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O B J E C T I V E S The aims of this study were to: 1) assess the feasibility of left ventricular (LV) vortex

flow analysis using contrast echocardiography (CE); and 2) characterize and quantify LV vortex flow in

normal subjects and patients with LV systolic dysfunction.

B A C K G R O U N D Vortices that form during LV filling have specific geometry and anatomical

locations that are critical determinants of directed blood flow during ejection. Therefore, it is clinically

relevant to assess the vortex flow patterns to better understand the LV function.

M E T H O D S Twenty-five patients (10 normal and 15 patients with abnormal LV systolic function)

underwent CE with intravenous contrast agent, Definity (Bristol-Myers Squibb Medical Imaging, Inc.,

North Billerica, Massachusetts). The velocity vector and vorticity were estimated by particle image

velocimetry. Average vortex parameters including vortex depth, transverse position, length, width, and

sphericity index were measured. Vortex pulsatility parameters including relative strength, vortex relative

strength, and vortex pulsation correlation were also estimated.

R E S U L T S Vortex depth and vortex length were significantly lower in the abnormal LV function group

(0.443 � 0.04 vs. 0.482 � 0.06, p � 0.05; 0.366 � 0.06 vs. 0.467 � 0.05, p � 0.01, respectively). Vortex width

was greater (0.209 � 0.05 vs. 0.128 � 0.06, p � 0.01) and sphericity index was lower (1.86 � 0.5 vs. 3.66 �

0.6, p � 0.001) in the abnormal LV function group. Relative strength (1.13 � 0.4 vs. 2.10 � 0.8, p � 0.001),

vortex relative strength (0.57 � 0.2 vs. 1.19 � 0.5, p � 0.001), and vortex pulsation correlation (0.63 � 0.2 vs.

1.31 � 0.5, p � 0.001) were significantly lower in the abnormal LV function group.

C O N C L U S I O N S It was feasible to quantify LV vorticity arrangement by CE using particle image

velocimetry in normal subjects and those with LV systolic dysfunction, and the vorticity imaging by CE may

serve as a novel approach to depict vortex, the principal quantity to assess the flow structure. (J Am Coll

Cardiol Img 2008;1:705–17) © 2008 by the American College of Cardiology Foundation
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vortex can be described as a fluid structure
that possesses circular or swirling motion.
Therefore, vorticity (the curl of the velocity

field) represents the skeleton of the flow
eld and the principal quantity to define the flow
tructure (1,2). Intraventricular blood flow is opti-
ized to facilitate efficient systolic ejection of

lood. Vortices that form during left ventricular
LV) filling have specific geometry and anatomical
ocation that are critical determinants of directed
lood flow during ejection (1,3). The formation of
bnormal vortices also relates to the underlying
uid dynamics in LV dysfunction (4,5). Therefore,
ortex flow may offer a novel index of LV dysfunc-

tion not available in conventional indexes
and may be of incremental value.

Direct measurement of vortices requires
techniques that provide 3-dimensional
flow information. Several studies using
magnetic resonance imaging (MRI) have
demonstrated that vortex in the heart
might prevent collision of flow, avoid ex-
cessive dissipation of energy, redirect and
sling blood towards left ventricular out-
flow tract (LVOT), and enhance recipro-
cation of atrial and ventricular function
(1,3,6). Vorticity imaging by contrast
echocardiography (CE) using velocity vec-
tor profiles is a novel approach to study the
LV vortex. We hypothesized that changes
in the LV vortex flow pattern may corre-
late closely with LV function and that
assessment of LV function using LV vor-
tex flow analysis affords more accurate
prediction of the patient’s hemodynamic
status. Therefore, the aims of this study
were: 1) to assess the feasibility of LV
vortex flow analysis using CE; and 2) to
characterize and quantify LV vortex flow

n normal subjects and patients with LV systolic
ysfunction.

E T H O D S

tudy population. A total of 25 subjects were pro-
pectively enrolled in this study; 10 normal control
ubjects (age 52 � 18 years) and 15 patients with
V dysfunction (age 51 � 11 years). The abnormal
V function group was comprised of patients who
ave reduced LV systolic function (ejection fraction
40%) at baseline echocardiography. Patients with

ignificant atrial or ventricular arrhythmia, signifi-

phy

n

r

ow

etry

th

tion
ant valvular disease (of greater than moderate f
everity), or inability to obtain adequate echocar-
iographic examination were also excluded. The
tudy was approved by the Institutional Review
oard of the University of California, Irvine, and a
ritten informed consent was obtained from all
atients.
wo-dimensional (2D) and CE. All patients under-
ent 2D and Doppler echocardiography on a com-
ercially available ultrasound platform (Sequoia
512, Siemens, Mountain View, California) with a
-5 MHz transducer. The LV end-diastolic dimen-
ion, LV systolic dimension, and left atrial dimen-
ion were measured by M-mode at parasternal
ong- and short-axis views. LV ejection fraction was

easured using the modified Simpson’s method on
mages of apical 4- and 2-chamber views. Cardiac
utput was calculated by 2D and Doppler parame-
ers measured at LV outflow tract. Two-
imensional CE was performed with a perfluoro-
ropane gas-filled, lipid-stabilized microbubble,
efinity (Bristol-Myers Squibb Medical Imaging,

nc., North Billerica, Massachusetts) as the Echo-
nhancing agent; 0.1 to 0.2 ml of Definity was
iven as a slow intravenous bolus followed by 1 to 3
l of normal saline flush. Imaging of the contrast

gent was performed with a mechanical index of 0.4
o 0.6 and the focal zone positioned in the middle
f the LV. The width of the ultrasound scan,
maging depth, and spatial temporal settings were
ptimized to achieve the highest possible frame
ate. All cine data from 3 consecutive cycles were
cquired with the acoustic capture technique. Api-
al 4-chamber and apical long-axis views were
cquired to provide the best visualization of the LV
ortex formation. The temporal resolution was 16.4

3.5 ms with 60 to 80 frames/cardiac cycle. All
tored images were analyzed by 2 blinded indepen-
ent observers.
mage analysis: particle image velocimetry (PIV). PIV
s an optical method used to measure velocities and
elated properties in fluids (7). The fluid is seeded
ith particles, which, for the purposes of PIV, are
enerally assumed to faithfully follow the flow
ynamics. It is the motion of these seeding particles
hat is used to calculate velocity information (6–8).
n our study, analysis was performed with PIV
rototype software by Siemens Ultrasound. A hier-
rchical PIV method that iteratively reduces the
nterrogation window is adopted and completed
ith a feature tracking algorithm to handle the

ong-range correlations due to large velocity values
5,7,9). Although the PIV method was developed
B B R E V I A T I O N S

N D A C R O N YM S

D � two-dimensional

E � contrast echocardiogra

VC � isovolumic contractio

VR � isovolumic relaxation

V � left ventricle/ventricula

VOT � left ventricular outfl

ract

RI � magnetic resonance

maging

IV � particle image velocim

OI � region of interest

S � relative strength

I � sphericity index

D � vortex depth

L � vortex length

PC � vortex pulsation

orrelation

RS � vortex relative streng

T � vortex transversal posi
or optical flow acquisition, a similar calculation,
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erformed on raw data, was previously shown to be
easible on ultrasound imaging (6). This technique
stimates the velocity in an interrogation region of
nterest (ROI) by determination of the displace-

ent of ROI in the successive frame that produces
he maximum similarity between the original and
isplaced ROIs. The maximum similarity was de-
ned as the value that minimizes the error, in a least
quare sense, of the transport of brightness: B (x, y, t)
dB/dt � vx · dB/dx � vy · dB/dy) that would be
ero in a perfectly rigid motion.

Velocity vectors were evaluated on a regular grid
ith a spacing of 8 pixels (approximately 2.8 mm).
he interrogation window was reduced iteratively
y halving its side from squares 32 � 32 up to 8 �
pixels. At the first iteration, the 32 � 32 windows

n the 2 consecutive frames were placed in the same
osition, centered at the grid point. In the following
terations, when the first velocity estimation was
erformed, the windows were displaced of the

ength corresponding to velocity value for improv-
ng the estimation. Each level of iteration was
erformed in 2 further substeps, for second order
ccuracy, where the half of the value of the first
stimation was employed to displace the ROIs for
he second evaluation. Such computed values are
nally smoothed by applying a 3 � 3 Gaussian filter
f width equal to the grid distance. Results from 3
onsecutive beats were phase-averaged to improve
he quality of estimation. This process was defined
fter an extensive sensitivity study of the many
ossible parameter values and technical implemen-
ation details; this resulted in a combination that
nsured robust estimation, that was not significantly

Figure 1. Flow Data by Digital Particle Image Velocimetry From

The Echo freeze frames represent the divergence-free velocity vecto
resentation (A). Parametric representations of steady streaming field
ing in-plane streamlines along the divergence-free velocity field (B)
streamlines (C). LVOT � left ventricular outflow tract; MV � mitral v
nfluenced by variation of such parameters about
hese values. The accuracy of velocity values was
ounded from below (low velocities) and above
high velocities). Velocity was estimated on the
asis of displacement of back scatter (contrast agent
ubbles). Therefore, a lower bound on the velocity
alue was given by displacement of 1 pixel to the
ext. When the pixel size was 0.33 mm, and the
rame rate was 60 Hz, this displacement corre-
ponded to a velocity of approximately 2 cm/s. The
pper bound corresponds to the size of the initial
nterrogation window (here taken as 32 pixels,
hich means about 60 cm/s).
From the velocity vector, the vorticity, the curl of

elocity � �vx/�y � �vy/�x was computed by
econd-order accurate finite differences. The PIV
ata were analyzed frame by frame (Online Video
), and parametric imaging of the average flow
tructure was then also extracted. The instanta-
eous velocity vectors were superimposed on the
oppler color-map showing dominant color paths.
he vortex flow pattern can be analyzed frame by

rame using this image (Fig. 1A). The velocities
ere computed on a fixed grid. The pictures show
elocity vectors at irregularly spaced points (allowed
o move with the flow up to a small distance) for
isualization improvement on the video clips where
he vectors at such points are obtained (using
ilinear interpolation) from the neighboring origi-
al grid points. The average flow structure on the
eartbeat was obtained by performing Fourier de-
omposition in time. The first Fourier harmonic
zeroth order) represents the average flow field or
he steady streaming contribution to the flow. The

Apical Long-Axis View

the scan-plane, superimposed to the reconstructed Doppler rep-
th superimposed velocity vectors (arrows) and the steady stream-
pulsatile strength field with superimposed pulsatile in-plane
. See Online Video 1.
the

r on
wi

. The
alve

http://jaccimage.cardiosource.com/vol1/issue6/0189_VID1-vol1iss6.mpg
http://jaccimage.cardiosource.com/vol1/issue6/0189_VID1-vol1iss6.mpg
http://jaccimage.cardiosource.com/vol1/issue6/0189_VID1-vol1iss6.mpg
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econd Fourier harmonic (first order) represents the
undamental pulsatile contribution. The steady
treaming vorticity field, normalized to the vortex
aximum vorticity (color scale from �1 to 1), and

he superimposed steady streaming velocity vectors
arrows) together with the steady streaming in-
lane streamlines, which represent the location and
hape of the vortex, are shown as the average flow
attern (Fig. 1B). The vorticity map allows recog-
ition of the basic flow structure and identification
f shear layers (an elongated layer of friction be-
ween streams with differential motion), boundary
ayers (a shear layer next to a wall), and a vortex (a
egion of compact vorticity). The pulsatile features
f the flow, which are the streamlines of the
rincipal harmonics are shown superimposed on the
ulsatile vorticity amplitude normalized to the max-
mum vorticity (color scale from 0 to 1). This
epresents the strength and pulsatility of the vortex
ith respect to the average flow (Fig. 1C).
uantitative vortex flow parameters. For the evalua-

ion of location of vortex, we measured vortex depth

Description of How to Measure Quantitative Average Vortex Para

th represents vertical position of center of vortex relative to left ven
verse position relative to posteroseptal axis (B, white line). Vortex le
length (C, white arrow), and vortex width was measured by horizon

ortex sphericity index was calculated by vortex length and vortex width
VD) and vortex transversal position (VT). VD
epresents vertical position of the center of vortex
elative to LV long axis (Fig. 2A), and VT repre-
ents the transverse position relative to the postero-
eptal axis (Fig. 2B). Vortex length (VL) and width
VW) were measured as the shape of vortex. VL
as measured by the longitudinal length of vortex

elative to LV length (Fig. 2C), and VW was
easured by the horizontal length of vortex relative

o LV length (Fig. 2D). A vortex sphericity index
SI) was calculated by VL and VW. Mathematical
ormulae for the average vortex parameters were
escribed in the Online Appendix.
For the evaluation of pulsatility of LV vortex, we

uggested 3 pulsatility parameters including relative
trength (RS), vortex relative strength (VRS), and
ortex pulsation correlation (VPC) of LV vortex.
he RS represents the strength of the pulsatile

omponent of vorticity with respect to the average
orticity in the whole LV. This is simply the ratio
etween the total vorticity strength of the first order
ourier harmonic and the vortex strength of the

ters That Represent Vortex Location and Shape

lar long axis (A, white line), and vortex transverse position repre-
was measured by longitudinal length of vortex relative to left

ength of vortex relative to left ventricular length (D, white
Figure 2. me

Vortex dep tricu
sents trans ngth
ventricular tal l
.
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eroth order Fourier harmonic. The first order is
he main pulsatile contribution, while the zeroth
rder is the steady contribution. Thus, this ratio
epresents the relevance of pulsatility in the LV field
Fig. 3A). The VRS represents the same ratio
ccounting for the pulsatile vorticity of vortex only
nstead of the entire LV (Fig. 3B). The VPC is the
orrelation between steady and pulsatile vorticity in
he vortex, normalized with the vortex strength and
rea to make a dimensionless parameter. It is larger
hen pulsatility vorticity is located where the steady
orticity is also present. If there was a strong vortex,
he pulsatility map showed red color. The details on
ow to calculate average and pulsatility parameters
ere described in the Online Appendix.
Two double-blinded examiners repeatedly per-

ormed the measurements on 10 randomly selected
atients (5 normal and 5 abnormal patients) for
ntraobserver and interobserver analysis. The sec-

Figure 3. Description of Quantitative Vortex Pulsatility Paramet

The relative strength represents strength of the pulsatile componen
ventricle (A, white circled area). The vortex relative strength rep
circled area).

Table 1. Clinical Characteristics of Patients

Variables Normal (n � 10)

Age, yrs 52 � 18

Men/women 8/2

LVDd, mm 46.5 � 7.6

LVSd, mm 29.0 � 9.7

LAd, mm 35.6 � 7.5

LVEF, % 64.4 � 6.6

CO, l/min 5.3 � 1.4

CO � cardiac output; LAd � left atrial dimension; LVDd � left ventricular diastol

dimension.
nd observer repeated the measurements 1 month
fter the first time. Case sequence was randomly
rranged each time.
tatistical analysis. Continuous variables were pre-
ented as mean and standard deviation and were
ompared using the independent Student t test.
omparison of categorical variables was made by

he chi-square test. Also, the bias tests for intraob-
erver agreement were compared using paired t test.

p value �0.05 was considered statistically signif-
cant. All statistical analyses were performed using
he SPSS statistical package (SPSS version 13.0,
SPS Inc., Chicago, Illinois).

E S U L T S

linical data. Clinical characteristics of the study
opulation are shown in Table 1. Mean age was 52

18 years for the control group. Of the 15 patients

vorticity with respect to the average vorticity in the whole left
nts the strength of the pulsatile vorticity of vortex (B, white

Abnormal (n � 15) p Value

55 � 12 NS

13/2 NS

56.5 � 9.2 �0.001

44.8 � 12.5 �0.001

44.9 � 7.4 �0.001

30.1 � 9.3 �0.001

3.5 � 1.3 �0.001

ension; LVEF � left ventricular ejection fraction; LVSd � left ventricular systolic
ers

t of
rese
ic dim
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ith abnormal LV function (mean age 55 � 12
ears), 13 (86%) were male patients. There was no
ignificant difference in age and gender between the
ormal and abnormal LV function groups. The LV
jection fraction (30.1 � 9.3% vs. 64.4 � 6.6%, p �
.001) and cardiac output (3.5 � 1.3 l/min vs. 5.3

1.4 l/min, p � 0.001) were significantly lower in
he abnormal LV function group. The LV end-
iastolic dimension (56.5 � 9.2 vs. 46.5 � 7.6, p �
.001), LV systolic dimension (44.8 � 12.5 vs. 29.0

9.7, p � 0.001), and left atrial dimension (44.9 �
.4 vs. 35.6 � 7.5, p � 0.001) were greater in the
bnormal LV systolic function group.
haracterization of LV vortex flow. The time se-
uence analysis of normal LV flow pattern is shown
n Figures 4 and 5 (Online Video 2). During
jection (Figs. 4A to 4C), the direction of the
ontrast-vector flow was from LV apex to LVOT.

Figure 4. Time Sequence Analysis of LV Flow During Ejection an

During ejection (A to C), the direction of the contrast-vector flow w
valve closure, in the early isovolumic relaxation (IVR) period, the dir
period (E and F), the nonvertical columnar flow was seen directed
[A]; mid-ejection: 118 ms after aortic valve opening [B]; late ejectio
ms after aortic valve closure [D to F]). See Online Video 2.
fter the aortic valve closure, in the early isovolu-
ic relaxation (IVR) period, the direction of flow

eversed from LV base to apex with a brief appear-
nce of vortex in the proximity of the mitral valve
Fig. 4D, arrow). During the mid-late IVR period
Figs. 4E and 4F), the nonvertical columnar flow
as seen directed from base to apex (Online Video
). In the early diastolic period (Fig. 5A), an
rrotational flow associated with early LV filling
ominated the vector representation of flow. In
iastasis (Fig. 5B), a relatively apically located
ortex was seen (Fig. 5B, arrow). This was followed
y a late filling phase of atrial contraction, which
as characterized by irrotational flow obscuring the
ortex (Fig. 5C, Online Video 4). After mitral valve
losure, in the early isovolumic contraction (IVC)
eriod, the vortex was relocated in the proximity of
nterior mitral leaflet in the LVOT region (Fig.

VR Period in Normal Subjects

rom left ventricular (LV) apex to LV outflow tract. After the aortic
n of flow reversed from LV base to apex. During mid-late IVR
base to apex (early ejection: 16 ms after aortic valve opening
5 ms after aortic valve opening [C]; IVR: 32 ms, 80 ms, and 112
d I

as f
ectio
from
n: 24

http://jaccimage.cardiosource.com/vol1/issue6/0189_VID2-vol1iss6.mpg
http://jaccimage.cardiosource.com/vol1/issue6/0189_VID3-vol1iss6.mpg
http://jaccimage.cardiosource.com/vol1/issue6/0189_VID3-vol1iss6.mpg
http://jaccimage.cardiosource.com/vol1/issue6/0189_VID4-vol1iss6.mpg
http://jaccimage.cardiosource.com/vol1/issue6/0189_VID2-vol1iss6.mpg
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D, arrow) and directed flow from LV apex to
VOT (Fig. 5D). During late IVC period, the
ortex persisted in the LVOT region and directed
ow towards the aortic valve (Fig. 5E). With the
ortic valve opening and ejection (Fig. 5F), the
ortex dissipated with continued flow from apex to
VOT. In patients with abnormal LV systolic

unction (Fig. 6), the vortex was located at the
enter of the LV throughout diastole and systole
nd did not redirect flow in a coherent, sequential
ashion as in normal subjects (Online Video 5).

Time-averaged flow data and Echo freeze
rames in apical long-axis represent the
ivergence-free velocity vector on the scan-plane,

Figure 5. Time Sequence Analysis of LV Flow During Diastole a

In the early diastolic period (A), an irrotational flow associated with
of flow. In diastasis, a relatively apically located vortex was seen (B,
ized by an irrotational flow obscuring the vortex (C). In the early iso
proximity of the anterior mitral leaflet in the LVOT region (D, arrow
lar outflow tract region and directed flow towards aortic valve (E). W
with continued flow from apex to left ventricular outflow tract. Earl
mitral valve opening (B); late diastole: 298 ms after mitral valve ope
mitral valve closure (E); ejection: 102 ms after mitral valve opening
uperimposed on the reconstructed Doppler rep- s
esentation (Fig. 7). In normal subjects, the
verage vortex was compact, elliptically shaped,
nd was located apically (Fig. 7A, arrow). This
ortex was persistent during diastole and directs
ectors towards the LVOT (Fig. 7A). In patients
ith abnormal LV systolic function, a spherical,

entrally located vortex was observed with inco-
erent direction of LV flow (Fig. 7B). In the
arametric images shown in the lower panel of
igure 7, the average vortex was a compact and
lliptical shaped blue color (SI: 2.8) (Fig. 7Aa).
n the abnormal systolic function group, the
ortex was of spherical shape (blue color, SI: 1.3)
Fig. 7Ba). The pulsatility of the vortex was

VC Period in Normal Subjects

ly left ventricular (LV) filling dominated the vector representation
w). This was followed by a late filling phase that was character-

umic contraction (IVC) period, the vortex was relocated in the
uring the late IVC period, the vortex persisted in the left ventricu-
the aortic valve opening and ejection (F), the vortex dissipated

astole: 16 ms after mitral valve opening (A); diastasis: 142 ms after
g (C); IVC-1: 16 ms after mitral valve closure (D); IVC-2: 80 ms after
See Online Videos 3 and 4.
nd I

ear
arro
vol
). D
ith

y di
nin
(F).
tronger (red color area) in normal subjects (Fig.

http://jaccimage.cardiosource.com/vol1/issue6/0189_VID5-vol1iss6.mpg
http://jaccimage.cardiosource.com/vol1/issue6/0189_VID3-vol1iss6.mpg
http://jaccimage.cardiosource.com/vol1/issue6/0189_VID4-vol1iss6.mpg
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Ap) and weaker (blue color) in patients with LV
ystolic dysfunction (Fig. 7Bp).
uantitative analysis of LV vortex flow. VD and VL
ere significantly lower in the abnormal LV systolic

unction group, compared with that in the normal
V function group (0.443 � 0.04 vs. 0.482 � 0.06,
� 0.05; 0.366 � 0.06 vs. 0.467 � 0.05, p � 0.01,

espectively). VW was greater (0.209 � 0.05 vs.
.128 � 0.06, p � 0.01) and SI was lower (1.86 �
.5 vs. 3.66 � 0.6, p � 0.001) in the abnormal
roup. RS (1.13 � 0.4 vs. 2.10 � 0.8, p � 0.001),
RS (0.57 � 0.2 vs. 1.19 � 0.5, p � 0.001), and
PC (0.63 � 0.2 vs. 1.31 � 0.5, p � 0.001) were

ignificantly lower in the abnormal group. There
as no significant difference in VT between the 2
roups (�0.014 � 0.05 vs. �0.028 � 005, p � NS)
Table 2, Fig. 8).
ntraobserver and interobserver analysis. As listed in

nce Analysis of LV Flow During 1 Cardiac Cycle in Abnormal LV S

d at the center of the LV throughout diastole and systole and did
n: 16 ms after aortic valve opening (A); late ejection: 138 ms after
aortic valve closure (D); early diastole: 32 ms after mitral valve op
mitral valve opening (G); isovolumic contraction period (IVC): 64
able 3, there was no statistically significant differ- e
nce between the 2 observers or within an observer
or quantitative vortex parameters.

I S C U S S I O N

he present study is the first clinical investigation
f the quantitative LV vortex flow using CE. Using
he vector PIV and CE, we were able to obtain
uccessfully the quantitative parameters of the in-
raventricular blood flow vorticity pattern.
V vortex flow. There has been emerging interest in
ccurate evaluation of intraventricular vortex, un-
erlying the close relationship between the intra-
entricular blood flow pattern and the ventricular
unction (2,3,10–13). During LV filling, the shear
ayer between the high-speed mitral jet and sur-
ounding still fluid tends inevitably to roll up and
ccumulate into what is initially the jet head, and

olic Function Group

t redirect flow in a coherent, sequential fashion as in normal
tic valve opening (B); IVR-1: 32 ms after aortic valve closure
ng (E); diastasis: 124 ms after mitral valve opening (F); late
after mitral valve closure (H). Abbreviations as in Figure 4. See
Figure 6. Time Seque yst

The vortex was locate no
subjects. Early ejectio aor
(C); IVR-2: 50 ms after eni
diastole: 245 ms after ms
Online Video 5.
ventually becomes the intraventricular vortex (11).

http://jaccimage.cardiosource.com/vol1/issue6/0189_VID5-vol1iss6.mpg
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hear flow and vortices dominate the energetic of
ny flow; this vortex stores part of the kinetic energy
f the entering flow into its rotary motion, and
edirects toward the outflow track (7). Several
tudies using MRI have demonstrated that in the
V, inflow through the open mitral valve gives rise

o recirculating flows beneath the valve leaflets, the
ominant direction being under the free edge of the
nterior mitral leaflet (2,4). In addition, it has been

Figure 7. Quantitative Vortex Flow Parameters in Normal Subje

The Echo freeze frames (upper panel), and parametric representatio
panel) in normal (A) and left ventricular (LV) systolic dysfunction gr
(A, Aa, white arrow, sphericity index [SI]: 2.8) and strong pulsatility
spherical (B, Ba, white arrow, SI: 1.3) and weak pulsatility (Bp, blue
tolic heart failure.

Table 2. Quantitative Vortex Parameters of Normal and Disease

Variables Normal (n � 10)

VD 0.482 � 0.06

VT �0.028 � 0.05

VL 0.467 � 0.05

VW 0.128 � 0.06

SI 3.66 � 0.6

RS 2.10 � 0.8

VRS 1.19 � 0.5

VPC 1.31 � 0.5

RS � relative strength; SI � sphericity index; VD � vortex depth; VL � vortex len

transversal; VW � vortex width.
eported that anterior vortex is more important than
osterior vortex for determining a patient’s hemo-
ynamic state (10,11). The past studies of LV flow
ynamics using MRI suggest that vortices within
he LV reflect the function and geometry of the
entricle, and abnormal vortices may reflect the
nderlying suboptimal fluid dynamics of dysfunc-
ional LV (2,4). However, there have been no
tudies using echocardiography to describe the vor-

and LV Systolic Dysfunction Group

f steady streaming field and the pulsatile strength field (lower
s (B). The vortex in normal subjects showed an elliptical shape
, red-colored area, vortex relative strength [VRS]: 1.182), whereas
ored area, VRS: 0.335) vortex was observed in patients with sys-

V

Abnormal (n � 15) p Value

0.443 � 0.04 �0.05

�0.014 � 0.05 NS

0.366 � 0.06 �0.01

0.209 � 0.05 �0.01

1.86 � 0.5 �0.001

1.13 � 0.4 �0.001

0.57 � 0.2 �0.001

0.63 � 0.2 �0.001

VPC � vortex pulsation correlation; VRS � vortex relative strength; VT � vortex
cts

n o
oup
(Ap
-col
d L

gth;
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ex flow parameters in various clinical situations.
im et al. (2) reported using MR velocity mapping

n which anterior vortex developed immediately
fter the onset of mid-diastolic anterior leaflet
losure and reappeared at the time of final mitral
alve closure. But a recent study using CE showed
ortex flow in the LV was present during the whole
iastolic period (14). In our study, the normal
ontrol group had a similar vortex flow pattern to
hat reported in that study. The major anterior
ortex developed immediately after the onset of
arly diastole, and was preserved during the entire
iastole. This apparent discrepancy from the previ-
us study could stem from relatively lower temporal
esolution of MR (28 � 3.8 ms) and sensitivity of
oftware used to analyze vortex flow.
E for the analysis of LV flow vortex. In the human
entricle, Doppler echocardiography and MR ve-
ocity mapping have been used to evaluate flow
ynamics (4,15). The Doppler method is limited in
everal ways: 1) the Doppler measures the flow

Figure 8. Quantitative Flow Vortex Parameters

Comparison of morphological (A) and physiological (B) vortex param
� relative strength; VD � vortex depth; VL � vortex length; VPC �

as in Figure 7.

Table 3. Interobserver and Intraobserver Analysis of Quantitativ

Ob

Variables 1 2

VD 0.463 � 0.04 0.46

VT �0.019 � 0.03 �0.01

VL 0.397 � 0.03 0.39

VW 0.157 � 0.02 0.15

SI 2.47 � 0.7 2.4

RS 1.63 � 0.6 1.6

VRS 0.82 � 0.4 0.8

VPC 0.87 � 0.4 0.8
Abbreviations as in Table 2.
elocity parallel to the scan line, which may not be
he principal direction of motion; 2) color Doppler

easures the mean velocities and is angle-
ependent and thus underestimates the peak veloc-
ties; and 3) the frame rate for 2-D color Doppler
maging is lower than that used for contrast imag-
ng. MRI, however, measures velocity distribution,
nd is limited in temporal resolution, applicability
t bedside, a longer test duration, and a higher cost
16,17).

Recent advances in contrast media and ultrasound
issue harmonic imaging techniques have made it
ossible to visualize and record the movements of
ingle microbubbles in the LV. To this extent, CE
ay be a better, more convenient modality to inves-

igate the complex flow field in the LV (18,19). The
omputed velocity field is free of the angle-
ependency issue found in Doppler techniques (3,9).
ere we extend these observations to a clinical study

sing a novel vector imaging of CE. We used Definity
s the Echo-enhancing agent with low mechanical

rs between normal and abnormal LV systolic function group. RS
tex pulsation correlation; VW � vortex width; other abbreviations

ortex Parameter Measurements

ver

st 2-Second p Value

0.05 0.459 � 0.04 �0.05

0.04 �0.016 � 0.04 �0.05

0.03 0.393 � 0.03 �0.05

0.03 0.153 � 0.03 �0.05

0.6 2.48 � 0.5 �0.05

0.5 1.65 � 0.5 �0.05

0.4 0.85 � 0.4 �0.05

0.3 0.87 � 0.3 �0.05
ete
vor
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ndex. A previous report suggested, through CE-
erived PIV, the importance of vortex formation
nd directed blood flow to optimize LV ejection
14). The PIV technique is noninvasive, and its
atest developments allow a high degree of accuracy
5–9). In our study, we were able to achieve good
V vortex flow data using CE with PIV.
In normal subjects, after ejection, the direction of

ow reversed toward the apex with a brief appear-
nce of vortex at the early stage of IVR. The major
iastolic anterior vortex developed immediately af-
er the onset of the early diastolic phase. This vortex
ontinued during diastasis, and persisted into late
V filling phase. This vortex persisted throughout

VC and dissipated with the opening of the aortic
alve and LV ejection. This normal vortex flow
equence is similar to that described in the previous
tudy using CE with PIV in an animal model (14).
ut, the data from our study have shown that the

ocation and power (pulsatility of the vortex)
hanged dynamically with the phase of the cardiac
ycle. The vortex was relatively apical in diastole
nd relocated towards anterior mitral valve leaflet in
he LVOT region during IVC. However, the vortex
s obscured by huge, irrotational, rapidly moving
olumnar flow from LA to LV in early and late
iastole. In our opinion, the role of the vortex in
ormal subjects changes according to the cardiac
ycle. In the IVR period, vortex plays an important
ole in redirection of flow from base to apex. In
arly and late diastole, it may prevent collision of
apidly moving flow, enhance reciprocation of atrial
nd ventricular function, and modulate mitral valve
otion. In diastasis, the vortex may serve to pre-

erve the kinetic energy during the relatively static
eriod. In the IVC period, the vortex not only
hanges direction of flow effectively, but also main-
ains the kinetic energy until ejection (the aortic
alve opening). In patients with abnormal LV
ystolic function, diastolic vortex was incoherent,
ersisted at the center of LV during diastole and
ystole, and was less pulsatile than normal. Also, this
ortex did not dissipate even during systolic ejection,
otentially accounting for reduced stroke output.
uantitative LV flow vortex parameters related to LV
unction. Recent advances in fluid dynamics and PIV
rovide the technical means to track and quantify the
inematics and velocity field within the LV with the
elp of low doses of contrast agents (7,9,14). There
ave been several studies reporting LV flow mechan-

cs in normal patients and those with heart failure
sing CE (15,16), but no study has reported on

uantification of vortex flow parameters related to LV a
unction to our knowledge. In this study, we described
everal LV vortex parameters responsible for morpho-
ogical and pulsatile characteristics.

Quantitative parameters related to LV vorticity
xamined in our study demonstrated that the aver-
ge vorticity parameters, such as VD, VL, VW, and
I, were significantly reduced in patients with LV
ysfunction. The data from our study clearly
howed the differences in quantitative vortex pa-
ameters between normal subjects and patients with
bnormal LV function. The vortex from the abnor-
al LV systolic function group was consistently

horter, wider, and rounder than normal. We could
uantify not only information about the location
nd shape of vortex, but also a pulsatility profile of
ortex. Pulsatility of LV field and vortex repre-
ented by RS, VRS, and VPC were significantly
ower in patients with abnormal systolic dysfunction.
herefore, this study illustrates that these quantitative,
oninvasive vortex measurements are feasible, repro-
ucible, and distinguishable between normal and ab-
ormal ventricular systolic function. Further, we sug-
est that quantitative vortex parameters may provide a
ighly sensitive, novel method to detect early stages of
V dysfunction before gross mechanical changes of
V geometry and function. This remains a matter to
e studied further, and we are currently investigating
he relationship between changes in the flow param-
ters and progress of LV dysfunction in more detail.
linical implication. The insights into LV vortex flow
ay have additional and potentially incremental value

ver the conventional methods to assess LV function.
ortex flow may influence stroke output and efficiency
f the LV by redirection of intraventricular flow. This
as been explored in a preliminary fashion in previous
tudy (14). Diastolic LV vortex characterization may
ave implication for diastolic volumetric filling and
ay provide an index that links diastolic filling to

ystolic stroke volume (20). There are other potential
pplications such as association in LV vortex to
yspnea and relationship to symptoms in patients with
eart failure.
tudy limitations. This clinical study is a pilot study
or the LV flow vortex. Limitations of this study
nclude a relatively small number of patients and lack
f correlation to an independent reference such as
ardiac catheterization or MR contrast study. How-
ver, MR is not the gold standard because echocardi-
graphy has higher temporal resolution (16.4 � 3.5
s with 60 to 80 frames/cardiac cycle) than MRI (28
3.8 ms with 25 to 32 frames/cardiac cycle). Fur-

hermore, our results about qualitative LV vortex

nalysis are similar to previous studies using MR. But
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here have been no clinical studies using MR to
uantify the vortex flow parameters. The algorithm
hat we used was unable to detect velocity lower than
cm/s. The upper bound corresponds, in principle, to

he maximum interrogation window (here taken as 32
ixels, which means about 60 cm/s); in reality, bubbles
ardly remain on the scan plane for so long; therefore,
igh velocities are typically underestimated by this
pproach. Nevertheless, despite the inaccuracy on low
alues and limitation on high velocity values, the high
ensity of bubbles allows one to evaluate the flow
attern with high reproducibility, and this attribute is
onsidered here. The approach is also limited to high
elocity values principally because of particle migration
ut of the scan plane. Some particles that are tracked
rom one frame to the next exit from the plane;
owever, such particles are not individually detectable
ecause they are present in the same pixel with others.
herefore, the resulting velocity values represent a
ixture of the few particles that remain on the scan

lane (the higher the velocity, the fewer the particles)
nd those that leave after a short path, whose velocity
s underestimated. These limits cannot be improved
y higher frame rate acquisition, but only by a sub-
tantial increase of the resolution (reduction of pixel
ize) accompanied by a proportionally increased frame
ate. Unfortunately, this is beyond the capabilities of
he current clinical equipments. However, the narrow
rror distribution of the large number of sample points
ndicates that the flow analysis allows evaluation of the
ow pattern with high reproducibility when a minimal
heart beats were averaged.
The instantaneous velocity values may be affected

y noise; to overcome this, we averaged results over 3
eartbeats, and we used a spatial 3 � 3 Gaussian filter
which means that we cannot properly see flow struc-
ure of size smaller than approximately 4 mm). In
ddition, all quantitative results are computed from
he steady streaming and first-order time-Fourier
armonic fields that represent averaged result over the
ntire heartbeat. This quantitative analysis is followed
y further averaging of flow fields. They are expressed
analysis by three-dimensional mag- Visualization of flow
itudes. The highest velocity values, whose magnitude
annot be accurately quantified, correspond to “irro-
ational” parts of the flow (i.e., to bulk nearly uniform
ow [like mitral jet core and LVOT]), which do not
ignificantly represent the vortex flow pattern that is
ade up of moderate-to-low velocity flow. In sum-
ary, the averaging process reduces the over 200,000

per clip) computed velocity values into a few numbers
nd dramatically reduces the influence of noise; the
nfluence of accuracy located on high velocity values
nly marginally affects the vortex pattern; the influ-
nce of absolute magnitude is reduced by working
ith dimensionless indicators. Indeed, the processing
ould even perform better if it could be performed on

ector data before scan conversion, but those data are
ot available to us at the present time. We measured
nly the component of vorticity normal to the image
lane. We recognize that the entire 3-dimensional
ortex field, even on the plane, could give better infor-
ation of the vortex structure, but we had only 2D

ata and processed 2D image data only. We enrolled
nly those patients with known advanced LV dys-
unction for this initial study. We did not examine
atients with mildly impaired systolic function, com-
ined dysfunction of LV systole and diastole, or pure
iastolic dysfunction. Vortex parameters of these patient
opulations will be investigated in future studies.

O N C L U S I O N S

he data from this study show that: 1) it is feasible to
uantify LV vortex flow using contrast vector profile
n normal subjects and those with LV systolic dys-
unction; and 2) vorticity imaging by CE using PIV
ay serve as a novel approach to depict vortex, which

s the principal quantity to assess the flow structure.
urther confirmatory studies and studies to assess
linical implications are necessary.

eprint requests and correspondence: Dr. Mani A. Van-
an, Division of Cardiovascular Medicine, OSUMC, 473

est 12th Avenue, DHLRI Suite 200, Columbus, Ohio

in dimensionless terms independent of absolute mag- 43210. E-mail: mvannan@osumc.edu.
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A P P E N D I X

or accompanying videos and video legends,

nd the quantification of vortex flow from

article image velocimetry, please see the on-
ine version of this article.
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