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Abstract—Velocity-encoded magnetic resonance imaging of 
normal subjects is performed to produce flow fields of blood in 
right atrium. The aim of this experiment is to demonstrate the 
state of change in swirling of blood within a cardiac chamber 
using a flow imaging modality, and to quantify it for clinical 
applications. Velocity maps that are displayed using streamline 
tracings illustrate the flow behavior at various cardiac phases. 
Rotation of blood can be observed in the atrium, and we have 
developed a statistical based system for characterizing the 
strength of the vortices. From our study, we are able to acquire 
an indication of the changes in vorticity magnitude during one 
cardiac cycle with the support of vorticity fields based on the 
cardiac flow. This has improved our understanding of blood 
motion within the heart chamber which may have implications 
in blood circulation efficiency.  

Keywords—Phase contrast magnetic resonance imaging, Ve-
locity-encoding, Intra-cardiac flow, Vorticity. 

I. INTRODUCTION  

Phase contrast magnetic resonance imaging (MRI) allows 
velocity mapping based on the intrinsic sensitivity of MRI 
to flow, and enables the acquisition of spatial registered 
functional information simultaneously with morphological 
information [1]. Three-dimensional MRI-based velocity 
mapping operates by registering three separate flow-
sensitive volumes in the x, y and z orientations of the scan. 
The flow velocities may be computed by determining the 
shift of phase pertaining to the collection of imaged blood 
proton spins and reconstructing the flow vectors in ad-
vanced visualization packages. This concept has varying 
terminologies in literature, the most common being phase 
contrast MRI, while some studies labeled it as phase veloc-
ity MRI [2]. In general, such MRI based techniques form a 
class of approach known as magnetic resonance velocimetry 
(MRV) or sometimes also called magnetic resonance image 
velocimetry (MRIV), and has been very commonly used for 
producing visualization and investigation of flows even 
within non-organic structures [3]. 

Further development of phase contrast MRI to produce 
multi-slice cine images involves ECG synchronized time-
resolved framework to allow assessment of blood-flow 

characteristics with high spatial and temporal resolution of a 
cardiovascular region of interest (ROI) [4,5]. Recent devel-
opment on navigator-gated time-resolved cine phase con-
trast MRI can control image alterations due to respiration of 
patient during scans and the resulting ghosting effects.  

The use of phase contrast MRI applied onto cardiac im-
aging of right atria enables a good assessment of vortices 
that exist in the cardiac chamber. Vortical flow behavior is 
essential in efficient heart operation and blood circulation 
[6,7]. Previously, the study of vortices in the human heart 
has also been performed using phase contrast data [8]. In 
particular, study of vortices in the left atrium has been per-
formed using three-dimensional phase contrast MRI 
[6,9,10,11].  

The superiority of MRI over other imaging modalities is 
the capability of generating up to three-dimensional velocity 
profiles that can reflect the dynamics of blood flow more 
accurately and with quantifiable details. Apart from such 
localised quantification that can provide interactive visuali-
zation in cardiovascular flow [5], phase contrast MRI has 
also been utilised in global flow quantification such as de-
termination of flow volumes in arterial structures, and in 
particular, blood ejection volumes in the ascending aorta 
[2,12] as well as arterial wall shear stress [13]. It has been 
widely documented that phase contrast MRI is an estab-
lished flow-imaging scheme for cardiovascular examination 
of human subjects and compares well with ultrasound tech-
nology [12]. 

In this paper, we examine the implementation of phase 
contrast MRI on a case study subject. In our literature re-
view, we examine the current technologies that perform 
medical imaging of the heart, particularly flow visualiza-
tion. The methodology section introduces the building 
blocks and mathematics that enable the performance of the 
cardiac flow visualization. Experimental procedures are 
then stated, and our results present the velocity and vorticity 
flow maps of the right atrium of the subject. Next, we pre-
sent and discuss some results of the flow imaging from this 
study. Finally a conclusion is made based on the implica-
tions of the flow imaging framework. 
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II. REVIEW OF CURRENT TECHNOLOGIES 

A. Color Doppler Sonography 

Doppler ultrasound is based on Doppler shift caused by 
blood scatter movement [14], and is a widely accepted tech-
nique to visualize blood flow patterns. Analysis of the flow 
field obtained by ultrasound is useful in cardiac diagnosis. 
However, the output from the Doppler ultrasound method is 
usually represented as a two-dimensional image. 

Real-time blood motion imaging using color sonograms 
can be utilized. For this medical imaging modality, the 
speckle pattern from the blood flow signal is preserved, 
enhanced, and visualized.  

 
B. Phase Contrast Magnetic Resonance Imaging 

Phase contrast signals can be represented using images. 
The intensity of each pixel corresponds to the blood veloc-
ity at the measured location. To quantify a velocity in one 
spatial dimension, at least two phase images have to be 
taken for subtraction of flow-induced phase shift from 
background phases caused by susceptibility-induced non-
homogeneities and coil sensitivity changes [15]. The con-
struction of a three-dimensional flow vector can be carried 
out using such a technique as shown in Fig. 1. 

 

Fig. 1 Phase contrast MRI velocimetry. Velocities vx, vy and vz can be 
calculated by subtraction of spin phase of measured volumes with that of 
the reference spaces Ref 

III. METHODOLOGY 

A. Flow Grid Representation 

A dense velocity field (one velocity vector per pixel) is 
generated using phase contrast MRI, and a vector averaging 
for sampling window resolution of 3 by 3 pixels is carried 
out. Calibration is carried out with respect to all the values 
present in the displayed phases of the cardiac cycle to im-
prove visualization and referencing.  

B. Vorticity Field Representation 

Vorticity map is generated from the flow field [16]. The 
vorticity flow values which appeared per slice have their 
magnitudes scaled. Positive values signify counter-
clockwise (CCW) rotation, whereas negative values repre-
sent clockwise (CW) motion of the blood. Therefore, the 
magnitudes of these values give an indication of the angular 
velocity and their polarity signifies the direction of the rota-
tion. These may be represented by a color scale with maxi-
mum CCW and CW vorticity magnitudes, which corre-
spond to red and blue respectively. 

IV. EXPERIMENTS 

A. Case Study and Investigation Procedure 

In this study, we imaged the right atrium of a 22 years 
old male subject using velocity-encoded (VENC) MRI. 

 
 

Fig. 2  MRI scan through heart of normal subject. The scanning of the 
heart is based on the two-chamber short axis orientation 

A scan is performed at the section of the heart where the 
atria are positioned. The scan section is taken at a location 
shown in Fig. 2 whereby the scan is perpendicular to an axis 
joining the top of the heart to the apex through the septum. 
Table I presents the configuration of the MRI scans.  

B. Phase Contrast MRI Scan Procedure 

For this purpose, velocity-encloded MRI was performed 
using a Siemens Sonata, 1.5 Tesla, model—syngo MR 
2004A scanner with Numaris—4, Series No: 21609 soft-
ware. Cine-MRI was performed using one slice in short axis 
views through the atria. All images were acquired with 
retrospective gating and 25 phases. 

C. Parameters for Data Analysis 

The histogram of a vorticity map with vorticity values in 
the range [0, L-1] is a discrete function h(rk) = nk, where rk 
is the kth vorticity value and nk is the number of pixels in 
the flow map having vorticity value rk [17].Statistical 
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Table 1 MRI and vorticity measurement properties. The scan properties of phase contrast MRI are presented here. The vorticity flow maps can be  
determined from this information. These parameter values are used to calibrate these flow maps, and indicating the slice resolutions 

        PHASE CONTRAST MRI SCAN                            VORTICITY MEASUREMENT  PARAMETERS 
Symbol Quantity 1 Units Symbol Quantity Value Units 

p Pixel spacing 1.67 mm/pixel X Image width 120 pixel 
ts Trigger time interval 35.72 ms Y Image height 150 pixel 
s Slice thickness 6 mm 

 

Wv Velocity interrogation window 3x3 pixel 

 
Cardiac time frames t = 8 to 10 Cardiac time frames t = 11 to 13 
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Fig. 3  Flow field visualization of normal right atrium. The visualization of flow in the right atrium of a normal subject is presented for investigation of the 
vortex behaviour from phase 8 to 13 of one cardiac cycle with 25 phases. Color streamlines, with the color at every patch of the line indicates the magnitude 
of the velocity (in cms-1) and presents both the direction and speed of flow. Vorticity contour map is superimposed onto the vector plot of each phase to 
indicate the location and strength of vortices 



A Novel Measurement System for Cardiac Flow Analysis Applied to Phase Contrast Magnetic Resonance Imaging of the Heart 599

 

  
 

IFMBE Proceedings Vol. 25

 

 

quantification of the blood vorticity map in the right atrium 
is performed by translating all the scalar values. 

V. RESULTS AND DISCUSSION 

We present the flow results and analysis of the right 
atrium for the selected slice of the heart along the short axis 
orientation. Histograms are computed for each of these 
vorticity maps. Note that the mean and median of the histo-
grams are denoted by μω and mω respectively. Standard 
deviations with respect to the mean and median are denoted 
as 

μσ and 
mσ respectively. From Fig. 3, based on the 

streamline plots and vorticity contour maps, we are able to 
observe a counter-clockwise (CCW) vortex in the atrium 
along with a clockwise (CW) vortex approximately north-
west of it. Vorticity means based on the contour flow maps 
for six selected phases are characterized by magnitudes of 

μω  from -0.66 to 3.33 s-1. If two vortices of equal strength 
exist in the chamber simultaneously, μω becomes zero.  

The magnitudes of σ based on the mean ranges from 7.13 
to 12.09 s-1 and are dependent on the characteristic of the 
flow map. High contrast in vorticity values from the image 
results in a large standard deviation as compared to images 
which have vorticity values that do not have a large vari-
ance. When there are even number of vortices in the cardiac 
chamber of analysis, magnitudes of ω cannot be used with 
confidence as a mode of comparison as the sum of vorticity 
values for flow in clockwise directions will cancel those in 
counter-clockwise directions. Using magnitudes of σ is a 
more accurate comparison for the strengths of the vortices.  

VI. CONCLUSIONS  

We have applied phase contrast MRI on the right atrium 
of a healthy subject to provide an overview of the swirl 
patterns present within the blood flow. We have also dem-
onstrated that swirling of blood within the atrium of this 
subject is overall counter-clockwise.  

The description of vortical flow in the right atrium can be 
concisely presented using velocity and vorticity flow maps. 
It is important that the flow is correctly calibrated. Useful 
visualization tools such as contour and streamline plots are 
utilized in our paper. More importantly, we are also able to 
characterize the strength of the vortices by compiling histo-
grams of the flow maps and extracting useful statistical 
properties from them to describe the rotation. 

The study has shown that phase contrast MRI is a useful 
and effective way of visualizing intra-cardiac flow. To the 
best of our knowledge, this is the first paper that uniquely 
analyse vorticity within the right atrium. Although we have 
studied one chamber at this stage, the framework developed 
in this research can be extended to assess flow in the other 
heart chambers or cardiovascular structures. 

VII. NOTES 

Medical image processing software named Medflovan, 
which is developed by Kelvin KL Wong, is utilized for 
cardiac flow visualization and analysis in this paper. 
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