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Abstract—Phase contrast magnetic resonance imaging is
performed to produce flow fields of blood in the heart. The
aim of this study is to demonstrate the state of change in
swirling blood flow within cardiac chambers and to quantify
it for clinical analysis. Velocity fields based on the projection
of the three dimensional blood flow onto multiple planes are
scanned. The flow patterns can be illustrated using stream-
lines and vector plots to show the blood dynamical behavior
at every cardiac phase. Large-scale vortices can be observed
in the heart chambers, and we have developed a technique for
characterizing their locations and strength. From our results,
we are able to acquire an indication of the changes in blood
swirls over one cardiac cycle by using temporal vorticity
fields of the cardiac flow. This can improve our
understanding of blood dynamics within the heart that may
have implications in blood circulation efficiency. The results
presented in this paper can establish a set of reference data to
compare with unusual flow patterns due to cardiac abnor-
malities. The calibration of other flow-imaging modalities
can also be achieved using this well-established velocity-
encoding standard.

Keywords—Velocity-encoding, Phase contrast magnetic res-

onance imaging, Vorticity, Cardiac flow analysis.

INTRODUCTION

Scanning and analysis of cardiac flow is a challenge

due to the complexity of blood dynamics and myo-

cardial motion. In a chamber of the heart, vortices are

shown to exist as the result of the unique morpholog-

ical changes of the cardiac chamber wall by using

flow-imaging techniques such as phase contrast mag-

netic resonance imaging. As the characteristics of our

vorticity maps vary over a cardiac cycle, there is a need

for a robust quantification method to analyze flow.

Important contributions to medical imaging and

scientific knowledge are made in this study. We have

devised a methodology to perform cardiac flow visu-

alization and to be able to quantify flow dynamical

changes over time. Measurement of vortex character-

istics by means of calculating the vorticity and devising

two-dimensional vortical flow maps can be performed.

The technique relies on determining the vorticity sta-

tistics based on different time frames of one cardiac

cycle. Our study has shown that a proper measurement

of vorticity using the scanned flow field can charac-

terize the location and strengths of large-scale vortices

within a cardiac chamber. This approach, which is

supported with qualitative flow visualization, can be

utilized to explain cardiac flow behavior.

Velocity-encoded (VENC) phase contrast MRI

allows three-dimensional MR velocity mapping based

on the intrinsic sensitivity of MRI to flow, and enables

the acquisition of spatially registered functional informa-

tion simultaneously with morphological information.41

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 advanced visualization packages. This concept has

varying terminologies in literature, the most common

being phase contrast MRI,46 while some studies label it

as phase-velocity MRI.55 In general, such MRI based

techniques form a class of approach known as mag-

netic resonance velocimetry (MRV), sometimes also

called magnetic resonance image velocimetry (MRIV).

These techniques have been very commonly used for
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producing visualization and investigation of flows even

within non-organic structures.13,57

The use of phase contrast magnetic resonance

imaging (MRI) enables a good assessment of vortices

that exist in the cardiac chamber. It is a non-invasive

imaging technique that allows study of flow-related

physiology and pathophysiology with good spatial and

temporal resolutions. Vortical flow behavior has an

effect on blood circulation.20,53 Previously, the study of

vortices in the human heart has also been performed

using velocity-encoded magnetic resonance (MR)

imaging data.32,66,75 In particular, the study of vortices

in the left atrium has been performed using three-

dimensional phase contrast MRI.5,11,19 Therefore, this

imaging modality is suggested for the flow imaging of

cardiac chambers.

We develop planar flow maps of blood flow in the

heart chambers and perform flow analysis using the

tools described in this paper. The initial stage involves

performing phase contrast MRI of the heart at short

axis through the atria. The blood motion can be

mapped in two dimension based on combination of

the velocity signal maps pertaining to two directions.

Vorticity in the flow is computed and mapping of the

region of interest is performed. Finally flow statistics

are computed globally for the flow region. We have

identified two dominant vortices of opposite rotation

in the right atrium for the initial time frames of one

cardiac cycle. Based on another study, using slices

from a different scan orientation, we map the influx of

blood from the vena cavae into the right atrium and

then through the mitral valve to the right ventricle.

From subsequent studies, we have identified the pres-

ence of a large-scale vortex in the left atrium as well,

and provide an indication of how a vortex in this heart

chamber is diminishing as blood in this atrium flows

into the left ventricle during the diastolic phase of the

cardiac cycle.

Our paper is organized as follows: we give an

introduction of the significance and implementation of

phase contrast MRI. We also highlight the application

of this technology for medical imaging of the heart,

and particularly on flow visualization and analysis.

The methodology section highlights the technical

operation of the velocity-encoded phase contrast MRI.

Experimental procedures are then stated and we

introduce the building blocks and information flow

charts that describe the cardiac flow measurement and

visualization. The results section presents the velocity

and vorticity flow maps of the heart. The flow phe-

nomena in the human circulatory system are supported

with physical interpretation of the blood and myo-

cardial motion. Discussion of other existing technol-

ogy that can perform flow measurement and

visualization, as well as the clinical relevance of cardiac

flow analysis are detailed. Finally a conclusion is made

based on the implications of the flow imaging frame-

work in this study, and suggestions for future devel-

opments are mentioned.

MATERIALS AND METHODS

This section describes the concepts of phase contrast

magnetic resonance imaging modalities and a mea-

surement framework to calculate rotational flow or

vorticity and quantify this parameter statistically in

order to implement a new visualization system for flow

patterns in cardiac chambers.

Phase Contrast MRI Velocimetry

Phase contrast MRI signals can be represented

using intensity images.42 The intensity of each pixel

corresponds to the blood velocity at the measured

location. To quantify a velocity in one spatial dimen-

sion, at least two phase images must be taken for

subtraction of flow-induced phase shift from back-

ground phases caused by susceptibility-induced inho-

mogeneities and coil sensitivity changes.2 Blood

velocity can be aliased to an artificially low value if it

exceeds the maximum velocity encoded (VENC) by the

flow sensitization gradients (see Fig. 1).

The phase contrast MRI technology is clinically

attractive because it is able to provide quantitative

information on blood flow without the need for con-

trast agent to be introduced into the human body.

We present some images based on this MRI protocol

in Fig. 2. The phase contrast images are graphical

representations of the velocity components (x- and

y-directions) maps. The figure shows the Foot–Head

(F-H) and Anterior–Posterior (A-P) orientation scans.

Phase contrast MRI can be extended to three

dimensions as well by combining an additional
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FIGURE 1. Phase contrast MRI velocimetry. Phase contrast
MRI works on the concept that hydrogen nuclei from blood
that has been exposed to magnetic fields accumulate a phase
shift in spin that is proportional to the blood velocity in the x,
y, and z directions. Velocities vx, vy, and vz are functions of the
subtractions of spin phases /x, /y, and /z of measured vol-
umes with that of the reference phase /Ref.
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orientation, the through-plane image scans, to obtain

the orthogonal velocity component map. Then, having

the z-velocity component in addition to the in-plane

flow components can be achievable. Although the

extraction of the third velocity dimension can give a

more accurate description of the flow scenario, the

display of three-dimensional vectors in space is visually

complicated and visualization may only be effective

with the use of tools such as streamline tracing.

Moreover, it is a challenge to incorporate anatomical

information into the flow field by using planar mag-

netic resonance images insertion into a three-dimen-

sional space that will partially occlude the flow

patterns. For this reason, it may be more effective to

view projections of velocity vectors onto a slice of

interest through the cardiac flow field. The flow sce-

nario with respect to the anatomy of the heart can be

referenced by superimposing the two-dimensional

cardiac flow onto the corresponding magnetic reso-

nance image. Segmentation of the cardiac chamber will

further define the boundary of blood motion and iso-

late the region of interest for flow analysis.72

An electrocardiogram (ECG) can be used to syn-

chronize image acquisition with cardiac motion to

produce cine-magnetic resonance images.34,63 ECG

gating can be performed prospectively or retrospec-

tively.10 In prospective gating, the R-wave triggers

image acquisitions in the cardiac cycle. Then, a trigger

delay (or trigger window) provides an interval between

the R-wave trigger and image acquisition.33,35 For

retrospective gating,1,47,49,64 image acquisition occurs

continuously along with an ECG tracing. Post-

processing of images retrospectively using registered

ECG tracing is performed. Cine-MRI of cardiac

structures using ECG gating provides information on

cardiac flow and function. The first image acquired

corresponds to the R-wave trigger (Fig. 3). Accurate

QRS detection18,52,59,60,65 is crucial as it indicates reli-

able identification of the R-waves.

Vorticity Visualization System Implementation

A framework to measure flow within the cardiac

structures has been devised based on the described

techniques. The system is able to load magnetic reso-

nance images and enables important functions such as

segmentation of cardiac chambers, image reconstruc-

tion and flow visualization of blood, and statistical

presentation of flow parameters. It can facilitate semi-

automatic generation of case study reports of cardiac

patients. The augmentation of visualization using the

magnetic resonance image as a background gives a

gauge of the location of blood volumes within the

cardiac structure. Finally histogram generation and

presentation of the vorticity, shear strain and normal

strain magnitudes by the case study reports provides a

concise indication of the characteristics of flow in the

heart.

We describe the system configuration using pro-

cessing components and their relevant data flow here.

In this section, we construct the flow visualization

system based on the theoretical concepts that we have

covered in the previous sections. It is essential to

establish a network of flow such that each of the

procedure takes place in a systematic sequence to

prepare the flow image results.

In order to understand the system of visualization,

we quickly review the data processing pipeline in

Fig. 4. The flow chart illustrates the blocks in an

imaging and processing pipeline leading to the analysis

FIGURE 2. Phase contrast MRI of a cardiac chamber. Short axis scans pertaining to time frame indices nt 5 11 out of 25 frames in
a cardiac cycle are presented. Scans based on two in-plane x- and y-directions, which pertains to the Foot–Head (F-H) and the
Anterior–Posterior (A-P) orientations, respectively, are needed for velocity mapping. The intensity of the pixels in the image
indicates the magnitude of the velocity component in the specified orientation. Combining two orthogonal velocity-encoded image
maps can produce a two dimensional velocity flow field.
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FIGURE 3. Cardiac events with relation to the electrocardiogram. The variation of a generic electrocardiogram (ECG) is correlated
to the scan time frames of gated-MRI. The characteristic Q-, R-, S-, and T-waves are located at the elevations of the ECG trace. The
triggering of image acquisition starts at the occurrence of the R-wave. For a temporal resolution of 25 time frames, the cardiac
systole and distole correspond to sets of frame indices that have ranges of 1 to 8 and 9 to 25 respectively.
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FIGURE 4. Cardiac vorticity visualization system. Visualization of flow can be based on a flow imaging framework. This system is
a network of various modules that retrieves information from the previous stage of execution and continues until visualization is
successful. The vorticity visualization system flow shows data processed by blocks depicting the magnetic resonance imaging,
which provides data for generation of flow fields. The calculated flow data is fed into a flow characterization stage whereby other
measures of the flow can be computed. These data are then used for flow characterization and field display based on streamline
flow tracing, vector plot, and/or contour map.
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of the visualization output. Beginning with the

pre-processing stage, it can be seen that image retrieval

from magnetic resonance scanning is carried out.

Magnetic resonance imaging using the velocity-

encoded phrase contrast as well as standard steady-

state free precession protocols can be carried out for

the same subject in the scanner. Anatomical details

based on the relevant scan slice can be observed. Fol-

lowing the cardiac magnetic resonance image retrieval

stage, segmentation of the interested cardiac chamber

is performed to isolate the derived fields within the

boundary of flow regions from the endocardium.

The cardiac magnetic resonance data are also pas-

sed into the velocity grid reconstruction block whereby

the flow field can be reconstructed based on deci-

phering of flow information from the images. For the

velocity field, there exist inherent errors and an outlier

detection program followed by vector interpolation is

carried out to produce a complete smoothed velocity

vector field. The output from this stage is the velocity

field grid which can include up to one temporal and

three spatial dimensions.

During the visualization stage, different resolutions

of the vector plot can be implemented for optimal

presentation and observation. Other visualization tools

such as streamline tracing can be carried out for a

more qualitative examination of the blood motion.

Then the reconstructed velocity field grid are passed

into the flow differential calculation stage, whereby

each of the field grids is further processed to provide

the strain rates or vorticity fields which can give more

insight into the flow. The output will be encoded dif-

ferential flow quantities in image form.

The processed visualization outputs can be com-

bined in a graphical display platform in the subsequent

stage and superimposed onto medical images that

depict the anatomy of the heart. This allows positional

and size referencing of the flow region against the

cardiac structures in the heart. Consolidation of mul-

tiple cine-images at various slices can give a three-

dimensional presentation of the flow images with

interactive flow grid manipulation and slice truncation.

Features of interest in the flow study include mag-

nitude, position, and numbers of counts of the vorticity

and/or strain units spread throughout the flow map in

the visualization display. The statistical compilation

made in the final stage as well as the manipulated

visualization outputs can contribute significantly to a

more concise flow analysis.

In summary, the implemented system is based on

stages of scanning, reconstruction, and computation

that are constructed into a framework for the purpose

of superior flow visualization and analysis of the

heart. The derivation of flow quantities is based on

the fluid mechanical properties of blood motion

which can be displayed using qualitative and quanti-

tative outputs.

EXPERIMENTS

This section provides the scan information pertain-

ing to each case study. It also describe the mathemat-

ical techniques for statistical analysis of flow and

provides the framework for generating flow results

qualitatively and quantitatively.

Case Study and MRI Scan Procedure

The velocity-encoded magnetic resonance imaging

was performed using a Siemens Avanto, 1.5 Tesla,

model-syngo MRB15 scanner with Numaris-4, Series

No: 26406 software.

Case Study 1

Cine-magnetic resonance imaging was performed in

short axis orientation through the atria. All images

were acquired with retrospective gating and 25 phases

or time frames (for time frame indices from nt = 1 to

25) for each slice.

Using a normal and healthy male subject of age

22 years at the time of our case study, we examine the

flow within the right atrium of his heart with a single

set of scans pertaining to a slice at two-chamber short

axis orientation. Our objective is to analyze the large-

scale vortices that exist in the right atrium, and

understand their development over the cardiac cycle.

This allows us to identify the principal features of the

flow in a normal heart versus an abnormal one.

Phase contrast magnetic resonance imaging is used to

scan the normal subject. Acquisition parameters include:

echo time TR = 47.1 ms, repetition time TE = 1.6 ms,

field of view FOV= (298 9 340) mm2 at a (134 9 256)

pixel matrix. The in-plane resolution of 1.54 mm/pixel

determined by the pixel spacing and the through-plane

resolution is 6 mm based on the slice interval.

Scanning is performed at the section of the heart

where the atria are positioned. This section is chosen

such that the display of optimal cross-sectional area of

the right atrium is enabled. A chamber size contains

more data points to define the features of interest. The

scan section is taken at a location shown in Fig. 5

whereby the scan is perpendicular to the axis joining

the top of the heart to the apex through the septum.

Multiple slices at this orientation are obtained

throughout the atria. However, it is effective to base

the velocity mapping on the right atrium of the heart

using the scan sections that cut though the middle

portion of atria. This corresponds to the maximum

region of blood pool within the cardiac chamber in two

Cardiac Flow Analysis



dimensions. One slice, as shown in the schematic dia-

gram of the heart, is selected for analysis in our study.

Case Study 2

Cine-magnetic resonance imaging was performed

using a long axis orientation through the heart with

displays of the atria and ventricles. All images were

acquired with retrospective gating and 20 phases or

time frames (for time frame indices from nt = 1 to 20)

for each slice.

We map the flow of the heart at a scan (two-

chamber configuration) such that, based on two slices,

the connections of the vena cavae to the right atrium as

well as the pulmonary artery to the right ventricle are

visible. For the first set of images, the influx of blood

from the inferior vena cavae (at the bottom of the

image) to the right atrium can be visualized. Blood is

seen to move along the pulmonary artery (next to the

aorta) away from the right ventricle almost simulta-

neously. This allows us to examine the effectiveness of

the flow of blood from one region to the other. In a

second set of scans (four-chamber configuration), we

are able to observe the development of a left atrial

vortex during diastolic phase of the cardiac cycle.

For the two-chamber view, phase contrast magnetic

resonance image acquisition parameters include: echo

time TR = 46.85 ms, repetition time TE = 1.97 ms,

field of view FOV = (234 9 340) mm2 at a (132 9

192) pixel matrix. For the four-chamber configuration,

the image acquisition parameters are: echo time

TR = 54.45 ms, repetition time TE = 2.73 ms, field

of view FOV = (318 9 219) mm2 at a (192 9 132)

pixel matrix. The two sets of multi-slice scans at

two-chamber short axis and four-chamber long axis

orientations have in-plane resolutions that are deter-

mined by the pixel spacing at 1.77 and 1.66 mm/pixel,

respectively, whereas their through-plane resolution is

based on the slice interval of 6 mm.

For this case study, multiple scans at a particular

orientation (two-chamber short axis) are taken delib-

erately to assess the right atrium and its connective

channels. The aim is to examine the nature of circu-

lation pertaining to the vena cavae, the right atrium

and right ventricle over the cardiac cycle. For this

study, the imaging planes are tilted at an oblique angle

with respect to the ones for case study 1 in order to

capture these three anatomical entities. Multiple slices

through the heart are scanned. These also correspond

to the section that bisect the right atrium, where this

chamber and the right ventricle, as well as the mitral

valve in between them, can be imaged. Two out of the

multiple scan slices are selected such that the inferior

vena cava is visble in one image scan set, and the

superior vena cava and pulmonary artery are visible in

the other set.

Then, multiple scans at four-chamber long axis are

performed to study the left and right atrial chambers

and how their flow patterns develop over a cardiac cycle.

For the right atrial flow, we aim to investigate the

presence of swirling in the chamber. Based on a sepa-

rate experiment, the flow relationship between the left

atrium and ventricle is examined to understand the

effect of atrial diastole on vortex development, followed

by vortex breakup during its systolic phases. The slices

that correspond to the middle portion of the left atrium

and ventricle are selected. Figure 6 summarizes the scan

orientations carried out for case study 2.

Cine-MRI slices

Selected slice

RA

LA

FIGURE 5. MRI scan through heart for case study 1. The scanning of the heart is taken at short axis and through two chambers,
namely the left atrium (LA) and right atrium (RA). Therefore, this sectional view pertains to the two-chamber short axis scan. One
planar scan is selected for flow examination of the right atrium as the case study.
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Calibration Parameters

The magnetic resonance imaging parameters for

phase contrast velocity encoding protocols are chosen

for the flow field generation within the first and second

case studies. Table 1 is created to summarize the

scanning configuration. Note that the image display is

a subset of the matrix scan image that is output by the

magnetic resonance imaging scanner in order to show

the region of interest specifically.

Flow Grid Representation

A dense velocity field (one velocity vector per pixel)

is produced and a vector averaging based on a sam-

pling window resolution of n by n pixels is carried out

for the purpose of an aesthetical vector plot display

within a segmented region of interest. We have set n to

be 3 in our flow vector fields. The out-of-plane vor-

ticity component is calculated from the in-plane

velocity field using a finite element differential

scheme.56 A vorticity sampling mask size needs to be

heristically set during the numerical derivation of the

differential quantity. This sampling mask is experi-

mentally determined based on a series of trial com-

putations. It must be noted that the vorticity sampling

window size determines the vorticity computation

based on a particular vortex scale.14–16 There is a need

to obtain the optimal vorticity calculation and map-

ping, which produces vorticity values with the same

range in each localized spatial group such that a vortex

can be visually observed when the values are mapped

onto a color scale. Typically, setting a large vorticity

sampling size can remove noise fluctuations and obtain

vorticity maps with minimum intra-class and maxi-

mum inter-class vorticity group values. However, this

comes at the expense of over smoothing of vorticity

values which causes data loss.

For processing of case study 1 scans, a vorticity

sampling mask of size (21 9 21) pixels is set. The

21 pixels dimensional mask corresponds to a (32.34 9

32.34) mm2 area. This mask is set to be relatively 7 to 8

times smaller than the displayed scan that is

(184.80 9 231.00) mm2. The vorticity sampling mask

that is established for case study 2 is a (5 9 5) pixel

frame that corresponds to (8.30 9 8.30) mm2. The

proportion of the scan display size to the sampling

window size is approximately 24 times. It is relatively

smaller since a smaller window region is to be mapped

out of an overall smaller display image of

(166.00 9 199.20) mm2. Moreover, the spatial resolu-

tion of the first case study’s scans is much higher and

indicates the presence of larger-scale vortices with

higher definition.

Selected slices

slice 1 slice 4

IVC

SVC

RARA

PA

RV

Two-chamber short axis(a) (b)

Selected slices

slice 3 slice 4

LA

LV

LA

LV

PV1

PV2

RA

RV

RA

RV

Four-chamber long axis

FIGURE 6. MRI scan through heart for case study 2. The scanning of the heart is performed using (a) two-chamber short axis to
study the right atrium (RA), the right ventricle (RV), the inferior vena cava (IVC), the superior vena cava (SVC), and the pulmonary
artery (PA). The image acquisition based on (b) four-chamber long axis is also carried out to examine flow in the right atrium (RA),
the right ventricle (RV), the left atrium (LA), the left ventricle (LV), and two branches of the pulmonary vein (PV1 and PV2). Multiple
slices at equal intervals are obtained. Only the appropriate slices, depending on the visibility of each cardiac anatomy, are choosen
from each scan set for analysis.
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Here, positive values signify counter-clockwise

(CCW) rotation, whereas negative values represent

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 rotation. These may be represented

by a color scale with maximum CCW and CW vor-

ticity magnitudes corresponding to red and blue,

respectively.

Parameters for Data Analysis

The histogram of a vorticity map with a size of n

pixels in the range x ¼ ½�L;L� s�1
; and with k number

of bins (or histogram bars), is a discrete function

h(rk) = Nk. Here, rk is the kth vorticity value and Nk

is the number of pixels in the flow map having vor-

ticity value rk.
27 Based on this definition, the vorticity

histogram is a probability density function of occur-

rence of vorticity value rk, whereby the sum of all

components of a normalized histogram is equal to one.

Statistical quantification of the blood vorticity map

in the right atrium is performed by translating all the

scalar values into histogram format. Normalization is

performed by standardising the total count of pixels

within a segmented region of interest to create an equal

integral area under the frequency plot of the flow map.

Therefore the histogram can be numerically normal-

ized by setting the sum of counts in all bins to an

arbitrary value of 100 pixels (which we define as 100%

counts achievable). The number of pixels Nk assigned

to a bin results in capacity of pk % of all pixels in a

segmented atrial flow map, whereby

pkð%Þ ¼
Nk

N
� 100%: ð1Þ

The histograms pertaining to the vorticity field plots

onto magnetic resonance images is produced for every

phase of one cardiac cycle. A measure of the average

vorticity value is computed by taking the mean �xl or

median �xm of the frequency histograms that are gen-

erated from vorticity maps. Vorticity standard devia-

tion r with respect to l are computed by considering

the variation about the mean, and is denoted as rl.

Standard deviation about the median is denoted by rm.

RESULTS

This section discusses the flow analysis based on

results obtained from the magnetic resonance image

velocity-mapping of the cardiac chambers and con-

nective structures of the heart.

Flow in the Right Atrium

We observe the large-scale vortices that appear in

the chamber of the heart and analyze their develop-

ment and changes during selected time frame indices

from nt = 8 to 15. The variation of the blood flow field

can be visually examined using streamlines, vector

plots and vorticity contour maps as shown in Fig. 7.

In addition, we superimpose the corresponding MR

images onto these flow fields to give an indication of

the location of the flow features with respect to the

chamber walls. The time at which the image acquisi-

tion takes place can be referenced using an electro-

cardiogram (ECG) trace at the top right hand corner

of every flow map. We use a generic ECG trace for

each flow image. The peak of the trace represents the

R-wave that triggers the commencement of image

acquisition and terminates it at the end of the next

cardiac cycle.18,52,59,60,65

TABLE 1. Configuration of phase contrast magnetic reso-
nance imaging.

Symbol Quantity Value Units

Case study 2 scan set 1

ps Pixel spacing 1.54 mm/pixel

ts Trigger time interval 29.43 ms

S Slice thickness 6 mm

MX Matrix width 134 pixel

MY Matrix height 256 pixel

X Image width 120 pixel

Y Image height 150 pixel

Case study 2 scan set 1

ps Pixel spacing 1.77 mm/pixel

ts Trigger time interval 48.10 ms

S Slice thickness 6 mm

MX Matrix width 132 pixel

MY Matrix height 192 pixel

X Image width 120 pixel

Y Image height 150 pixel

Case study 2 scan set 2

ps Pixel spacing 1.66 mm/pixel

ts Trigger time interval 47.35 ms

S Slice thickness 6 mm

MX Matrix width 192 pixel

MY Matrix height 132 pixel

X Image width 100 pixel

Y Image height 120 pixel

The scan properties of three sets of magnetic resonance imaging

are presented here. Phase contrast MRI velocimetry is used to

produce velocity flow fields. The vorticity flow maps can be deter-

mined from velocity information. These parameter values are used

to calibrate these flow maps, as well as indicating the sampling

vorticity mask size in metric units. Case study 1 scan set 1 pertains

to the two-chamber short axis orientation which case study 2 scan

sets 1 and 2 are based on the two-chamber and four-chamber long

axis orientations, respectively.

ps, Size of a pixel in metric unit; ts, Duration of each time frame;

S, Distance of slice interval; X, Width of matrix scan; Y, Height of

matrix scan; X, Width of image display; Y, Height of image display.
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FIGURE 7. Flow visualization of normal right atrium. The visualization of flow in the right atrium of a normal subject is presented
for investigation of the vortex behavior during the systolic and diastolic phases from time frame indices nt 5 8 to 16 of one cardiac
cycle with 25 phases. The examination of flow patterns shows that the blood is swirling in both the clockwise and counter-
clockwise directions simultaneously for some cardiac phases. Streamline plots are produced to illustrate the direction of blood in
the chamber. Streamlines, with the color at every patch of the line indicates the magnitude of the velocity (in cm s21) and presents
both the direction and speed of flow. A vector plot that is superimposed onto the vorticity contour map is also produced to indicate
the location and strength of vortices. Each event of a cardiac cycle is indicated by a reference line on an echocardiogram (ECG)
trace located on the top right hand corner of every image. This line updates its position as the time frame index increases.
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Qualitative Examination of Right Atrial Flow

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 histograms are denoted by �xl and �xm, respec-

tively. Standard deviations with respect to the mean

and median are denoted as rl and rm, respectively. The

magnitude of vorticity using �xl and rl may give an

indication of the swirl in the right atrium. Based on our

conventions, counter-clockwise and clockwise vorticity

are represented in red and blue respectively on the

contour map. Vortices in the atrium are shown to be

dominantly counter-clockwise in rotation for most of

the time frames based on the short axis view.

For a selected set of time frames based on one

cardiac cycle, two large-scale vortices exist in the

chamber simultaneously. From Fig. 7, based on the

streamline plots and vorticity contour maps, we are

able to deduce that one counter-clockwise (CCW)

vortex in the atrium exists along with a second

clockwise (CW) vortex approximately to the upper-left

of it.

Vortical flow based on the contour flow maps for

the eight selected times frames of a cardiac cycle is

characterized using the mean or median of all the map

values. With reference to this case, the mean of the

vorticity distribution �xl ranges from �0.66 to 2.13 s�1

while its median �xm ranges from �3.05 to 0.00 s�1.

Because of higher positive vorticity values generated by

a stronger counter-clockwise vortex versus a weaker

clockwise vortex, the distribution centroid is offset

from the zero value. If the flow is dominantly a

counter-clockwise rotation, the vorticity distribution is

FIGURE 7. Continued.
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typically bell-shaped and has a peak that lies in the

positive domain of the distribution.

If there is an even number of vortices in the cardiac

chamber of analysis, of which half of them pertain to a

different direction of rotation, the magnitudes of �x

based on the mean or median cannot be used with

reliability as a mode of analysis. This is due to the

cancellation of positive and negative vorticity values for

flow in all clockwise directions and counter-clockwise

directions, respectively. Therefore, such global analysis

is limited in terms of an accurate presentation of vor-

ticity. In this case, visual observation and qualitative

analysis will be more appropriate.

Another characteristic of the flow is the variance of

the vorticity values, which can be based on its mean or

median as the distribution centroid. The standard

deviation of vorticity map r that is based on the mean

and median ranges from 7.13 to 12.64 s�1 and 7.53 to

12.81 s�1, respectively. Vorticity images with high pixel

color contrast result from maps with large standard

deviations. There are a few reasons for a high r, so it is

of little value to use it for flow interpretation. Some

possible reasons can be the presence of an odd number

of equally strong vortices in the flow or numerous small

vortices of different strengths, and the new vorticity that

may be generated near the chamber wall regions.

In Fig. 8, we display the vorticity fields based on

directional and absolute scalar map values. The abso-

lute magnitude flow map will have a higher average

vorticity as compared to the directional one whereas its

standard deviation will remain the same. This can give

an insight into the overall vorticity of the blood

regardless of the rotation direction. The absolute vor-

ticity means range from 5.67 to 9.99 s�1. The corre-

sponding median is 0 s�1 for almost all of the cardiac

phases. Both distributions have standard deviations

which ranges from 7.15 to 12.57 s�1.

Vorticity Analysis of Right Atrial Flow

We observe qualitatively, based on the display of

velocity and vorticity maps, two large-scale vortices of

opposite rotations that appear in the right atrial flow.

Note that each of them exists as a dominant vortex at

some occasions throughout the cardiac cycle. We are

able to indicate the relative strengths of the two vor-

tices by plotting the directional means of vorticity

maps with respect to cardiac time frames. If two vor-

tices of equal strength but different polarities are

developed in the region of analysis, the average of the

vorticity field which is denoted by �x is zero. When one

vortex becomes stronger than the other one, the

directional vorticity distribution centroid shifts to the

positive or negative domain depending on the mean

direction of rotation.

We take the ratio of directional vorticity mean to

the absolute one as the normalized vorticity mean.

As a vortex dominates the flow and the second vortex

disappears completely, the normalized mean �xN

approaches 1. When two equal and opposite vortices

appear, lN becomes 0. Intermediate levels of domi-

nance can be indicated for �xN in the range of 0 to 1.

The variation of �xN in Fig. 9 shows that a counter-

clockwise vortex is present in the beginning. Then a

vortex of opposite rotation grows in magnitude until it

is slightly stronger than the first one. Eventually, this

vortex diminishes and the initial dominant vortex

occupies the chamber again. In conclusion, based on

the statistics of these vorticity maps, we are able to

describe the vortex development in a quantitative

manner.

In the absence of other slices for the same analysis

carried out here, there is a lack of evidence to show

that the variation in vortex magnitude could be due to

the changes in vortex locations over time. Therefore, to

gain an accurate insight of the flow behavior in the

cardiac chamber, we need to either examine the tem-

poral variation of �xN for multiple slices in short axis

orientations over the entire cardiac chamber, or a

single long axis scan slice. The aim is to explore if the

reduction in overall vortex strengths displayed by a

vorticity map during subsequent time frames is the

result of a vortex moving in the perpendicular direction

of the slice, away from the sectional scan. Therefore,

we generate flow maps of the right atrium and ventricle

along the long axis orientation and examine the

dynamics of blood in this view. It can be observed that

in Fig. 10, based on selected time phases during atrial

systole, there is a movement of blood from the right

atrium into the ventricle and this may account for the

motion of vortex away from the short axis plane of

view towards the ventricle. It may be interesting to

note that the linear or curvilinear translation of a

vortex results in a spiral flow known as a helix.3,45,46

Circulation of Blood Through the Right Atrium

and Ventricle

Here, we present the flow visualization of blood

which circulates in the right atrium, right ventricle, and

connective veins and arteries to these chambers. Using

the streamline trace diagrams, we are able to deduce

the direction and speed of blood flow within the

regions of interest. In Fig. 11a, we can observe the flow

from superior vena cava at the onset of right atrial

dilation. This event is seen to occur during the ven-

tricular systolic phases. The pressures in the pulmon-

ary arteries and veins are approximately 20 and

5 mmHg, respectively.6,8 Towards the end-systole, the

flow slows down and a corresponding dilation of the

Cardiac Flow Analysis



FIGURE 8. Flow quantification of normal right atrium. The statistics of each flow map based on mean and standard deviations for
directional (Dir) and absolute (Abs) vorticity fields are provided for time frame indices nt 5 8 to 15 of one cardiac cycle with 25
frames. A directional field consists of polarized vorticity values that can depict clockwise or counter-clockwise fluid rotations. An
absolute field displays vorticity magnitudes only.
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FIGURE 10. Qualitative visualization of flow in the right atrium and ventricle. The vector plots for selected time frame indices of
nt 5 8 to 15 of a cardiac cycle with 20 frames demonstrates the movement of blood from the right atrium (RA) into the right
ventricle (RV). There is no sign of large scale vortex formation in the RA during these atrial diastolic phases. The image set that is
used here corresponds to slice three of the four-chamber long axis scan.
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FIGURE 9. Chart of normalized vorticity mean based on a cardiac cycle. The relative strengths of vortices in a flow field can be
indicated using the ratio of the directional mean to that of the absolute one. The plot of such normalized mean �xN with respect to
time frame index nt of a cardiac cycle demonstrates a smooth transition in positive vorticities losing dominance to the negative
ones during time frame indices from nt 5 10 onwards and becoming higher in values again after nt 5 18.
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Slice 4: IVC and PASlice1: SVC(a) (b)

FIGURE 11. Qualitative visualization of right atrial flow circulation. The visualization of flow in the (a) inferior vena cava (IVC) and
pulmonary artery (PA) and (b) superior vena cava (SVC) can be demonstrated by using streamline plots based on a cardiac cycle of
20 time frame indicess. Flow is accelerated in the pulmonary artery during time frame indices from nt 5 3 onwards and its vmax is
155 cm s21 at nt 5 5. The flow in the inferior vena cava are shown to be accelerated during time frame indices nt 5 9 to 13 and has
a maximum velocity vmax of 128 cm s21 at nt 5 3 and 5. These first and second events correspond to the systolic and diastolic
phases, respectively.
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right atrium induces the flow in the inferior and

superior vena cavae to accelerate. We note that the

blood streams entering the right atrium from these two

channels interact to form a vortex.32

With the opening of the atrioventricular valves dur-

ing atrial systole, the blood surges into the relaxed

ventricles, and then channels into the pulmonary

artery.32 We note that there is an accelerated flow of

blood in the pulmonary artery after the onset of the

ventricular contraction (Fig. 11b). The ventricular

contraction is triggered by the electrocardiographic

R-wave which can lead to a rising pressure of up to

100 mmHg or greater.22 The absolute duration of a

ventricular systole is defined as the time interval

between the onset of the R-wave and the minimal ven-

tricular volume on the volume–time activity curve.54

The velocity of blood in the pulmonary artery is

measured to reach up to 155 cm s�1 at some localized

points in time. The average flow in the vena cavae are

generally slower than the one in the artery, which

typically ranges from approximately 0 to 80 cm s�1. It

is important to highlight that while a localized maxi-

mum velocity vmax can give an indication of the fastest

blood flow at a specific region, it may not necessarily

be higher than the ensemble average of the velocities

in a region of interest. However, we observe that the

maximum velocities measureable in our velocity maps

also have a high range of velocities in the region, and

so this quantity can be taken as an indicator of max-

imum global flow velocity here. The velocities mea-

sured are consistent with the typical range determined

by pulsed Doppler examination.17,44

We highlight that a heart may have different num-

bers and strengths of large-scale vortices in the right

atrium. The flow imaging in our study shows that the

right atrial vortex is predominantly counter-clockwise.

This is due to the oblique alignment of the inferior and

superior vena cavae in such a way that the flow pre-

sented from each vein introduces counter-clockwise

angular momentum to the blood pool in the right

atrium. The flow into the atrium increases during the

atrial diastolic phases, thereby causing blood to gain

this angular momentum and developing a counter-

clockwise vortex.

Analysis of Vorticity in Left Atrial Flow

Streamline tracing of the velocity field pertaining to

the atrium and ventricle on the left side of the heart is

performed. The traces in Fig. 12 clearly demonstrate

that a large-scale vortex exists in the left atrium during

the cardiac systole. At this stage, no indication of

swirling is observed in the ventricle. During the ven-

tricular systole, pressure of the blood in the ventricular

chamber causes the mitral and triscupid valves to close

so that blood does not flow back into the left atrium.6,7

When the atrial systole takes place, the left atrium

dilates. The counter-clockwise swirling in the left

atrium is observed to be due to flow interaction from

blood exiting out of the two branches of the pulmon-

ary vein (PV1 and PV2) into the chamber. Due to the

oblique alignment of the PV1 and PV2 flows, the

interaction of these inflows from the two branches

results in a diversion from their original courses of

flow, and contributes to an angular momentum to the

blood such that a counter-clockwise vortex is devel-

oped.32 This large-scale vortex is formed during the

time frame indices nt = 7 to 9. It moves away from the

atrium during the atrial systolic phase as the atrio-

ventricular valves open and the blood surges into the

left ventricle.32,48 The velocity of the blood becomes

maximum at time frame index nt = 10 and can reach

up to 175 cm s�1 at some local positions as it moves

from the left atrium to the ventricle through the mitral

valve. The surge jet leads to an asymmetric development

of the initial vortex ring.58 Flow decelerates slowly as

the end stage of the atrial systole approaches. Some

smaller-scale clockwise swirling is seen in the left ven-

tricle subsequently during the onset of the cardiac sys-

tole (note nt = 11 and 12). This observation is due to the

formation of the vortex rings after the mitral flow.23,53

DISCUSSION

We compare the characteristics and performance of

phase contrast magnetic resonance imaging (PC-MRI)

with an existing flow imaging modality that is based on

ultrasound. The overall system evaluation of the flow-

imaging and visualization framework is described and

clinical relevance of this study is discussed.

Comparison of PC-MRI with Ultrasound

Imaging Modality

Doppler ultrasound, as its name implies, is based on

Doppler shift caused by blood scatter movement, and

is a widely accepted technique to visualize blood flow

patterns. Analysis of the flow field obtained by ultra-

sound methods enables useful results in cardiac diag-

nosis.29 The Doppler ultrasound output is usually

represented as a two-dimensional image.

Medical ultrasound works by generating high fre-

quency electrical pulses and using piezoelectric ele-

ments of a transducer to convert them into mechanical

vibrations. The emission of ultra-frequency sound and

detection of sound waves from the resulting echoes is

performed by transducers. After conversion into elec-

trical signals, processing is carried out to decipher

blood flow velocities.71 Ultrasound technology can be
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FIGURE 12. Flow quantification of normal left atrium and left ventricle. Streamline tracing and vorticity flow maps based on time
frame indices nt 5 6 to 13 of one cardiac cycle with 20 frames. A counter-clockwise vortex is observed to form as flow through the
two branches of the pulmonary vein (PV1 and PV2) into the left atrium (LA) from nt 5 6 to 8 gives the atrial blood an angular
momentum. Subsequently, the swirling blood is forced into the left ventricle (LV) during the early stage of the cardiac diastole from
nt 5 9 to 12.
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used to diagnose cardiovascular diseases such as atrial

spetal defects69 and also ambiguous calcific left

main stenoses.62 Assessment of velocity waveforms

of cardiac flow can be achieved using Doppler

echocardiography.9,17,44

Real-time blood motion imaging using color sono-

grams can be utilized. For this medical imaging

modality, the speckle pattern from the blood flow

signal is preserved, enhanced, and visualized.31,37 In

this technique, a high frame rate is necessary for

acquiring speckle pattern motion due to the rapid

decorrelation of the speckle pattern from blood flow.

In addition, good spatial resolution of the speckle

pattern is essential.

A significant limitation of ultrasound imaging is

that the Doppler shift is only sensitive to the velocity

component in the orientation of the ultrasonic beam.

However, clinical examination can be achieved with

low cost and produces real-time flow visualization. In

addition, ultrasound systems can be highly portable.61

This makes Doppler sonography more clinically

attractive to use than magnetic resonance imaging

(MRI). Despite these system advantages, a flow pro-

jection onto a plane for an accurate slice assessment of

the cardiac flow is difficult to perform. Based on this

aspect, it is inferior to velocity-coded MRI which can

reconstruct accurate temporal flow grids of up to three

spatial dimensions.20

The superiority of magnetic resonance imaging 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 localized

measurements that can provide interactive visualiza-

tion in cardiovascular flow,74 phase contrast MRI has

also been utilized in global flow measurements such as

determination of flow volumes in arterial structures,

and in particular, blood ejection volumes in the

ascending aorta39,40,55 as well as arterial wall shear

stress.50,51,68 It has been widely documented that phase

contrast MRI is an established flow-imaging scheme

for cardiovascular examination of human subjects and

compares well with ultrasound technology.40

Further development of phase contrast MRI to

produce multi-slice cine images involves an electro-

cardiogram synchronized time-resolved framework to

allow assessment of blood-flow characteristics with

high spatial and temporal resolution of a cardiovas-

cular region of interest.30,74 Sometimes there may be

poor quality image registration due to poor respiratory

control during scanning. Usually a ghosting arte-

fact4,41,70 appears on the images. Other issues, such as

limited signal-to-noise ratio control,43 affect the

imaging sensitivity of the scanning modality. Never-

theless, recent development of navigator-gated

time-resolved cine phase contrast MRI can control

image distortion and ghosting effects due to the res-

piration of patients during image acquisition.41

System Performance

The full advantage of a flow imaging and visuali-

zation system lies in its integrated components, with

focus on the data that each of them can generate, how

the components are networked and the overall benefit

that it can bring to clinical evaluation. Therefore, a

successful application needs to be able to distinguish

cardiac pathology from a normal heart part, such as

pertaining to pre- and post-surgical intervention of

cardiac structures, or to provide comparison of results

from two different flow imaging modalities. It should

also be able to provide a quantifiable indication of the

difference. We develop a system that is able to achieve

these aims.

Note that the computational reconstruction of flow

based on intensity-based medical images is not immune

to false intensity flow detection due to the different

sources of magnetic field distortions during magnetic

resonance imaging. For example, lung tissue occludes

the heart, which results in a distortion of the static

magnetic field,12 can lead to detection of false blood

signals. It is therefore crucial to use good quality

images for computational reconstruction of the motion

field in all our studies. In addition, image sizes have to

be standardized when comparing flow before and after

surgical intervention or when patient to patient com-

parisons are made.

Flow patterns are identified by making the flow

visible using field vector plots. The streamline plot is a

useful visual tool for tracing the motion of the fluid.

An indication of the strength of a large-scale vortex

can be given by using a color contour map. Recon-

struction of a vorticity map as a color image allows

examination of the flow.

Other flow visualization tools such as sphere glyphs,

color ribbons, line segment glyphs, adjustable rakes,

and barbell glyphs have been developed for use

depending on the nature of the fluid flow.36 However,

it is beyond our scope to examine all of these tech-

niques. Therefore, only streamlines, vector plots and

vorticity color maps are used in various figures

throughout this paper.

The construction of a flow grid using more than one

set of orthogonal planes can provide a better indica-

tion of three-dimensional vortex flow structures. Nev-

ertheless, the use of planar flow map slices provides a

sufficient representation of the volumetric flow. At the

preliminary stage, we can present flow analysis in the

two-dimensional plane. The use of scans in one plane is

sufficient to reveal flow behavior for characterization.
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Clinical Relevance

The clinical relevance of intra-cardiac flow charac-

teristics is critical. For example, pulmonary artery

velocity measurements can evaluate cardiac conditions

such as pulmonary hypertension, pulmonary stenosis

and insufficiency, intracardiac shunts and congenital

abnormalities.17,21 In addition, approximately 20% of

cerebrovascular events have a cardiac source of

embolis, and structural cardiac predictors (i.e., left

atrium size and left ventricular function) are imperfect

at identifying which patients are at risk. The ability to

characterize intra-cardiac flow offers a new index that

may provide risk predictors for certain individuals with

embolic cardiovascular conditions. Clearly, further

work is required to fully understand the normal range

of intra-cardiac flow characteristics and to predict

future embolic events.

The study of cardiac blood flow can provide quali-

tative insights into normal and pathological physiology

as well as cardiovascular functions.24,25,32,41,55 Studies

have shown that flow information can be used as an

index of cardiac health.23,28,67,77 This motivates the

need for cardiac flow measurement and visualization

systems in practice. Flow visualization within the

human heart augments the percipience and experience

of cardiologists and can assist in the understanding of

the genesis and progression of cardiac abnormalities.

Quantitative prediction or diagnosis of cardiac failures

is of importance for clinical applications. Medical

organizations will be able to assess the degree of a

cardiac abnormality in the heart so that appropriate

medical action can be taken.

CONCLUSION

The use of velocity-encoded magnetic resonance

imaging can reveal flow patterns within the human

heart chambers, thereby opening up an under-

standing of the functional aspect of the heart.

Extending this technique by the computation of

vorticity maps can allow us to determine the char-

acteristics of the vortices to an extent. The use of

statistics and histograms of vorticity maps can aid in

the analysis of the blood circulation at various time

frames of a cardiac cycle.

The velocity fields are based on the phase contrast

magnetic resonance images that the scanner provides.

The flow can be calibrated and streamline traces of the

field can provide a clear visualization of blood move-

ment with information such as the speed and direction.

Vorticity is generated from the motion vector field to

display the location and strength of vorticities in

the flow. We illustrate the usefulness of these qualita-

tive information displays in this paper.

The study has shown that swirling flow is present in

the right and left atria of the heart. However, such

movements vary over time and are influenced by the

movement of the myocardium. Using scans of the right

atrium in the short axis orientation, we determine the

characteristics of the vortices within the chamber.

Based on long axis scans, we also observe that blood is

drawn into the heart chamber at different events of the

cardiac cycle. Finally, from the four-chamber long axis

view, we produce visualization of left atrial vortex

using streamline tracing and vorticity mapping. The

evolution of the vortex can be analyzed qualitatively

and quantitatively.

The velocity-mapping framework that we develop

can be applied to assess flow in various heart chambers

and circulation in the veins and arteries. A benefit of

our framework is the coupling of flow visualization

with quantifiable data that may give an indication of

the vorticity changes in the cardiac flow. The flow

quantification methods in this work is new, and further

studies based on a larger population group and other

portions of the heart or circulation can be performed

in future to validate the cardiac flow analytical

framework. The results may also be used to validate

computational fluid dynamics simulations26,38,76 and

techniques such as magnetic resonance fluid motion

tracking73 can be verified in terms of accuracy based on

velocity-encoded flow maps. In addition, we can try to

develop three-dimensional streamline visualization of

the blood flow which can eliminate the use of multiple

slices to cover the flow details adequately. Although we

understand that complicated flow patterns may clutter

the three-dimensional flow visualization and cause

qualitative analysis to be difficult, it may be worth-

while performing flow modeling using interactive

manipulation of the flow field display to gain a clearer

insight of the flow.
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