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Absiract

Nowadays, ultrasound Duppler imuging is widely used in assessing cardiovascular functions in the human body. However, a major

drawback of ultrasonic Doppler methods is that they can provide information on blood flow velocity along the ultrasound beam

propagation dircction onty. Thus, the blood flow velocity is estimated differently depending on the angle berween the ultrasound

bearn and the flow direction. In order tv overcome this limitation, (here have been many researches devoted to cstimating both

axtal and lateral velocities. The purpose of this articke is o survey varous two-dimensional velocity estimation methods in the

context of Doppler imaging, Some velocity vector cstimation methods can alse be applicd to determine tissue motion as required

in elastography. The discussion is mainly concerned with {he ease of cstimating a two-dimensional in-planc velocity vector involving

the axial and lateral dircctions.
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I, Introduction

Doppler imaging 1s based on the principle that
moving scat:erers in blood cause an upward or
downward shift in the frequency of o received
ultrasound  echa. First, we introduce various
methods of estimating Doppler shift freguency.
Early methods were the zero—crossing delector,
phase detecior, instantancous requency detector,
cte., but their performances  were not  quite
satisfactory [1-10].

In the phase detector, the mean Doppler shifl

frequency, £ 1S eslimated using

N

E =1 _‘W(n} - i(n_]q[n-- 1]
CPRE G2
G R (_U

2 A __qz{r")]

|

Corresponding author: Sung-Jae Kwon (skwon@dagjin.ackr)
Department of Communications Engingering, Dagjin Universily,
Pocheen. Gyeonggi 487-711, Korea

where o{n) and ¢ln) denote the demodulated in—
phase and quadrature components. respectively, s
is the sample time index, s the ensemble data
length, amd PP stands (or the pulse repetition
frequency.

The nstantarcous frequency delector employs

the following expression:
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In 1985, we saw a breakthrough in real—tme
two—dimensional (2-1) Doppler tmaging. Note,
however, that here the word 2-D does not mean
vector Doppler Iz refers to g 2-1) region over
which 2=1) velocity is o be estimated. Kasal of af,
[11] proposed an autocarrelation method for reat—
time cstimation of Dappler shift frequency. The
method s also referred 1o as the Kasal method, or
| =1} autocorrelator because it uses only slow—time

data. "lhe glgorithm for estimating the mean Doppler
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shift frequency is expressec as follows:
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The Kasat methe! 1s very unportant in that it is a
practical real=time algorithm that makes it possible
to build a commercial 2-D color flow mapping
system. Nowadays, most commercial ultrasound
scanners use this algorithm because the imple—
mentalion is simple and the performance is good.
However, its main drawback is that the mean
frequency estimation capability deterioraies for low
signal—to—noise ratio (SKNR} signals and that
aliasing errors occur for high velocity flows. On the
other hand, maximum cntropy methods derived from
autoregressive models were reported for deter—
mining the Doppler velocity frum the estimated mean
frequency [12-14].

Recently, improvements on the Kasal algorithm
have been reported [15—24]. Wilson [15] paved the
way 1o improvements in its performance by looking
at the mean frequency estimation problem {rom a
different perspectlive, Le., in the {requency domain,
Loupas et 4l 116—18] propescd a method of using
the slow--time, as well as the f{ast—time. data o
improve Doppler frequency estimates. They presen—
ted a 2-D autocorrelator which always outperforms
the Kasai's method, ie, 1-D autocorrelaior. It
estimates the Doppler velocity as the stope of a 2—-1
Fourier spectrum of Doppler ccho data passing
through the origin in the 2-D Fourier domain
representing the temporal frequency as abscissa and
the ensemble length frequency as ordinate. They
compared three Doppler veloctty estimators such as
the 2—D autocorrelator, the crosscorrelator, and the
1-1) autocorretator through experiments. The 2~D
autocorrelator turned out to be consistently better
than the 1-D autocorrelator in terms of both velocity
and power estimation,

Anacher drawback of Lhe autocorrelation method is
that it assumes that the center [requency is a
constant aned thus it canned take into the variation of
center frequency due to {requency—dependent
attenuation and speckle with the result that the
estimation performance deleriorales st poor SNRs,
Thus, the estimated mean Doppler frequency will not
he accurate, In order to overcome this problem,
Munk and Jensen [19] proposed the use of 2-D
Fourier transform and Radon transform. llere, the
2=D refers to the pulsc emission (ensemble lepgth)
direction (frequencies related to PRE) and the
RE-line sample (axial, i.e., depth) direction (fre—
quencies related to the sampling raie in the axial
direction). They simulated their new approach to
estimate axial blood flow velocity with both svnthetic
(based un a cosine waveform expression including
axial sample index and pulse emission index) and
simulated (generated using Field 1D data. The data
used were 500 realizations of 16 by 1 RE dala
matrix for SNRs ranging from —6 to 12 dB in steps
of 3 dB. For the case of simulated data, the proposed
method was better than the autocorrelation method
for all noise conditions, but for the case ol synthetic
data, the autocorrelation method was better, except
for an SNR of =3 and O dB. tlowever, they did not
carry out experiments, The method is related to the
work of Wilson [15], and of Allam et &/ [20,21].

The “Turp group {22—241 extended the autocorre —
lation method so that the mean Doppler frequency as
well as RIS center frequency can be estimated o
reduce the bias and variance of estimation. Their
modified  aulocorrclation method was shown (o
achieve lcwer esiimation bizs and variance than the
conventional autocorrelation method and the cross—
carrelation method with parabolic inlerpolation.

Meanwhile, Ferrera and Algazi [25—27] performed
the maximum likelihood estimation of Doppler
velocity by taking into consideration the effect of
Doppler on both envelope and carrer. Schlaikjer and
Jensen [281 combined the maximum likelihood blood
velocity estimator with the properties of flow

physics,
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Tlein and O'Brien {29] compared the performance
of various Doppler estimation methods, Shartati and
colleagues [30] compared the auwtocorrelation and
crosscorrelation methods in terms of mathemalics,
processing  step, and performance. Pinlon and
cowarkers [31) conducted performance conparison
of the normalized crosscorrelation method, Kasai's
method, and [Loupas' method with different parameter
selections in terms of displacement errors. The
Kasai's metkod turned out to have the fastest
computation time and the worst performance.
Loupas’ method performed almost as well as the
normalized cross correlation, except when the kernel
length is small and the SNR is low, or except when
the bandwidih s large.

It ts important to reject clutter signal as much as
possible before proceeding 1o Doppler mean fre—
quency estimation. The clutter refers to a large
amplitude echo reflected from stationary or slowly
noving tissues. The block which is responsible for
reducing clutter is known as a cutter or wall Tilter.
Thomes and all [32] moved the clutter frequency
to the de frequency by complex demodulation,
following its identification. Then the previous version
of the complex haseband Doppler data is subtracted
from the present version to vield only the Doppler
{requency shilt data from moving scalterers n the
blood. Zheng et af [33]) applied the ideas of Wilson
as well as Allam and Greenleaf, to remove clulter,
The filtering is done in the frequency domain. Kadi
and Loupas {34] assessed the performances of a
regression filter and a step—initialized 1IR filter.
Their simulation results show that the regression
filtering is generally better in clutter suppression
than the IR Eltcring. Jensen [35] studied the effect
of including clurter filtering on velocity estimation.

A major drawback of 1-D Dappler imaging method:s
is that the estimated velocily depends on the zngle,
f, between the insonifyving beam and the blood flow
direction, maging the Doppler shift frequency, f,.
dependent on the beam—to—flow angle, @, as can be

scen in the following relationship:

2f g
fu= %(.‘059, (4)

where ¢ is the speed of ultrasound, v is the hlood
flow velocity, and f, is the transducer center fre—
quency. Thus, to obtain Doppler velocity estimates
that zre independent of the beam~-to~flow engle,
multidimensional methods for estimating Doppler
velocity have been pursued. ln this article, we
confine the discussion to 2—D velocity estination,
even thaugh some methods can be applied to three—
dimensional (3—1)) velocity estimation as well, In
general, 2—-D blood velocity estimation methods can
broadly be divided into five major categories: 1)
multiple beams, 2) spectral broadening, 3) speckle
tracking, 4) lateral beam modulation. and 5} others.
Now, we will explore and discuss each of them in
detail.

Il, Multiple Beam Methods

Methods that belong to this category transmit and
receive mulliple beams to interrogate Doppler velo—
cities in distinct directions. The basic idea of using
two or more beams 1s {o obtain more information by
interrogating a heart or a blood vessel in distinct
directions. The change of beam propagation direc—
tions can be achieved cither mechanically using
separate individual transducers or electranically
using array (ransducers as shown in Fig, 1. Trans—
mitting and receiving in different directions is the

satne as increasing {he number of equations so that

& % Array XOCR
Blood vessel Blood vessel g g
Blood flow direction Beood ow drocbon
(2} &)

Fig. 1. Multiple beams can be transmitted and received in dis-
tinct directions using either () separate individual
transducers or (b} a single array transducer.
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the datter becomes not fewer than the number of
unknowns se that the relevant system of cquations
can be solved for a unique solution. Needless to say,
il 15 desirable that those additional eguations be as
independent as possible, This means that it is in
general better to have a large angle between multiple
beams, The velocity magnitude and direction are
obuained by taking into account the peometrsy and
computing the Doppler frequency  shift in each
direction.

The multiple beain method was first suggested by
Fahrbach [36,37]. He used two transducers arranged
to mauke a right angle 1o cach olher in order to
cetermine the magnitude and direction of dlood flow,
Because the two transducers are positioned to make
an angle of 20 one measurement is given as
2freosdic, and the other measurement is given as
2f,( wleos(t 90")je= 2fasindfe. Taking the square
raot of the sum of the squares of the two terms, we
have 2f/e, which is nosw independent of €.

Steinman ¢f & [38] studied the effects of bheam
steering on the change of Daoppler sample volume.

Daigle er af [39.40] showed that by making
simullancous Doppler measerements with beams at
known angles to each other, the absolute velocity
coutd be obtained. Their paper is considernd to be
a semiral work thal ensuing papers by Feil and
Vilkomerson are based in part on Also, using i
pulsed Doppler velocity moeter and a (riangulation
procedure, they accurately measured the beam—ip—
flow angle from three veloeity componen:s ohtained
at different beam—to—flow angles with three pulsed
Doppler transducers on an  csophageal  probe
inserted mto heagle dogs.

Tox [41] showed that with the arrangement of two
crossed—beam Iransnut {ransdéucers and a single
receive transducer, a 2 D velocity could be estimeated,
and presented i method of determuntng 313 velocity
using three sets of crossed—Dbeamn transducers, vach
operating at dilferent offset frequencies for spectral
separation. A revolving turntable was used fa
provide expevimental results of 2-D velocity esti -

maiion. Tae esumated velocity agreed well with the
predicted one. Using three orthogonal Doppler
transmit —receive probes that are spatizlly arrangoed.
Fox and Gardiner [12] formulated equations refating
three orthogonal velocity components and two
Doppler shifl {requency ratios. and showed through
turntable and {low phanom experiments that their
3-D angle—independent theory correctly predicted
velocity with an crror of tess than 1%.

Wang and Yao [13] used two pairs of transmit and
receive {ransducers, with each pair used to obtain
one of the two beams, The optimum probe position
is where the two Doppler outputs can be canceled out
exactly, so that the blood velociy at that position can
be determined by adding both outputs.

Previonsly, a number of single—elemenl, ie.,
piston—lype transducers were used to insonify a
sample volume so that the beams can intersect each
other. With the zdvancement of technology, a linear
array tronsducer has come 1o be used, & {ull
aperture ot subaperture {iring or receivingt scheme
can he used.

A stody by Tamura of 44 [14] shows that velocity
vectors can be obtained [rom color Doppler images
with  a reasonably good  accoracy.  Reai--time
implementation of the vectar computation mcthod
may be achieved, based on the busic scheme
described by Foruhata of #0 [45], using a single
transmitler and two receivers created from a hinear
array trensducer, A part ol the linear array
transducer can be used as both {ransmilter and
receiver while aznother part located some distance
from the first can be used as the second receiver
with a Doppler angle that varies with depth, 2-0D
velocity  vector  was  computed  using  velocity
camponents [rom two directions. A color Doppler
flow mapping systen (Acuson oodel 128 Acuson,
Mountain View, CA, USA) with a 5- Mz linear array
transducer was used for this study. Electronic
steering was uscd 1o obnain {low images from two or
three directions at 20 1o each other. Careful chaice
of the pulse repetition frequency just prevented
aliusing, and enabled the best velocity resolution 1o
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be achieved. Video digitization: of color Doppler flow
images was used to obtain velecity values. Each
video frame was stored on a hard disk, and was
transferred to an IBM PS/2 model 80 with & 20- Mz
processing speed, The color calibration code was
analyzed in erder to determine the magnitude of
velocily from each pixel in a flow image.

Foi e af [A46] estahlished a theoretical back—
ground, ang presented a fornula that can be used to
obtain both the magnitude and angle of blood flow
veloeity using three differently oriented beams.
They also introduced a method of reducing the
amount of computation using a lookup table, and
explained the necessary hardware configuration and
computational algorithms.

Also, Fel and Fu [47] obtained three overlapping
sector images by changing the transducer direction
from left to center o right. The images were
pracessed in a computer to produce i vive color
Daoppler images of the abdominal aorta of a normal
human subject. The major drawback ol their method
is that the trarsducer necds to be moved and rotated
to acquire three overlapping images and that off—line
processing is required.

In another paper (48], Fel ef al acquired three
images of a flow ficld whose fields of view
overlapped using an ultrasonic scanner with a lnear
array lransducer, and obtlained {hroe directional
velocities which in turn were used to estimate both
the mugnitude and dircction of the bloed velocity in
the central region of those three overlapped images.
They compered the estimated magmitude and direction
ta the magnitude calculaied from the flowmeter and
the drection measured from B-mode image with the
resules showing a good agreement.

In yvet another paper [49), 1 mothod was also
presented for viswalizing 2-D flow {ields, where the
flow angle is represented by hue and the velocity
magnitude is represented by varying the intensily
and saturation. Three beams were used with a linear
array transducer to obtain borh the mapnitude and
angle of the blood flow velocity. The estimated

velocity magnitude and angle agreed well with thosc

calculated from a (owmeter and measured from
B-mode images, respectively.

Maniatis ef a/. (50) used multiple beams (o deter—
mine the vector velociey. For each beam direction.
one ¢color flow image was obtained. Depending on the
manner in which multiple color flow tmages are
utilized to provide both the velocity and angle at
individual pixcls of the entire flow field, the muitiple
beamn approach was further divided inte four
different methods, which are the two—component
method. simple average method, weighted average
method, and least mean squares method. They
compare by simulation the relative merits of the four
various schemes that fall into the category of
multiple beam vector Doppler velocity estimation in
terms of their bias, variance, and computational
complexity. The two—componem method uses only
(wo heam directions, while the rest three methods
use more than two beam directions, It is found that
the two—component methad is considerably more
accurate in magnitude estimation than the other
methods and that the least mcan squares mcthod
demonstirates the most significant improvement in
terms of accuracy due to the increase In the number
of observations.

On the ather hand, Vilkomerson ef af [51] pre-
sented a method of producing multiple beams at
known angles with 4 single array transducer, and
formulated a4 method of determining both velocity
and angle using two beams with either pne or two
insonation frequencics. Both the interelement spacing
and insonation {requency were adjusted to make
beams have desired angles. Also, Vilkomerson of al
[52] developed a diffraction—grating transducer that
can be used to produce mulriple beams at known
angles so that angle—independent Doppler measure —
ments can be made. Its performance was also
characterized. The research {eam [53] also proposed
changing the phase or frequency of a driving signal
to produce multiple angle beams with the diffraction—
grating transducer. The transducer is useful for
contact scanning of blood vessel due to its limited=-

diffraction beam characteristics. It was also shown
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that the shape of Doppler speclrun could be usord to
accurately  determine  the  Dblood  flow.  Using
diffraction—grating transducers that are based on a
caonfiguration of four PV1IIF/TrFE capalymer piezo -
plastic transducers that can lie flat on the skin and
that inherently produce angled beams, Vilkomerson
et al [54) demonstrated vector Doppler operation.
Three transmitters spaced 120 apart were placed
around a circle with ene transducer receiver placed
in the center. They determined the vector velociey
at the point where all four beams intersectied. Thee
absolute velocity was obtained {rom the square root
of the sum of the squares of the velocily vector
cemponents.

Using two independent ultrasound beams simul—
taneously, Overbeck ¢f o/ 155] produced comple—
mentary Dopplor sigrals. When both Doppler shilt
frequencies obtained are the same, the blood flow
velocity is abtained by adding both of them. They
climinated the influerce of the angle between the
prebe and Mood flow,

Phillips of &/, [56—58] accurately estimated 2-D
motion with a phased array transducer and color flow
signal processing by adapuively tracking a single
transimitted  pulse with more than one receive
subaperture. Their preposed method has the advan—
tage that it can display 2-D motions without
decreasing the frame rate and does not require the
alignment. of two transducers.

For more detatls regarding a very comprehensive
review of multiple—beam. angle—indepencent velocity
vector methods which more than 30 laboratories and
companies had developed from the 1970s to 2000,
the interested readers are referred to Dunmire ¢
al's excellenl revicw articke [39). The review
includes most propased crossed—beam systems
reported before its pubbication, ncluding multiple
single—clement transducers, an arrangement of two
array transducers, or one array transducer with
multiple transmit and rececive subapertures. [t is
concluded that despite limitations, the cross—beam
techmique s a simple and feasible approach w
accurale velacity measurements and improved flow

rate estinations, leading to a hetter understanding of
blood flow dynamics.

Tortoli et af [60] uscd two transducers to
deterring the heam—to—{low angle, One transducer
called measuring transducer is userl o measure the
Doppler {frequency  shift, while the other called
reference transducer is used to make a right angle
to the Llood flow by rowating it. Whether the angle
between the reference transducer and the hlood flow
equals 90" can be determined from the spectral
symmetry of a Doppler signal around (he de fre -
quency. If the spectrum is synunetrical with respect
to the de frequency, then the mean frequency 1s zevo,
indicating thal there is no Doppler frequency shift
and thus the beam—to—ilow angle is equal to exactly
90°. Thre Doppler shift frequency obtained from the
measuring transducer contains (wo unkrowns, ie..
the angle between the measuring transducer and (he
bload flow and the velocity. The angle bewween the
measuring lransducer and the Blood flow can he
obtained as 90" minus the angle between the
reference and the mezsuring transducer. The latter
angle s already available, hecause we can measure
the angle belween those two transducers, One major
drawback of this method is that the refererce
transducer should be rotated in finite steps to {ind
the angle that makes & right angle with the blood flow
using spectrum analysis and this procedure has to be
perfermed repetitively al each sampling valume,

Pastorelli et 4/, [61] presented a new 2-D vector
Doppler system that was engincered to perform in
vivo real—-time 2-1) vector Doppler acquisitions.
This new system i1s based on a FEMMINA platform
contected to an Esaote S.p.a. LASZ23 lincar array
probe, and uses an Esaote Megas as its analog
front—end. Standing for Fast Fchographic Vulti-
pararnelric Multl lnage Novel Appacatus, FEMMINA
1$ a hardware and software platform that can process
and display RI° echoes in reast time [62]. In order to
validale results produced by this now syseem, the
2—D vector Doppler techmique has been extensively
simulated by means of the Field II ulirasonic field
simulator, Both 42 vitro and /n vive characterization
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of the prosented 2-1) vector Doppler system was
carcied out in laboratory. the results of which were
presented. The system operates by performing two
independent 1-1> Doppler estimations along different
directions in order to completely reconstrucl the
velocity vector within a scan plane., The recenstruc —
ted velocity is presented in real time by FEMMINA
as a vectar superimposed an the B—Mode image.

An extensive setl of simulations was performed in
order to establish a gold standard regarding vectin
Doppler 2 -D technigues, and to oe able (0 assess the
performance of the 2—D Doppler system by com—
paring simulated and experimental resules. Steering
angles between the directions of the two indepercdent
1-D Dappler measurcments of around =127 wre
found to be suofficient to estimate the vector
infortmation.

The experimental results were fournd to be in good
accordance with the simulations. or both & witro
and 2 vve experiments, vector velocity maps
consisting of three lines of sight were produced in
real e, For mnoviro experiments, some angles
produced worse performance, This can probably be
attributed o the combination of the wall lilter action
on (he two rdepencent lines of sight and (o the
backscattering radiation pattern of the emploved
Doppler thread phanlom. For in vive experiments a
particular scarning approach has been used, and the
estimaled velocity vectors seem to produce good
results, even though it is hard to quantify the quality
of the velocity estimate in v, The total time
required 1o psriorm the 2 - Doppler ostimation
depoends bolh on acquisition time and on processing
time. In pariicular, the data acquisition thme 1s
directly related to the desired accuracy of the 1—0D
Doppler estimaces. and consequently of the final 2—D
Doppler estimates. Moreover, scanning a larger area
requires a longer acquisition time. In pardcular, a 10
x 3 velocity voctor map can be produced six times
por second while showing in the backiround higher
frame rate B—Mode images. The realized real—time
2-0) vector Doppler sysiem is fully certified as

hospital equipment, and thus can be emploved o

carry out an expoerinental characterization of the
2-1) Doppler technique in a clinical environment.

Recently, Lu et &t [63] have presented the
vrinciple and feasibility of estimating a 2-0 blood
flow velocity with a fast Fourier transform
{FFT) —based high frame rate imaging method, From
B—mode images reconstructed using FFT at angles
of *15” relative to the transducer beam axis, two
velocily comporents are produced at those anghes to
produce a 2=D vector velocity map.

The nultiple beam method suffers from perfor—
mance degradation when imaging deep Iving blood
voasels becanse the angle berween beams tends to
diccrease. The reduced angle results in poor esti—
mation of velocity. This is sinular to the situation tha
as the conditinn nutber of a matris inereases, the
system of equations becomes more difficull to solve
and more sensitive lo measurement noise. When
using multiple separate transducers to generate
multiple beams, accurate alignment is not « trivial
ask. Alternatively. an array transducer can be used
to generate multiple beams, but the available
aperture size needs to be sacrificed. which in {urn

degrades the estimmation accuracy.

lIl. Spectral Broadening Methods

The second methed wilizes the outputl spectrum
broadening effect of ultrasound Doppler  signals
arismg from the transit time and beam geometry,
When the iociden field 1s g plane wave of infinie
extent, which is it gencral not true for finite gperture
transduccers, the Doppler cifect is zero for radiation
normal to the direction of motion [6.4]. Consequently,
the probing of flows {ransverse to the axis of faite
Slameter beams. particularly  focused beams, is
feasible. Experiments were performed 1o verify
theoreticaliy predicted transverse flow spectrum
shupes and to (nvesligate the feastbility of using the
spectral width for measuring continuous and pulsatile

flows. Newhouse ef 2l [65] reported a technique for
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estimating the tolal velocity vector using only Lwo
trznsducers by measuring not only Doppler frecu—
ency shift but also its handwidth,

Newhouse ¢f &t [64,65] and Torwoli or & [66]
established the relationship that the maxinum
frequency f,.. ©f a measured Doppler shectrum
equals the sum of the Doppler shift frequercy £, and
one hall of (he Doppler spectrum bandwidth B,.
Letting 7 andd 13 denote the effective [ocal length ancd
the diameter of a circular ultrasomind transducer with
a wavelength X, respectively, the above relationship

can be mathematically expressed as:

2fau
fu= = st )
2T,
B,,—-—Ff_” sinfl,
& W
f,,,€m=f|!J'T'_f‘g" te sinf).

After munipulation. the velocity » and the beam--

to—flow angle # are expressed 1s {ollows:

f “f. v Fi 2
r= vf [g_fnj + {”—T””mm ....fd}gl ! ©
=t fi ir’"ii—l |
I o)

It follows then that the asial and transverse velocity
components can be found as ecosd and vsind.
respectively.

Tortoli of af [66] verified experimentally the
theory - of Newhouse ¢f 24 (hat the tansverse
Doppler bandwidth is invariant with the range of coll
dep:h and dimensions. Their cxperiments on @ taread
phantom showed thal both magnitude and direction
of a transverse velocity vector could be delermined
by means of spectral analysis bused on FET,

Chiang er af |87] and Lee 7 2l (B8] utilized the
above relationship to auomatically determine the
magnituce and angle of blood flow velocity. They
provided experimente] results on a UHDC flow
phantom (Shelley Medical lmaging Technologies,
London, ON, Canada) for penerating pulsatile {lows

and on a carotid artery. using a color Doppler
ultrasound  system (CEM=-725, VingMed Sound,
Horten, Norway) with a 2.5-Miz, 1.47=cm diameler,
T.8-cm focal length, {four—element annolar array
transducer. [3 et 24 16Y] used the dependence of
Doppler bardwidth on Doppler angle to estimate the
ransverse flow comporent, where the variance of
the handwidth ts estimated from correlation, 1.c.,
using the well—known Kasal's method.

Lu ot al [70] proposed the use of limited=-
diffraction heams to estimate the transverse Doppler
velocity, and veritied the elficacy by simulation and

exneriment,

The main drawback uof the spectral broadening
method is that it is valid only for lamingr steady {low,
but not for pulsatile or turhulent flaws, Also, when
there are many didferent velocities present in a
sample volume, the spectral breadering model does

not hold true,

1V, Speckle Tracking Methods

The third category is the spockle tracking method
that capitalizes on the fact that the speckie pattern
translates from one pulse omission to the next due
Lo blood flow [71=79). [Fig. 2 shows that a small
reption of speckle moves [rom a position Mugz,4,) i
one frame al time ¢ to another position A, 2,4) in

the next at hme . The axial and lateral axes are

|

P(x0,20,%0)

P(x1,21,4)

l :X
z t

Fig. 2. Transiation of speckle pattern from one frame to the
next.
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denoted by = and &, respectvey. This new technique
for blocd velocity imaging is based on tracking the
motion of a speckle pattern produced by Elaod, and
has the advantage thal it is angle tnudependent for
in—plane flow and that it is not subject (o aliasing,

Nakajima et &, [71] found that there exists a lincar
relationship between the blood flow velocity of {luid
and the zero—crossing count of speckle intensity
fluctuations when the velocity is smatl.

Trahey et al [72] presented a new tecknique for
hlood velocity imaging based on tracking the motion
of the speckle patiern produced by blood. Unlike
Doppler velocity  determination, the technique is
angle—independent.  Imitial  m vivo  experiments
provided promising cesults, They found the motion
of two small, nonoverlapping target regions, 4 and
B, in two cansecutively acquired image frames by
culculating the correlation coefficients between the
twa reclanguiar regions. The two representative
points #ay,.z,t) and Ple, 2,4, ) in Fig. 2 belong to the
image segments, A and B, respectively, The norma—
lized correlation coefficients for an axial shifl of m

and a lateral shift of n are given by

EE[.-I(E:_‘E] —_1‘ [h‘fI-Hu.j ‘-71]-?]
v

v"’EE[:I[i.j: F]E[/ﬂ;i'm,jlu) E"
]

(7

f)f”’!-lé} -

where -1 and 77 are the mean pixel values of the
imape repions of A and 2, respectively, and ¢ and
i denote the axial and lateral indices, respectively.
The velues of m and » that make plw,n) maximum
correspond to a new target position, and are equal
o quanlized versions of 2z, and &, w,, respec—
tvely. In order to track the shift in position of a cloud
ol moving scatterers in bloed, a crosscorrelation
method (s ulgo used to fing the peak pasition where
the correlation hetween the (wo regions of intoresl
is maximum. However, the cresscorrelation method
requires a large amount of computation with inter—
polation nccessary to attain subsample precision.
Also, anather requiremaont 15 that the speck.e pattern

for the prescnl pulse emission should be a translated

version of that for the previoons pulse emission. This
necessitates the use of o high frame rate data
acyuisition system so #s to decrease the degree of
decarrelation.

In order to alleviate the above computing require
ments that are quite demanding;, a imetric referred to
as the sum of absolute differences (SAD)Y was
proposed by the ‘Frahey group as a criterion for
angle—independent Doppler velocity estimation to
determine the amount of shift between the Keroel
and search regions in two successive image frames.
The algorithm worked well to produce color flow
maps ¢! the popliteal veir of a normal female, The
SAD measure is simpler to implement than cross—

correlation methods, aand s defined as [ollows!

t.‘(m.n)=EE/I(J\J_)—B(f‘f‘m.j—lnﬂ. {8}
iy

Rohs er af [73.74] described a real—time vector
velocity imaging  svstem based on the speckle
tracking technique that could determine both the
axial and lateral velocily components withoct aliasing,
znd prosented results from phantom studies showing
that the system could sccurately estimate velocities
of over 2.5 /s, Their 2-D trecking employed Lhe
SAD eriterion and a number of SAD printed ¢irouic
bosrds for paralle]l search processing. [lowever. they
did not incorporate in the svstem static echo
cancellation filters whose Tmplementation was a
chullenging lask at that time.

2—D speckie tracking methods are known to
overcome lhe chiel Umitations of conventional
Doppler—bascd velocily estimators, e, angle depen—
dence and aliasing, but the number of lateral lines
available is vsually very small, This requires the use
ol interpolation. Geiman ef af (bl and Bohs er a4f
[76] proposed a new lateral interpolazion technique,
termed grid slopes, which is computationally simple
and can accurately measure subpixel translations.,
Lsing the gradient in SAD coefficients of the first
acouisition kernel and the gradiont of the SAD

coeflicienls between the kernels of the first and

Veloo!ly Veclor maging 49



second acquisitions, they determined the subpixel
shift without aciually performing interpolation. They
experimented with a moving string phantom at a
transducer angle of 90" to evaluate the ensemble
tracking with grid slopes interpolation in the lateral
dimension. In order to reduce speckle decorrelation.
they used 41 parallel receive processing offered by
a siemens Elegra ultrasonic scanner with a 7.5—MHz
vansducer focused at 3 cm and a PREF of 11.1 kHz,
A 2 lateral by 10 axial pixel kernel region and a 4
lateral by 30 axial pixel scarch region were used for
all trials,

‘I'o further reduce the amount of compuiation in a
region—based speckle pattern corretation or block
matching techniques for estimating 2—1 flow velocities
from a sequence of ultrasound images, Wang and
Shung [77] sugeested three—bit pattern correlation
zlgorithims that are cfficient in terms of computation,
and presented the experimental results o g mock
Now foop. The results from the proposed algorithms
and  crosscorretation  functions showed a pood
agreement.

Udesen of &l [78] vsed an ultrasound research
scanner  called  RASMUS  (Remotely  Accessible
Software configurable Multichannet Ultrasound Sam—
pling} system where unfocused plane waves were
transtitied to estimate blood velocity vectars from
the speckle pattern change from one emission to
another,

Lu et af [79] uscd storage correlator arravs to
estimate blood fiow velocity vector by tracking ihe
speckle pattern in reat time.

The speckle tracking method is inherentty suttable
for 2-D velocity estimation because i tries 1o find
the axial and lateral shifts. The raw echo data need
to be collected rapidly. The method works quite well
for in—plane translational movements of scatterers,
bul its performance degrades in the presence of
decorrelation between the kerpel and scarch regions
due 1o out—of—plane and/or turbulent Mows. It is also
quite time—consuming 0 compute the amount of
shift.

V., Lateral Beam Modulation Methods

We will now Lake a look at the spatial quadrature
methed which has been relatively recently proposcd
1o estimate velocity vectors. Methods belonging to
this category introduces transverse or lateral beam
modutation so that the transverse How which is
perpendicular to the beam direction can also be
detected. [Lis o be noted that Tu showed the possi—
bility of transverse Doppler velocity muasuremoent
wilh hmited—diffraction beams. In particular, the
Boessel beam method may be considered (o be the
forcrunner of lateral beam modulation methods [70).

To distinguish between the forward and the
reverse {low relative to a transducer, two lateral
beams are used that bave a phase quadeature rela—
tionship boetwoeen them. To achiove this relationship,
the array aperture i3 apodized with weighting
functions that have the Hilbert transform relationship.
By introducing beam modulation in the lateral or
elevational direction and making the two beam
patterns to be in phase quadrature on receive,
Anderson |80 demonstrated the {easibility  of
estimating the transverse velocity. To obtain the
lateral beam modulations that have the property of
spatial quadraiure, he applied two different apodi -
zations {i.e., one is even and Lhe other is odd) to the
trapscducer aperture so that the resulting far field
beam patterns can be In spatial quadrature. Both
beam patterns form o Hilbert transform pair in the
spatial domain hike both cosine and sine functions n
the time domain, Some drawhacks to the approach
are that the spatial quadrature relationship can be
maintained oniy at the focal point and the lateral
velocity can be cstimated following the determination
of the axial velocity.

Anderson [8§1] provided experimental results on
wire targets and sponges, In order for the spatial
quadrattire modulation to be distinguished (rom the
axial modulation, the data must first be axially
aligned over the ensemble. Given the analvtic form
of the spatial quadrature modulztion, the sign of the
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lateral velocity component is unambiguous, Because
scatierers modulate echoes m the spatial domain, the
velocity of bloed flow can be estimated. The
derivation of the spatial guadrature relationship
assumes the vse of a continuous wave, which is not
the case in rezl ultrasonic imaging. The newly
proposed spatial quadrature concept was experi—
mentally  verified with @ computer—congrotled,
calibrated flow pump and a Siemens Elegra scanner
[82]. Both the true and estimated laterzl velocily
profiles compuled off- line showed a good agreement.

Anderson et al [83] compared the bias and
variance of spatial guadrature and speckle tracking
over a range of {low rates. Speckle tracking was
found 10 praovide a smaller variance and has, while
the spatial quadrature estimator provided estimates
for the entire velocity range at a single PRY.

Anderson [8:4] presented a methad of demodula—
ting the even and odd retura echoces, in which each
of them is represented as a moltiplication of
sinusoids with shift frequencies in the axial and
lateral directions and the axial and lateral Donpler
shift  frequercies are separated independently.
Experiments were conducied on a vessel phanton,
and the axial velocity, {low rate, and flow angle were
sccwrately estimated. The relative errors of estimated
flow rates were 3 % and 6 % for flow at Doppler
angles of 90Y and 60° respectively.

Jensen and Munk [85] presented a new method for
determining the movement of an ohject from a hield
with spatial oscillations in both the axial direction of
the transducer and in one or two dircctions
transverse to the axial direction, The method is
based on Muck's thesis work [36]. Also. a method
was presented for making a field that ts transversely
modulated along with 4 suitable 2—D  velocity
estimator. The methed was introduced undor the
name of transverse oscillation. Stmulation results for
a fixed Neww rate of 1 m/s were obtained al vacious
anples. The method requires a total of three receive
beamformers, Le., lateral in—phase, Ialera] quadrature,
and axial beamformers. Blood velocitics can be

estimated only al a certain depth where the

gquadrature phase relationship hetween a pair of
transversely modulated beams can be matntained.

Munk and Jensen [87] presented experimental
results of an approach published in their May 1998
paper [83]), where they introduced a pair of tran—
sversely oscillating fields, displaced one quarter of
the lateral escillation period relative to each other,
through receive beamforming to generate Doppler
frequency shift th the lateral direction. Experiments
were carried out on a ruhy point reflector that was
moved horizontally parallel to the surface of a
transducer and a very (ine sponge that was fixed
relative to the moving transducer, For a flow angle
of 90° the bias twrned out to be —18 &.

Jensen and Lacasa (B8] manually set the blood
flow angle, and focused the ultrasound heam along
the direction of the blood flow. The returned echoes
were received at some focal point along the flow
dircction for two consccutive pulse emissions, and
were crosscorrelated to estimate the velocity in the
flow direction. The major drawback of this appreach
is thal the flow=to—beam angle must be available
beforehand so that the beam can be focused parallel
to the Blood flow direction.

Jensen [89] presented a new metkod for simul—
raneously estimating both axial and lateral velocities
using a transversely modulated ulleesound fieid for
probing a moving medivm under investigation. The
approach can {ind the velocity with a standard
deviution of 10 % relative to the maxinuim velocity,
when the velocity is orthogonal to the ultrasound
beam, The results were obtamed using Field I
computer s'mulations and a modified autocorrelalion
methed. A relative aceuracy of 10.1 9% is obtained for
the transverse velocily estimates for a parabolic
velocity profile for flow transverse to the ultrasound
beam and ar SINR of 20 dB uszing 20 pulse ~ccho
lines,

As mentioned before, drawbacks o the spatiat
quadrature are that matntaining the spatial quadra—
ture relaticnship at other than the focal point is
difficult and estimation of the lateral velocity necds

to be preceded by that of the axial velocity. Also,
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application of 1hlbert (ransform across an active
transducer s aol an easy task especially for
widehand excitations. The downward shift of center
frequency with incrcasing depth is also anothor

concern (hat needs to be faken into account.

V1. Other Methods

In this calegory, we discuss aperture domain
muethods proposed by Walker [90] and by Wang et
2L (911 alone with directional crosscerrelation
methods proposed by the Tensen group [92-97]. We
note that the latter method may also be cidegorized
irto the speckle tracking methods because the
crasscorrelation operation inherently relies on the
speckle pattern change.

Walker t90] proposed ustng individual echoes
received on each wrray clement 1o estimate the
voctor time sinlt between two consecutive firings.
The scheme was proposed to overcome the problem
that differont parts of ant areay be at different angles
with respect to the bleod flow vector. The possibility
was also suggested  of using signals sueromicd over
groups of elements rather than  signals  from
individdual  clements  te sunpltfy  the hardware
iimplementation,

The basic idea of Wang ef ai's peper [911 is lo
determine both the axial and lateral velocities
simuitaneously by representing the agrival—time
differcnce across the array apoerture as a linear
function with o slope und an ntercept, and deter-
minit hoth of the latter twoe parameters using lincar
regression. The busic idea is similar to that of
Walker i {hat both utilize aperture domain data, but
differs in intreducing subaperture processing as well
as palvnomial modeling, The aperture data refer 1o
the dota from (ndividual array elements before
applving the delay and sum operation [or beam{or—
ming. Some theorctical  bounds  including  the
Cramer—Rao lower bound arc estublished. [ollowed
by ffeld II—based simulation and DiFhaAS (Digital
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Phazed Array Svsteny) data acquisiion system—
based experimental results, Both simulation and
cxperiment are considered 1o be preliminary, Never—
theless, they help corroborate the metbhodology.
When a targer moves lrom one pasition 1o another,
the arrival time of the ccho received on same fixed
array transducer element wilk also chunge from one
value to another.

By taxing the difference belween the twa errival
times. referred to as the arrival—:me difference, and
making some approximations, they have heen able to
represent it as o function of both the axial and lateral
velocities. Clearly. this is a nove! idea. Actually, the
funcion i5 a first—order polynomial with a4 slope and
an intercopt. "Lhe slope corresponds to the lateral
velocity, angd the intercepl to the axiad velocity. So
they applicd linecar regression (o simulated and
experimental data to eslimate twa parameters, Le.,
the slope and the intercepr. In contrast, Walker
employed crosscarrctanion using the 2—1 velocily as
a lug varialde so that the 2-1 welocily can he
determined as that value which maximizes the
crosscorrelation function. At the cnd of their paper.
the possibility s meationed of estimating a 2~D
velocily using a 1-1 erray and a 3-1) velocily using
a 2—D arrav. In simulation, the Field [[ was used, and
the scatterers were moved at a constant velocity.
The fecal point was 30 mm from g 6d—clement,
5—Mtlz rransducer.

Experiments an real {low were not carried out, but
a lincar array transdocer was moved along the axial
and Jateral directions relative o a fixed gelatin
phantom containing glass beads for speckle gene—
ra-ion. Note that this arrangement is different {from
the real situation where the scatterers nside a blond
vessel move relative to an imaging transducer. The
number of firings was set o 16 1o goet good resuits
by averaging over tnultiple pulse transmissions in
compating the Kasai's autocorrelation method, bul
the number of firings needs to be further reduced 1o
make it amenable 1o real~time implementasion of
2=1) color flow 1maging. For actual implementation,

the receive aperture needs to he divided into a



number of small subapertures, resulling in poor
lateral beam focusing and sensitivity., Afler acquiring
returned echoes on cach of 64 receive clements for
each ol 64 transmit clements without applying any
time  delay, the aperture domain  data  were
reconstructed using {ull dynamic focus on both
(ransmit and receive. A complete dataset consisted
of 1096 R¥ A—scans.

Also, Jensen [93] performed beamformation using
@ finear array along the direction of the flow lor a
given depth, and found the correct velocity amplitude
for a purely transverse velocity direction. Towever.
the methad works under the assumption 1oal the
zngle Letween the emitted beam and the  flow
tlirection 15 knows in advance. He rationalized the
assumption by citing the fact that the angle could be
found from a B-moede mage as in conventional
spectral velocily estimation. Determining the angle
manually is cumbersome so the process needs o be
zutomated. In the casce that the flow 1s turbulent, it
mey be difficult to determine the angle from the
{3 -made image. A simple method of stationary echo
canceling was used, which 15 just subtracting the
mean of all the echo signals from the cureent echo
signal. It is called a mean subtraction algorithn. To
eslimate the maxitnum point of the crosscorrclation
function, an interpolation method was used to locate
it exuctly without Increasing the amount of
{.‘um}mlul.[tm reich.

Usirg an experimental {low rig, Jensen and
Bjerngaard [94] showed that the vector velocity can

be estimated by emitting focused directional signals

along the flow dircction which assumed o be
known and esimating the shift between  two
conseeulive echoes returning from the same depth.

Kortbek and Jensen [96) used g normal (rans—
mission of a focused ultrasound field. The principle
is that if the heamn direction is the same as the flow
direction, then the corrent echo s 4 delaved replica
of (he previous echo from the same scatterer siles
atherwise, the currert echo is a celayed, as well as

decorrelated, version of the previous echo. Hencee,

the flow angle can be determined by finding the beam

dircction that maximizes the correlation between a
pair of ensemble cchoes that are usually one pulse
emission period apart,

Previously, the Doppler beam angle was manually
determined from the B—mode image. Jensen and
Oddershede [97] presented a methad [or estimating
hoth velocity magnitude and angle using crosscorre —
lation of the received signzls. In the crosscarrelation,
the angle is determined by interpolation usiog a
parabolic approximation of the peak. The principle of
automatic angle determination is based on the fact
that when the beamlorming dircction coincides with
the true flow direction of scatterers, the correlation
functions attain the highest correlation values.

Katakura and Ukwtima [U8] proposed a new method
of measuring the complete vector components of a
target velocily using a wide transmission beam and
in—phase accumulation procedure on receive, but
addressed only the case of measuring the velocity of
point releclors. The method consisted of two steps:
Fourier iranslermation of the received signals in the
direction o the time axis (the ulrasenic pulse
emission nembor) and projection integration in the
polar—axis dircction. It was argued that the method
could also Be applied o speckle—gererating targets

i the effect of revecheration were not significant.

VIl., Conclusions

I this arbiele, we have surveyed five major
categories of vector Doppler methods for estimating
2 I blood flow veloeity. To recepitulate, they are
multiple beam methods, spectral broadening methods,
speckle tracking merthods, lateral beam modulziion
methods, and ather methods. Each method has ils
own advantzges znd disadvantages. All 2=D methods
should assumne that the flow lines are pzarallel to, or
confined to, the imaging scan plarne. This limitation
can be overcame by rosorting to a full 3= vector
Doppler approach. Usually, the estimated 2=D blond

New velocity is displaved by superposing a number
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of arrows an top of 4 B—mode image with their

in
(i

cividual direcrions and fengths represcenting the

rections and magniludes of the velacity, respecli—

vely. Iine display methoed is similar 1o represcnting

the results of optical flow estimalion. Up to now, Lo

th

e best of our knowledge, no one 2-1) vector

Doppler method has matwred to Lhe level of com—

mercialization into an ultrasound Doppler scanner.

Active research is still going on to find better vector

velocity estimation methods.,
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