will be explored, as well as the extraction of additional parameters from the images.
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Figure 7: Comparison between the automated results and the manual results, given by a technician, for several parameters: (a) Peak Velocity in MV signals (108 heart beats); (b) VTI in MV signals (108 beats); (c) Peak Velocity in TV signals (49 beats). Each plot contains the linear regression curve. 
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