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a b s t r a c t

In a chamber of the heart, large-scale vortices are shown to exist as the result of the dynamic blood flow
and unique morphological changes of the chamber wall. As the cardiovascular flow varies over a car-
diac cycle, there is a need for a robust quantification method to analyze its vorticity and circulation. We
attempt to measure vortex characteristics by means of two-dimensional vorticity maps and vortex circu-
lation. First, we develop vortex component analysis by segmenting the vortices using an data clustering
algorithm before histograms of their vorticity distribution are generated. The next stage is to generate
the statistics of the vorticity maps for each phase of the cardiac cycle to allow analysis of the flow. This
is followed by evaluating the circulation of each segmented vortex. The proposed approach is dedicated
irculation
hase contrast magnetic resonance imaging
egmentation
ata clustering

to examining vortices within the human heart chamber. The vorticity field can indicate the strength and
number of large-scale vortices in the chamber. We provide the results of the flow analysis after vorticity
map segmentation and the statistical properties that characterize the vorticity components. The success
of the cardiac measurement and analysis is illustrated by a case study of the right atrium. Our investi-
gation shows that it is possible to utilize a data clustering algorithm to segment vortices after vorticity

rticit
n the
mapping, and that the vo
into the blood flow withi

. Introduction

The objective of our study is to develop a flow measurement tool
nd to test it for effectiveness in analyzing the swirling of blood
n the cardiovascular system. With an appropriate scan section, at
east one vortex can be observed in a heart chamber such as the
ight and left atria [1–3], the left ventricle [4–7] or through heart
alves [8,5]. Vortices also appear in other components of the blood
irculatory system such as the aorta [9,10], the fermoral artery

11], carotid bifurcation [12], or a curved artery [13] in general. The
se of magnetic resonance velocity mapping and cardiac imaging
nables a good assessment of vortices that exist in the cardiovas-
ular structures [9,14,15,4]. This imaging modality can produce

� The authors developed and use a medical image processing software named
edflovan to produce the results displayed in this paper. This is a system entirely

reated using the C++ object-oriented programming platform to provide cardiac flow
isualization and analysis. Cardiac flow computation and visualization is performed
n a Pentium 4-class processor on a dedicated graphics card with 512 MB of memory.
∗ Corresponding author at: School of Aerospace, Mechanical & Manufacturing
ngineering, RMIT University, PO Box 71, Bundoora, VIC 3083, Australia.
el.: +61 03 9925 6164.

E-mail address: k.wong@rmit.edu.au (K.K.L. Wong).
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y and circulation analysis of a chamber vorticity can provide new insights
cardiovascular structure.

© 2009 IPEM. Published by Elsevier Ltd. All rights reserved.

cine-MR images and it is a non-invasive imaging technique that
allows study of flow-related physiology and pathophysiology with
good spatial and temporal resolutions [16–18].

Gated-MRI [19–23] can be used in this study for the flow imaging
of the cardiac chamber in a normal subject. The initial stage involves
performing phase contrast MR imaging of the heart at short axis
through the heart. The blood motion can be mapped in two dimen-
sions based on combination of the velocity signal maps pertaining
to two directions. From these maps, we can develop planar flow
maps of blood flow in the chamber and perform flow analysis using
the tools that will be described in this paper.

The relationship of the electrocardiogram (ECG) to the cardiac
cycle, such that its cyclic period is labelled based on the scan time
frame number of the cardiac MR imaging, can be illustrated in Fig. 1.
The pressure waveforms of the heart chambers and aorta are pro-
vided to indicate the onset of atrial and ventricular contraction with
respect to the scan time frames. The flow properties of blood can
be related to each cardiac event [24]. We note that blood flows

from the vena cavae into the atria and directly through the tricuspid
valves into the ventricles. The ventricles are responsible for pump-
ing blood to the lungs and through the aorta to the rest of the body.
It also causes the atrioventricular valves to close so as to prevent
backflows of blood. These changes in heart chamber sizes affects the

d.

http://www.sciencedirect.com/science/journal/13504533
http://www.elsevier.com/locate/medengphy
mailto:k.wong@rmit.edu.au
dx.doi.org/10.1016/j.medengphy.2009.11.007
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Fig. 1. Cardiac events with relation to scan time frames. The pressure waveforms
of the left ventricle, aorta and right atrium is correlated to the scan time frames
of gated-MRI. The triggering of image acquisition starts at the occurrence of the R-
wave. For a temporal resolution of 25 time frames, the cardiac systole starts from
1 to 8, and the diastole is from 9 to 25. The pressure changes in the atria can be
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(CW) rotation of the fluid. Therefore, the magnitudes of these val-
enoted by the minor elevations labelled as a, c, and v waves that are caused by the
ynamics of blood during atrial and ventricular contractions.

ressure and the flow patterns of the blood. Therefore, the myocar-
ial movement are intrinsically related to the blood dynamics and
e present this diagram depicting the occurrence of the various

ardiac events in order to relate the scan time frames with the pres-
ure variations. This helps to provide a preliminary introduction to
he cardiovascular dynamics of the heart before we can investi-
ate the flow and to explain our observation and analysis using the
ppropriate terminologies and with relation to the cardiac event
ccurrence.

Vorticity within the flow is computed from the velocity field.
segmentation method is utilized to segregate the chamber flow

egion into areas that contains each large-scale vortex. The num-
er of these vortices can be known by applying an unsupervised
ata clustering algorithm on the vorticity color map. Then, statisti-
al analysis is executed based on each well-defined vortex. From
he data presented in this paper, we have identified two domi-
ant vortices of opposite rotation in the right atrium and presented
hem for selected time frames of one cardiac cycle. The variation
f vorticity mean and circulation for each vortex can be examined
uring the flow analysis. Information from the statistics of the vor-
ical flow may be able to present flow characteristics and relate to
he pressure waveforms of the cardiovascular system.

The purpose of this study is to demonstrate the working prin-
iples of our proposed framework that is devised to perform
omponent flow analysis. The mathematical and technical infor-
ation presented in this paper can lay the fundamentals for further

uccessful flow analysis of any cardiac circulation. Since our objec-
ive is not to establish the number of vortices in the heart or to

iscover new flow phenomenon, but to present an engineering
ethodology to achieve effective flow analysis, we can justify the

esting of this platform using a sample case study of the right atrial
ow.
g & Physics 32 (2010) 174–188 175

2. Materials and methods

This section describes the concepts of phase contrast magnetic
resonance (MR) imaging modalities and a measurement framework
to calculate vorticity and quantify this parameter statistically in
order to implement a new visualization system for flow patterns in
cardiac chambers.

2.1. Phase contrast magnetic resonance imaging velocimetry

As can be observed, phase contrast magnetic resonance imag-
ing encodes velocity information within the output images and
we are able to decipher these data to produce velocity field maps
for cardiovascular flow [16,25–28]. The magnetic resonance-based
framework enables the flow imaging of cardiovascular system
non-invasively and with good reliability and without the need for
contrast agent to be introduced into the human body. This technol-
ogy is well established in the medical imaging industry and will be
able to serve as a gold standard flow imaging protocol for validation
of new methodologies that will be developed.

We present some images based on this magnetic resonance (MR)
imaging 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. Combining the two flow maps based on the
in-plane x- and y-directions results in velocity mapping of the blood
flow as shown below in Fig. 2.

2.2. Vorticity measurement and statistics of flow map

Vorticity is a quantity that is closely related to the angular veloc-
ity of the fluid at a point, and it is evaluated from the fluid velocity
gradients [29]. The out-of-plane vorticity component is calculated
from the in-plane velocity field using the scheme shown in Fig. 3(a).
The circulation is the line integral of the tangential velocity along a
circuit (in a counter-clockwise fashion) enclosing a point of inter-
est. The vorticity ω is then equal to the circulation divided by the
area enclosed by this circuit.

A pre-requisite to examining the suggested flow parameters
is the requirement to develop a finite element differentiation
technique for facilitating the computation of velocity field dif-
ferentiation using data sampled within an interrogation window.
Numerical differential operators based on single-level differential
operators have been described in various literature [29–33]. We
shall examine the approximation of the gradient of a function based
on a point of differentiation with reference to a velocity field.

Mathematically, the two-dimensional vorticity may be effec-
tively represented by Wong et al. [3,63] using

ω =
(

∂Vy

∂x
− ∂Vx

∂y

)
i,j

= lim
�x,�y→0

× 1
N2

N∑
m=1

N∑
n=1

[
Vy(i + m, j + n) − Vy(i − m, j − n)

2m�x

− Vx(i + m, j + n) − Vx(i + m, j − n)
2n�y

]
. (1)

From the formulation, positive values signify counter-clockwise
(CCW) circulation, whereas negative values represent clockwise
ues give an indication of the rate of rotation and its polarity signifies
the direction of the rotation. These may be represented by a colour
scale with maximum CCW and CW absolute values corresponding
to red and blue, respectively.
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ig. 2. Phase contrast MRI of a cardiac chamber. Short axis scans pertaining to time
n two in-plane x- and y-directions, which pertains to the foot–head (F–H) and the
ntensity of the pixels in the image indicates the magnitude of the velocity compone
an produce a two-dimensional velocity flow field.

With these numerical differential methods, ∂Vy/∂x and ∂Vx/∂y
an be obtained to estimate the vorticity based on the velocity field.
rom the formulation, positive values signify counter-clockwise
CCW) rotation, whereas negative values represent clockwise (CW)
otation of the fluid.

Next, we perform a statistical analysis of the vorticity distribu-
ion. The histogram that is produced, based on the percentage of

ap area versus the vorticity values ω(s−1) throughout the entire
ow map, is featured in Fig. 3(b). A higher resolution of the graph
sing more horizontal axis intervals results in smaller histogram
ar width.
A measure of the average vorticity value is computed by taking
he mean ω̄� or median ω̄m of the frequency histograms that are
enerated from vorticity maps. The magnitudes of these param-
ters are represented as the blue solid and dash lines, while the
entre zero ω line is superimposed onto the frequency graph in

ig. 3. Vorticity measurement and its histogram representation of the computed map. D
orticity computation is based on the curl of velocity at a point and numerical calculations
epicting the variation of vorticity within the region of analysis gives an indication to the d
re represented by superimposing onto the histogram using lines with blue solid and da
epresents irrotational flow. (For interpretation of the references to color in this figure leg
s nt = [10, 11, 12, 13] out of 25 frames in a cardiac cycle are presented. Scans based
or–posterior (A–P) orientations, respectively, are needed for velocity mapping. The
the specified orientation. Combining two orthogonal velocity-encoded image maps

grey. The vorticity standard deviations from the flow map measures
the relative scatter around the mean and median of the vorticity val-
ues in the map, respectively. Standard deviation � with respect to
� can be computed by considering the variation about the mean,
and is denoted as ��. Based on a similar mode of computation,
calculating the degree of variation about the median will give �m.

It is useful to characterize the amount of swirl by the circulation
�. Circulation � is calculated using the line integral of a closed and
counter-clockwise circuit C [34,29]. By using Stokes’ theorem, we
may write this as a surface integral in Eq. (2) as follows:∮ ∫ ∫
c

v · dl =
s

(∇ × v) · dS =
s

ω · dS. (2)

Note that the circulation may be approximated by taking the prod-
uct of the vorticity mean ω̄ and the area enclosed by the chamber

isplay of fluid rotation can be represented using finite elements and flow vectors.
is carried out using vectors along contour around a point in the flow field. Histogram
egree of rotation within the fluid. The magnitudes of flow field statistical parameters
sh formats for the mean and median, respectively. The zero ω line in grey colour
end, the reader is referred to the web version of the article.)
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oundary Ac such that

= ω̄ × Ac. (3)

ere, the meaningful and reliable measure of swirling flow is the
irculation and therefore, it becomes important to quantify this
arameter along with the vorticity statistics.

.3. Segmentation of vortices for analysis

This section describes the procedures for vorticity-based seg-
entation using K-means clustering and how analysis can be

roken down into examination of individual vortices using his-
ogram plots of the isolated vorticity region. Here, segmentation
s the process of partitioning a digital image representing the vor-
icity field into multiple regions or sets of pixels such that each
egion represents a large-scale vortex. The goal of segmentation is
o change the representation of an image into information that is

ore meaningful for analysis [35].

.3.1. Color-based K-means clustering segmentation
Data clustering based on a color image is described here. The

ixel classification is based on target colors in the segmentation.
he technique of color image segmentation based on K-means clus-
ering [36–38] is applied. The number of clusters denoted by K
ffects the color differentiation as a large number of clusters may
esult in over-segmentation of the image and a small number will
ot enable sufficient region segregation [39]. The color quantiza-
ion allows us to differentiate cluster regions which have unique
lass properties and therefore breaks down the analysis into com-
onents.

The algorithm can partition spatial data into K clusters [40].
ssume that the feature vectors are denoted by X = {xi|i =
, 2, . . . , n}. The generalized algorithm initiates K cluster centroids
, given that C = {cj|j = 1, 2, . . . , K} and K < n, by randomly select-

ng K feature vectors from X. The feature vectors are assigned into
ach group labelled as j such that their Euclidean distances to
he centroid of the group Gj = ||xi − cj|| are minimum given that
(xi, cj)�X × C. The cluster centroids are computed again based on
heir group members and the new selection of the feature vectors
ccording to the new cluster centroids is performed. The proce-
ure terminates when there is no change in position of cluster
entroids. This algorithm forms the basis of our vortex segmen-
ation whereby the pixels that have intensities that correspond to
he vorticity magnitudes in the vorticity map image are clustered
nto K vortex regions.

Other segmentation algorithms exist, such as those that are
ased on standard statistical methods. One example is the prin-
ipal component analysis [41], which can provide visualization for
more detailed distribution of the data. This analysis on datasets

hat consist of major clusters (such as the vortices in our applica-
ion) allows the principal components to represent the direction
ear which the major vortices lie.

.3.2. Segregation of vortices
As an illustration, we ideally position two Lamb–Oseen vortices

42–44] with core centres at a distance of 5 mm apart from each
ther. The vortices have different directions of rotation. Each vortex
s constructed in such as way that we computationally set the flow
eld to span 10 mm by 10 mm in space, and its maximum velocity
agnitude to 10 mm s−1. Note that the velocity field of this flow is
epresented by a digital image grid with a width of 160 and a height
f 240 points matrix size.

From the results describing double vortices in the flow field
Fig. 4(a) and (b)), we are able to visually observe their cores and
trength using vorticity flow maps. In addition, from the histogram
g & Physics 32 (2010) 174–188 177

pertaining to each flow map in Fig. 4 (c), we can extract useful statis-
tical properties that reveal some information about the flow field,
such as the global directions of the vortices.

We can apply region segmentation of the vorticity map based
on the proximity of similar map elements to determine the number
of vortices that are present in a flow, and also to produce histogram
plots of each distribution cluster (Fig. 4(d)–(i)). We can determine
regions with high intra-class and low inter-class similarities [45,46]
using a K-means algorithm, whereby each set of regional clusters
with such a characteristic is given a unique label. Therefore, we can
localise vortices within the flow and provide a measure of discrim-
inant measure based on the mean ω̄ and variance �2 of the cluster
distribution. The discrimination of spatial separation for N number
of vortices is given by

D = 1
N

N∑
k=1

|ω̄k|
�2

k

. (4)

If D is large, it means that the vortices are defined with good intra-
class similarities and inter-class dissimilarities. Fig. 4 shows the
results of applying segmentation on a pair of idealised Lamb–Oseen
vortices and examination of each segmented region using his-
togram plot of its vorticity distribution. Each homogeneous group
of vorticity values is a representation of a vortex. An incorrect input
for number of clusters into the K-means segmentation framework
will result in one or more clusters having almost similar vorticity
distribution. It is important that an accurate number of large-scale
clusters can be automatically determined by a reliable unsuper-
vised clustering algorithm.

The circulation �j of a vortex component j can be obtained by
taking the product of the component vorticity mean ω̄j (from the
segmented vorticity region) and the area Aj covered by the vortex
cluster j such that

�j = ω̄j × Avor where Avor = Nj

Nc
× Ac. (5)

Here, Nj and Nc are the number of pixels that makes up the vor-
tex component and segmented heart chamber respectively. Ac is
defined as the actual area of the heart chamber in units of m2. The
measure of swirling flow using � is quantified along with the other
statistics based on vorticity. The resolution of the vorticity flow map
is dependent on that of the velocity field output by the MRI scanner.
The reliability of vortex quantification improves as the resolution
of the velocity and vorticity fields increases.

3. Experiments

A description of the case subject, the methods of scanning, pro-
cedures carried out for investigation of the heart, parameters for
flow quantification and data analysis are given in this section. The
main objective of these experiments is to perform the cardiac flow
analysis using right atrial vorticities and to understand the flow
development over a cardiac cycle.

3.1. Subject for case study

In this study, we performed flow imaging on the right atrium of a
healthy male subject, aged 22 years, using phase contrast magnetic
resonance imaging. The flow information can be used to explain
the behaviour of vortices that develop in the chamber of a heart.

The key motivation in this study is to demonstrate the working

principles of our implemented velocimetry system for cardiac flow
analysis, and therefore it is not necessary to use a huge volume of
test data based on multiple scan slices and more than one case sub-
ject. The analysis is based on a single heart slice because it is not the
aim of this paper to present population study of a cardiac condition
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Fig. 4. Localisation and analysis of vortices. Segmentation of flow field isolates the vortices and allows us to perform histogram analysis on its distribution. This enables
breakdown of the analysis into components that can be quantified with more quantitative information. In this example, we have two Lamb–Oseen vortices in a flow field
a ons. Th
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nd application of K-means algorithm segregates the flow region into three partiti
ortex which can indicate its vorticity or speed of fluid rotation. Superimposition o

n detail. Using a smaller data set will enable use to demonstrate our
roposed concepts without increasing the complexity of analysis
ere.
.2. MR imaging scan procedure

The velocity-encoded MR imaging was performed using a
iemens Avanto, 1.5 T, model-syngo MRB15 scanner with Numaris-
, Series No: 26406 software. Cine-MR imaging was performed
e histogram plot of each partition provides the mean and variance of the isolated
egmented regions results in the combination of their histograms.

using one slice in short axis views through the atria. All images were
acquired with retrospective gating and 25 phases (from nt = 1–25)
for a single slice.

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 mm×340 mm at matrix of 134 × 256 pixels. These imaging
parameters are chosen for the optimal image acquisition with low
signal-to-noise ratio within the atrium. The in-plane and through-
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it also causes the vorticity and circulation to drop to zero values
ig. 5. MR imaging scan through heart of normal subject. The scanning of the heart
s taken at short axis and through two chambers, namely the left and right atria.
herefore, this sectional view pertains to the 2-chamber short axis scan. One planar
can is selected for flow examination of the atria.

lane resolution of the scans are determined by the pixel spacing
t 1.54 mm/pixel and slice interval of 6 mm, respectively. Velocity
ncoding (VENC) of 150 cm s−1 is applied.

During the scanning, sufficient instructions to the test subject
nd visual checks were carried out to ensure minimum motion in
he scanner. The scanning was performed in such as way that the
ptimal image resolution can be achieved and with negligible or
o motion artifacts. Therefore, there is no need for preprocessing
f the image data to correct any significant ghosting artifacts.

.3. Investigation procedure

Scanning is performed at the section of the heart where the atria
re positioned. This section is chosen such that the optimal display
f the cross-sectional area of the right atrium is enabled. The scan
ection is taken at a location shown in Fig. 5 whereby the scan is
erpendicular to the axis joining the top of the heart to the apex
hrough the septum. Eleven slices at this orientation are obtained
hroughout the atria. However, it is effective to base the velocity

apping on the right atrium of the heart using the scan sections
hat cut though the middle portion of the atria. This corresponds
o the largest cross-sectional area of the cardiac chamber. It also
nables a better assessment of the vortices as it maximises the num-
er of data points defining each flow feature. One slice as shown in
he schematic diagram of the heart is selected for analysis in our
tudy. The full set of images in cine-mode can be viewed using Sup-
lementary Video 1 in Appendix A. Phase contrast MR images for
he x- and y-directions can be viewed using Supplementary Videos
and 3 (Appendix A).

. Results

.1. Measurements and presentation of right atrial flow

We observe the vortices that appear during the diastolic and
ystolic phases of the heart beat cycle, and analyze its course of
evelopment and changes over the cardiac cycle. The change in
olarity of rotation can be easily and visually observed using the
treamlines, contour maps, and vector plots as shown in Fig. 6.
n addition, we have superimposed the corresponding MR images
nto these flow fields to give an indication of the location of the vor-
ex with respect to the chamber that it resides. A vorticity sampling

2
ask of size (21 × 21) pixel frame is used. This corresponds to
2.34 mm×32.34 mm window size. The rectangular encapsulation
f the displayed scan is 184.80 mm×231.00 mm.

We present the flow results and analysis of the right atrium for
he selected slice based on one time frame of the cardiac cycle to
g & Physics 32 (2010) 174–188 179

illustrate the concept of vortex component analysis using real atrial
flow data. Using vorticity maps that can be statistically analyzed,
histograms are computed based on the vorticity distribution. Note
that the mean and median of the histogram are denoted by ω̄� and
ω̄m, respectively. Standard deviations with respect to the mean and
median are denoted as �� and �m, respectively.

Fig. 1 shows the flow pressure waveform with all the time
frames defined. This is critical in knowing the stages of the cardiac
cycle. We focus on a more thorough examination of the flow using
the entire set of time frames in this cardiac cycle. For brevity, we
present the flow regions based on a selected series of time frames
from nt = 8 to 15 out of 25 frames of a cardiac cycle as an illustra-
tion (Fig. 7). The full range of vorticity maps can be assessed using
Supplementary Video 4 (Appendix A). The statistical entities for
every time frame, mean, median and their standard deviations, are
displayed to indicate the global properties of the flow. The veloc-
ity vector plots show that there are two vortices in the same flow
region for the presented time frames. The intensity of vorticity
using ω̄� and �� gives a good estimation of the swirl structure 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 visually shown to
be both clockwise and counter-clockwise in rotation upon investi-
gation. This observation needs to be quantified. In Fig. 7, based on
nt = 8 to 11, ω̄� is greater than zero, and the flow is overall counter-
clockwise. For nt = 12 to 15, ω̄� is negative, and the flow becomes
clockwise globally. It is reasonable to reach this detection as the
sign of ω̄� is the same as that of �.

Next, we performed segmentation on the flow region to segre-
gate the vortices into their components. This can provide a more
detailed analysis. In Fig. 8, we present the component analysis for
clockwise (CW) and counter-clockwise (CCW) vortices for nt = 8
to 15. The variation of the vortex pattern at every time frame is
visible from the intensity contours. The color bar on the right of
every vorticity field is scaled to show the actual vorticity range of
the segmented vortex.

4.2. Mechanics of flow with reference to the cardiac events

Based on Fig. 1, we attempt to link the flow results to the car-
diac events over a heart beat cycle. We highlight the possibility of
delay in changes of flow that is caused by the myocardial dynam-
ics at some of these events. This may be due to the time required
for the blood to gain momentum. The v wave that is caused by
right atrial contraction (at time frames nt = 23–1) can cause the
pressure to increase up to 6 mmHg [24]. This may account for the
rise in vorticity and circulation from nt = 23 to 4. Then, the c wave
occurs during cardiac systole (from nt = 1 to 8), which causes a
slight regurgitation of blood into the atrium at the onset of the
ventricular contraction. At this instance, the mitral and tricuspid
valves close due to the back pressure of blood flow into the atrium.
We can relate this event to the reduction of vorticity and circula-
tion magnitude resulting in decreasing values from nt = 5 to 11.
The v wave that occurs towards the end of cardiac systole (nt = 9)
is the cause of blood flow into the atrium from the v ena cavae.
This may be observed in the slow increase of vorticity and circu-
lation in the opposite direction (negative values) from nt = 12 to
14. After ventricular contraction, the atrioventricular valves open
allowing the stored atrial blood to flow rapidly into the ventricles
and causing the v wave to disappear (nt = 11). At the same time,
during nt = 15–18. From this instance to the starting of the next
atrial contraction, the two flow properties increases slightly. There
should be a marked increase in their values at the onset of the atrial
systole (nt = 23).
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Fig. 6. Component analysis of normal right atrium flow. (a) The visualization of flow in the right atrium of a normal subject is presented for investigation of the vortex
b based
i
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o
p
c
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n

ehaviour for time frame nt = 11 of one cardiac cycle. The statistical properties are
nto individual vortices can be performed effectively.

. Discussion

Flow analysis can be based on the entire flow region and also

n individual segregated sub-regions such that each of them com-
rises of a vortex. A concise analysis of cardiac flow in a heart
hamber may be based on the statistical properties of the regional
orticity field. We highlight the systolic phases from approximately
t = 1 to 8 and the diastolic phases from nt = 9 to 25.
on the chamber flow region. (b) The segmentation of vortical flow using K-means

5.1. Global flow analysis

For the selected set of time frames based on one cardiac cycle,

two vortices are seen to exist in the chamber simultaneously. From
Fig. 6, 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.
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Fig. 7. Global analysis for normal right atrium flow. The visualization of flow in the right atrium of a normal subject is presented based on time frames nt = 8 to 15 out of
one cardiac cycle of 25 time phases. The change in flow patterns can be visually analyzed with support of statistical parameters of mean ω̄� , median ω̄m and their respective
standard deviations �� and �m .
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Fig. 8. Component analysis for normal right atrium flow. The visualization of flow in the right atrium of a normal subject is presented based on clockwise (CW) and
counter-clockwise (CCW) vortices for analysis of vortex component 1 and 3, respectively. Time frames nt = 8–15 out of one cardiac cycle of 25 time phases are selected for
illustration.
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Vortical flow based on the contour flow maps for the eight
elected times frames of a cardiac cycle is characterised using the

centroid” of the vorticity distribution which can be the mean or
edian of all the map values. With reference to this case, the mean

f the vorticity distribution ω̄� ranges from −0.66 to 2.13 s−1 while
ts median ω̄m ranges from −3.05 to 0.00 s−1. Because of higher
ositive vorticity values generated by a stronger counter-clockwise
inued ).

vortex versus a weaker clockwise vortex, the distribution centroid
is offset from the zero value.
Another characteristic of the flow is the variance of the vorticity
values, which can be based on its mean or median as the distri-
bution centroid. The standard deviation of vorticity map � 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
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ig. 9. Variation of global vorticity mean and circulation. The variation of (a) vort
ositive and negative average map values can exist as the result of having two vorti
orticities over the other negative ones.

ixel color contrast result from maps with large standard devi-
tions. There are a few reasons for a high �, so it is of little
alue to use it for flow interpretation. Some possible reasons can
e the presence of an odd number of equally strong vortices in

he flow or numerous small vortices of different strengths, and
he new vorticity that may be generated near the chamber wall
egions.

The vorticity and circulation charts in Fig. 9 are able to provide
vidence of the physical flow occurence that is related to the cardiac
ean ω̄ and (b) circulation for a cardiac cycle of 25 time frames shows that both
the flow. The sign of the average map value can indicate the dominance of positive

events. It can be observed that the vorticity and circulation prop-
erties of flow are generally higher and positive (overall clockwise
rotation) during the systole and at the transition stage to diastole,
the values decreases to zero. For the diastolic events, the flow prop-

erties reduces to negative magnitudes (overall counter-clockwise
rotation) and slowly increases in value towards the end of the dias-
tole. This section provides an indication of the overall direction of
flow circulation. Further analysis can be achieved by analyzing each
segmented vortex individually.
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.2. Component flow analysis

Breaking down the vorticity analysis into examination of indi-
idual vortices allows us to characterize the blood flow behaviour
ore accurately. Two main vortices are identified: one of clock-

ise motion with ω̄� with range from −14.85 to −2.42 s−1 and ω̄m

ith range −14.29 to −3.20 s−1, while the other vortex has ω̄� with
ange 5.59 to 18.87 s−1 and ω̄m with range 5.33 to 16.89 s−1. Based
n the mean of vorticity distribution, the standard deviation �� of
he negative and positive vorticities ranges from 0.91 to 8.02 s−1,

ig. 10. Variation of vorticity mean and circulation of vortex components. The variation
orticities are presented by their values at the negative and positive domains of the bar ch
alues in contrast to those presented in the variation of the statistical properties that per
g & Physics 32 (2010) 174–188 185

and 2.61 to 8.53 s−1, respectively. Standard deviation �m of the pos-
itive and negative vorticities are of range 0.93 to 8.48 s−1 and 2.61
to 8.76 s−1 respectively. The region of irrotational flow has a low
mean of range −1.64 to 1.57 s−1 and small standard deviation of
range 1.20 to 4.94 s−1.
If we combined the vortices in the flow, the ensembled averag-
ing of the positive and negative vorticities result in a mean of range
−0.71 to 7.35 s−1 and standard deviation of range 4.87 to 12.64 s−1.
The larger variance in vorticity shows that the global flow differs
from those of the components. This will not give a correct insight

of (a) vorticity mean ω̄ and (b) circulation for clockwise and counter-clockwise
art, respectively. Note the relatively smaller difference between mean and median

tain to global vorticity.
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nto the actual flow characteristics. Therefore, we can deduce that
orticity segmentation is crucial for an accurate flow analysis of the
lood motion behaviour in the heart.

We have found that, based on normal conditions, two vortices
ppear during the cardiac cycle (Fig. 10). However, one dominant
ortex exists at some time frames. In particular, the presence of
stronger counter-clockwise vortex from nt = 1 to 9 and nt = 18

o 25 can be noted. The clockwise vortex is more dominant from
t = 12 to 16. This is consistent with the global vorticity means
resented by Fig. 9. There is a smaller difference between the vor-
icity mean and median for each time frame, and this is expected
ecause of the smaller standard deviation of vorticity distribution
fter breaking down the flow regions into their vortex compo-
ents.

In terms of the temporal variation of flow circulation, the range
f � for global flow is given by −4.33 to 42.81 m2 s−1. The counter-
lockwise and clockwise vortices have circulation ranges of −24.00
o −1.30 m2 s−1 and 12.46 to 49.92 m2 s−1, respectively. Based on
ig. 10, we may not be able to see much difference in absolute
agnitudes between the vorticity means of the clockwise and

ounter-clockwise vortices. However, the circulation magnitudes
f these two vortices are clearly distinguishable during the systole
nd diastole of the cardiac cycle.

.3. Overcoming of phase contrast MRI limitations

Estimation of the averaged phases in a voxel is performed con-
idering its asymmetrical distribution about a true average phase.
he deviation from the true velocity usually comes from bidirec-
ional flow in the cardiac chamber more than an arterial flow
hat has a larger unidirectional flow component. However, this

ay be avoided by setting a higher encoding velocity (VENC) to
ecrease the signal-to-noise ratio in the phase contrast image
47].

Matching of the VENC becomes a main consideration of the
ccurate quantification of flow. For VENC that are much larger
han the peak velocities, random phases of error or noise becomes
rominent. Noise in the phase contrast magnetic resonance images

ncreases with VENC values that are larger than the signal intensi-
ies that are registered onto the magnitude images [48]. The noise
sually affects the peak velocities and has less influence on the
ow estimation as it is averaged over a number of voxels. On
he other hand, for VENC that are lower than the peak velocity,
liasing occurs, which results in inverted signal intensities on the
mages. The suggested method to determine the optimal VENC

ithout aliasing is to start a measurement with a lower VENC
nd then based on visual judgement, the VENC is modified each
tep at a time until no aliasing occurs. Such a procedure results
n a VENC of 150 cm s−1 for our case study of the atrial flow.
ften with magnetic resonance imaging, there is a limit in the

patial resolution that can be achieved by the scanner, and there-
ore, flow measurements with a poor spatial resolution may be
nable to depict the rotational flow adequately for accurate vor-
icity mapping. The imaging plane of the heart is appropriate at the
ocation where the maximum cross-sectional area of the cardiac
hamber is achieved in order to register as much flow informa-
ion as possible. By careful adjustments, we are able to obtain a
eld of view FOV = 298 × 340 mm at matrix of 134 × 256 pixels.
or our study, phase contrast measurements of turbulent or vor-
ical flow decreases in terms of precision. Therefore, we have

educed this error with a shorter echo time (TE) of 1.6 ms for
ptimal measurement. We have also minimized the case subject
ovement as much as possible by repeated scannings with the

nowledge that spatial misregistration will affect our measure-
ents.
g & Physics 32 (2010) 174–188

5.4. Clinical relevance of study

The experimental and flow simulation of normal and patho-
logical physiology can provide quantification of the cardiovascular
flow functions [17,15,27,49,50]. Such flow information can be used
to grade the cardiac health of a patient [51–54]. This motivates
the need for cardiac flow measurement from the clinical point of
view. The measurement of vorticity based on the cardiac flow field
generated from phase contrast MRI velocimetry can have useful
applications in the study of cardiac flow for normal subjects [3]. It
can also have clinical use for assessing flows in a heart with physical
abnormalities, such as septal defects, in addition to evaluation by
the well-established transthoracic and transesophoegal echocar-
diographic techniques [55–62]. By characterising flow using these
parameters, and statistically presenting them for every phase of
the flow, we are able to extract more information from the flow
model. Flow quantification needs to be carried out so that it can
have research value and clinical usage. Note that no detailed and
quantifiable flow analysis has ever been adequately documented
from cardiac blood flow field for diagnostic usage. Even though
it may be desirable to analyze the flow quantitatively using pla-
nar measurements, it will be inaccurate because the actual flow
is three-dimensional. However, we demonstrate that examination
and measurement in two-dimensional planes is sufficient in char-
acterising cardiac abnormalities. Clinical trials will be the subject
of a future study to show incremental value in using cardiac MRI
flow analysis [63]. Advancements in software support for magnetic
resonance imaging technology can pave way for future diagnosis of
cardiac defects by means of flow analysis within cardiac chambers.

6. Conclusion

We have applied magnetic resonance imaging on the right
atrium of a normal subject. The display of information using his-
tograms of vorticity provides an overview of the swirl and strain
patterns present within the blood flow. The description of vortical
flow in the right atrium can be concisely presented using velocity
and vorticity flow maps. Useful visualization tools such as contour
and streamline plots are utilized in this paper. More importantly,
we are also able to characterise the vortices using histograms of the
flow maps and extracting useful statistical properties from vorticity
distributions to describe the rotation.

This study demonstrates the methods of characterising a
flow field generated using phase contrast magnetic resonance
images using vorticity measurement, vortex component break-
down based on an image-clustering algorithm, and statistical
analysis of each vortex component after segmentation. Another
flow measure, the circulation of the flow is also computed for anal-
ysis, and various charts based on these propertise over time can be
produced. The technqiues of flow analysis presented here allows
us to identify the strength and number of vortices in a heart cham-
ber and this may allow us to physically interpret the cardiac events
during a heart beat cycle.

Previous flow analyses are based on qualitative examination of
the blood motion without being able to provide any useful and
quantitative data. The developed system described in our paper
may be of potential clinical utility for assessing abnormal blood
flow, and may be a useful tool for discovering and quantifying flow
phenomenon in the heart and arteries.
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