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Abatract—A method of determining the optimal kernel size for 

filtering noise in vortex dominated flow-fields, as found in the 

cardiac chambers, is presented in this paper. Using synthetic 

flowfields, generated using harmonic functions and perturbed using 

Gaussian noises of different amplitudes and spreads, the effect of 

kernel size on noise removal using the Median filter is tested 

systematically. It is shown that there exists an optimal kernel size at 

which the Median filter works best. The size of the optimal kernel is 

shown to be related to the vortex size. When applied to MRI 

generated cardiac flow-fields, the approach is seen to reveal 

underlying vortex patterns thereby aiding as an effective tool in the 

diagnosis and prognosis of cardiac diseases based on vortices as 

clinical biomarkers. Signal-to-noise ratio and contrast-to-noise ratio 

are used to confirm that the optimal size of the kernel is related to the 

cardiac vortex size, in a manner similar to that observed in studies 

with synthetic flowfields. Comparison of vortices derived by filtering 

using fixed kernels and optimally selected kernels, clearly 

demonstrates the utility of this approach. 

 

Index Terms: Median filter, Synthetic vortex, Intra-cardiac flow-

field, MRI phase data, Adaptive kernel size, Noise removal, Outlier 

removal 

. 

Vortices in the cardiac chambers, as shown in Fig.1, can 

provide valuable information about the condition of the heart 

[1]. Pathological hearts are characterized by malformed and 

maladaptive vortices. Vortices become progressively 

incoherent in left ventricular remodeling which progresses into 

stiffening of the left ventricle leading to dilated 

cardiomyopathy [2]. Life span of cardiac vortices, i.e. fraction 

of the duration of the cardiac cycle for which the vortex is 

existing, serves as a biomarker for borderline mPAP and 

pulmonary hypertension [3, 4]. Left ventricular vortex 

formation time which is inherently a measure of the length to 

diameter ratio of the ejected fluid column from the left atrium 

serves as an indicator for dilated cardiomyopathy [5] and also 

for assessing the severity of left ventricular diastolic 

dysfunction [6]. 

 

Fig. 1: Unfiltered cardiac flow field 

Left atrial vortex size is a biomarker for paroxysmal atrial 

fibrillation. PAF patients have large left atrial vortex size and 

it is associated with CHA2DS2-VASc risk score [7]. Left 

ventricular vortex length and vortex depth serves as a 

biomarker for left ventricular systolic dysfunction. Patients 

with abnormal left ventricular systolic function present lower 

values of left ventricular vortex length and depth values [8]. 

Sphericity index of left ventricular vortex, which is the ratio of 

vortex length to vortex width, is lower in left ventricular 

systolic dysfunction cases [8]. Relative strength of left 

ventricular vortex which represents the strength of the 

pulsatile vorticity with respect to the averaged vorticity in the 
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whole left ventricle is much lower in systolic dysfunction 

patients than normal persons [8]. Vortical kinetic energy, i.e., 

the kinetic energy summed up over all the pixels inside a 

delineated vortex within the left ventricle is a biomarker for 

heart failure (NYHA, class I-IV). A smaller percentage of 

diastolic kinetic energy is contained within vortices in heart 

failure patients compared to healthy controls [9]. The effect on 

the cardiac flow dynamics of using prosthetic devices like 

mechanical prosthetic mitral valves can be assessed by the 

interaction between the coherent structures and the fraction of 

the time for which they are existing in the diastolic phase [10]. 

Dynamics of vortical structures from their production, 

diffusion, dissipation and finally to degeneration provides a 

good insight into the effect of myocardial wall interactions on 

the flow. If the frequency of the pulsatile wall interactions is 

decreased, degeneration of vortical structures occurs [11]. 

Vorticity which is actually a measure of the rate of rotation 

when computed in a spatially integrated manner by placing a 

kernel of a certain size around a point serves as a biomarker 

for Right Ventricular Diastolic Dysfunction [12] and also for 

the severity of aortic dilatation[13].  

Hemodynamic data, obtained from Phase Contrast MRI (PC 

MRI) is corrupt with noise arising from various sources.  

Mismatch between the encoding velocity used and the local 

peak velocity in the region of interest affects the sensitivity of 

the acquisition [14, 15]. Too high encoding velocity compared 

to the local peak velocity leads to very low sensitivity of the 

encoding device which makes the encoded velocity values 

cluttered [16] In regions of the cardiovascular system where 

the flow rate is high, only the component of the noise aligned 

to the direction of the flow affects the flow data and the noise 

is correlated to the signal [17]. In regions of low flow rates the 

noise is totally random and uncorrelated to the signal which 

makes the noise in those regions more critical to handle [18]. 

The incidental fluctuations in phase arising from effects other 

than flow like field inhomogeneity also contribute to noise 

[19]. Noise arising out of other sources like thermal noise 

arising from the body [20] or electrical noise [21] from the 

MRI circuit also makes the data corrupted.  

Because of such noises, vortices inside the cardiac chambers 

can only be seen in particular phases of the cardiac cycle 

predominantly in the ventricular diastole phase as shown in 

Fig. 1. In some of the phase, the noise may actually hide 

vortical structures that are present in the data. Consequently, 

phase Contrast MRI data requires proper denoising operation 

to ensure proper visual detection and mathematical operations 

on the vortical structures present inside the data. The question 

which arises from here is the optimum kernel size to be used 

for the filtering operation. This paper will present a method to 

determine the optimum kernel size based on some synthetic 

vortex dominated flow fields generated from harmonic 

sinusoidal functions with added Gaussian noise. The approach 

will be applied to patient data obtained using MRI imaging. Its 

ability to reveal cardiac vortices in flow-fields with low 

signal-to-noise ratios and its utility in improving vortex 

definitions leading to better quantification of vortex 

parameters will be presented. A preliminary test case is shown 

in Fig. 2 where the data in Fig. 1 has been filtered with a 

median filtered whose kernel size is adaptively determined. 

 
Fig. 2: Cardiac flow field filtered using best kernel size 
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