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Two-Dimensional Blood Flow Velocity
Estimation Using Ultrasound Speckle Pattern
Dependence on Scan Direction and A-Line
Acquisition Velocity

Tiantian Xu and Gregory R. Bashford

Abstract—We have previously investigated the change of
apparent lateral speckle size caused by the direction and spa-
tial rate of scanner A-line acquisition (scan velocity). An al-
gorithm which measures the lateral component of blood flow
velocity was developed based on the increase in speckle size
resulting from relative motion between moving scatterers and
the scan velocity. In this paper, the change of the apparent
dominant angle of the speckle pattern in a straight vessel was
investigated and a new method of two-dimensional blood flow
velocity estimation is introduced. Different scan velocities were
used for data acquisition from blood flow traveling at an angle
relative to the ultrasound beam. The apparent angle of the
speckle pattern changes with different scan velocities because
of misregistration between the ultrasound beam and scatter-
ers. The apparent angle of the speckle pattern was resolved by
line-to-line cross-correlation in the fast-time (axial) direction
on a region-of-interest (ROI) in each blood flow image and
used to spatially align the ROI. The resulting lateral speckle
size within the aligned ROI was calculated. The lateral com-
ponent of the blood flow is shown to be closest to the scan
velocity which gives the maximum speckle size and the ap-
parent angle of speckle pattern collected by this scan velocity
is the best estimate for the actual angle of blood flow. These
two components produce two-dimensional blood flow velocity
estimations. This method was studied through both computer
simulation and experiments with a blood flow phantom. Nine
scan velocities were used to collect blood flow data with veloci-
ties ranging from 33 to 98 cm/s and four beam-to-flow angles.
In simulated plug blood flow, the mean bias of angle estima-
tion is below 2% with an average standard deviation of 3.6%.
In simulated parabolic blood flow, the angle of blood flow is
overestimated because of speckle decorrelation caused by flow
gradients and the estimation bias increases with decreasing
beam-to-flow angle, which has an average value of 8.8% and
standard deviation of 10%. Because of the complexity of flow
profiles in the blood flow phantom, the angle of blood flow is
also overestimated and the mean bias is increased by a factor
of two compared with simulated parabolic flow. For the veloc-
ity estimation results, the mean bias is below 5% with an av-
erage standard deviation of 4.6% in the simulated plug blood
flow. In the simulated parabolic flow and blood flow phantom,
the velocity is underestimated because of speckle decorrela-
tion. The mean bias of velocity estimation in the simulated
parabolic flow is —6% with an average standard deviation of
11.2%. In the blood flow phantom, the mean bias of the veloc-
ity estimation is —5% with a higher average standard deviation
of 21.5%. This method can resolve the angle and amplitude of
two-dimensional blood flow simultaneously. The accuracy of
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the estimation can be further improved by using more scan-
ning velocities.

I. INTRODUCTION

LOOD flow measurement is one of the major func-
tions of medical ultrasound imaging systems. To
measure the velocity of blood flow noninvasively, an ul-
trasound beam is emitted by an ultrasound transducer
into the human body. Ultrasound waves will then be re-
flected back to the transducer by the scatterers in the
blood (typically red blood cells). This process is continu-
ously repeated several times. Based on the location of the
blood flow, the reflected signals can be gated at a certain
depth. The signal constituted by samples from successive
received A-lines (the slow-time signal) contains frequency
components proportional to the blood velocity along the
ultrasound beam [1]. The frequency distribution can then
be calculated by spectral estimation of the sampled signal.
Using the Doppler equation, the velocity distribution at
the sampling depth can be converted from the frequency
spectrum, which is known as spectral Doppler. Instead of
emitting the ultrasound beam in one direction, color Dop-
pler performs data acquisition similar to spectral Doppler,
but with a much smaller number of samples, in differ-
ent directions and then estimates the velocity at different
depths. The velocity can be found through an autocor-
relation approach developed by Kasai et al. [2] and Hein
and O'Brien [3]. A color-coded image of velocity is then
superimposed on the B-mode image. Although these two
Doppler based methods have been widely investigated and
commercially implemented, a limitation of these velocity
estimation techniques is that only a 1-D projection of the
blood velocity vector along the axial dimension of the ul-
trasound beam can be found, because there is no Doppler
frequency shift (actually sample-to-sample phase change)
when the transducer face is aligned parallel to the blood
flow. Because complex fields are present throughout the
arterial system, multidimensional flow imaging is desir-
able. This would allow better assessment of the flow field
and its associated hemodynamic parameters, and hence
potentially improve cardiovascular risk assessment [4].
Several 2-D estimation algorithms have been developed
for resolving complex flow patterns by estimating both
the axial and lateral velocity component. Vector Doppler

0885-3010/$25.00 © 2013 IEEE


kasyma
Typewritten Text
Pages: 898 - 908, DOI: 10.1109/TUFFC.2013.2647


XU AND BASHFORD: TWO-DIMENSIONAL BLOOD FLOW VELOCITY ESTIMATION 899

extends 1-D Doppler techniques by emitting ultrasound
beams along different angles and making vector velocity
estimation through triangulation [5]—[8]. Speckle tracking
measures multidimensional blood flow by tracking dis-
placement of the speckle pattern generated by scatterers
(typically red blood cells) in blood [9], [10]. Feature track-
ing simplified speckle tracking by only tracking features of
the speckle patterns [11], [12]. Transverse spatial modula-
tion applies lateral modulation to influence the received
signal by transverse motion [13], [14]. Other techniques
such as multidimensional spectrum analysis [15] and max-
imum likelihood blood velocity estimation [16] have also
been proposed. A more complete review can be found in
[17] and [18].

Our previous studies introduced a new way to mea-
sure the lateral component of blood flow using the change
of apparent speckle size resulting from the direction and
spatial rate of scanner A-line acquisition [19]. In this pa-
per, instead of resolving the flow purely lateral to the
ultrasound beam, a new method of two-dimensional blood
flow velocity measurement based on the apparent angle of
the speckle pattern is proposed. The scanning geometry
is similar to that used in our previous studies [19]. Nine
scan velocities were used in this paper. By comparing the
speckle size of aligned blood flow images collected by dif-
ferent scan velocities, the amplitude and direction of the
blood flow can then be resolved simultaneously. Phantom
experiments and computer simulations were investigated
to test the blood flow angle and velocity amplitude es-
timation performance. The purpose of this paper is to
introduce a new method to measure 2-D blood flow veloc-
ity using observations of the change in speckle patterns
related to scan velocity.

It should be noted that several important parameters
could be studied but are not studied here; they will be
investigated at a later time. For example, we assume point
spread function (PSF) spatial invariance, although all flow
algorithms are affected by depth dependence of the impulse
response. Elevational (out-of-plane) flow is not considered
here (however, although speckle decorrelation would cer-
tainly increase, theoretically no speckle elongation effects
would occur, resulting in a (correct) zero estimate of flow
in the scan plane). Finally, algorithm optimization, such
as the effects of optimal ROI selection and signal-to-noise
ratio, and hardware/software costs are outside the scope
of this paper, although they will certainly be studied in
the future.

II. BACKGROUND

In our previous studies [19], the flow purely lateral to
the ultrasound beam was collected by scanning in the
same direction as the blood flow. A similar scanning geom-
etry was used in this paper to collect data from the blood
flow with a specific angle relative to the ultrasound beam
axis. Different scan velocities were used for data acquisi-

US-Bmode Image of Blood Flow Phantom
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Fig. 1. A 3 x 4.2 mm region-of-interest (ROI) is selected from every
ultrasound B-mode image of the blood flow phantom.

tion. An ROI was selected from each B-mode image, an
example of which can be seen in Fig. 1. Line-by-line cross-
correlation in the fast-time (axial) direction was used to
resolve the apparent angle of the speckle pattern, which
can be described as follows:

N—-s—1
x y* s>0
Rofs) = | 2 Tl (1)
R, s <0,

yr

where z and y represent two successive A-lines (adjacent
scan lines in both time and space) from the ROI and s is
the lag between these two A-lines. The cross-correlation
coefficient was calculated for each s, and the value s which
gives the maximum cross-correlation coefficient between z
and y was recorded as their distance shift d,,. This process
was done for every pair of successive A-lines in the ROI
and the d,, with the highest frequency of occurrence (i.e.,
the mode) was considered to be the overall distance shift
of the ROI, dror. Given the line increment of scanning,
dineres the apparent angle 6, of the speckle pattern was
calculated as

incre

ROI

0, = tan_l[ . (2)
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As described previously, the apparent angle of speckle pat-
tern is estimated by line-to-line cross-correlation in the
fast-time (axial) direction on the speckle pattern of the
blood flow images. However, our experiments showed that
the apparent angle 6, is not always the same as the actual
blood flow angle 6. They only equal each other when the
lateral component of blood flow is the same as scan ve-
locity. The relationship between these two angles can be
shown as

ea <40 (Vlateral > Vscan)

aa =0 (Vlateral = Vscan) (3)
aa >0 (Vlateral < Vscan)'

The reason for this phenomenon is visually demonstrat-
ed in Fig. 2, depicting a single scatterer moving from left
to right across an ROI in which successive A-lines are also
being collected; € is the actual angle of blood flow, and 6,
is the apparent angle of the blood flow. When the lateral
component of blood flow is slower than the scan velocity,
as is the case in Fig. 2, the ultrasound beams are collect-
ing data laterally faster than the scatterer is moving. Be-
cause of the width of the ultrasound PSF, the transducer
receives a reflected ultrasound echo even if the scatterer is
not precisely at the focal position of each beam. The cor-
rect depth information of the scatterers is more accurately
preserved as a result of dynamic receive focusing; however,
errors will occur in the lateral positions of this scatterer.
In Fig. 2, because the lateral component of blood flow
velocity is less than the scan velocity, the apparent lateral
position of the scatterer will be shifted to the right. As
shown by the circles, these positions will be interpreted as
the scatterer positions by the transducer. A similar, ac-
cumulated effect occurs with many scatterers in the ROI.
As a result, the apparent angle of the speckle pattern will
be greater than the actual blood flow angle. The oppo-
site phenomenon will occur when the lateral component of
blood flow velocity is greater than the scan velocity. Under
this condition, the apparent angle of the speckle pattern
will be less than the actual blood flow angle.

As discussed in our previous studies [20], the apparent
lateral speckle size increases when the scan velocity is close
to the lateral component of blood flow because the lateral
rate of ultrasound beam movement becomes synchronized
with the movement of scatterers. To compare the appar-
ent speckle size of blood flow images collected by different
scan velocities, the ROI is first aligned by the apparent
angle of the speckle pattern, which means shifting each
A-line by dror to make the speckle pattern in the ROI
purely lateral, as shown in Fig. 3. Then, the speckle size is
calculated by the full-width at half-maximum (FWHM) of
the autocovariance function (ACVF) of the ROI [21]. The
speckle size will change for different scan velocities. When
the speckle size reaches its maximum value, the lateral
component of blood flow equals the scan velocity and the
apparent speckle angle equals the actual blood flow angle.
Thus, in this method, two-dimensional blood flow velocity
estimates are made.
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Ultrasound Beams

PRI

Fig. 2. Representation of the difference between apparent blood flow
angle and actual blood flow angle. Burst markers show actual position
of an individual scatterer, and circles show where the scatterer is inter-
preted as existing in the space.

III. MATERIALS AND METHODS

A commercial flow phantom (Optimizer RMI 1425,
Gammex, Middleton, WI), was used to simulate blood
with an approximately parabolic flow profile. Blood-
mimicking fluid which has acoustic properties similar to
blood (speed of sound 1550 m/s, density 1.03 g/mL) was
pumped through a tube (5 mm inside diameter, 1.25 mm
thickness, 40° from horizontal) in the phantom, and the
tube was surrounded by tissue-mimicking material (speed
of sound 1540 m/s, attenuation 0.5 dB/cm/MHz). A So-
noline Antares ultrasound imaging system (Siemens Medi-
cal Solutions, Issaquah, WA) was used for data acquisi-
tion. The VF7-3 linear array transducer (192 elements,
3.33 MHz center frequency) was set to focus on the tube
located in the blood flow phantom, with a total imaging
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Fig. 3. Each region-of-interest is aligned by cross-correlation and the ap-
parent flow angle 6, is calculated during alignment.

depth of 5 cm. The Axius Direct ultrasound research in-
terface (URI) was employed to transfer ultrasound data
(post-beamformation but before any downstream process-
ing) to a computer for further analysis. Imaging param-
eters can be accessed from the header information given
by the URI, including frame rate, number of A-lines, and
beam spacing. Thus, the scan velocity can be calculated
given the values of these parameters. In our experiments,
nine scan velocities were used: 22, 26, 31, 37, 46, 52, 63,
75 and 91 cm/s. Six different flow velocities were set for
the flow phantom: 33, 41, 55, 65, 80, and 98 cm/s. Two
angles between the blood flow and the ultrasound beam
were used: 50° and 70°.

A Field II simulation [22], [23] was also used to gen-
erate blood flow data for the experiments. At least ten
scatterers were assigned to each resolution cell over a 3-D
volume to produce a fully developed scatterer field. Four
angles between the blood flow and the ultrasound beam
were simulated: 10°, 30°, 50°, and 70°. Other parameters
used in the simulation are similar to the Sonoline An-
tares ultrasound imaging system and the flow phantom
as mentioned previously; see Table I. Two flow conditions
were simulated: the first flow condition had a plug flow
distribution in the vessel. The second flow condition had a
parabolic velocity distribution in the flow with maximum
velocity at the center and decreasing to zero at the bound-
ary of the vessel, producing a lateral gradient similar to
the flow velocity in the blood flow phantom.

Ten images were simulated or collected for each scan.
In each image, an ROI with an axial length of 3 mm and
a lateral length of 4.2 mm was selected from the tube,
as shown in Fig. 1. This ROI was then used to calculate
the apparent dominant angle of the speckle pattern. After
ROI alignment by the dominant angle of the speckle pat-

tern, the speckle size of the blood flow images collected
by different scan velocities was then calculated to resolve
the lateral component and actual angle of the blood flow.

In both simulation and phantom experiments, the ac-
tual velocity was taken to be the peak velocity from cal-
culated flow (simulation) or pulsed-wave (PW) Doppler
measurement on the Antares (phantom).

IV. RESULTS

Fig. 4 shows the apparent angle of the speckle pattern
and the speckle size of aligned blood flow images when
the angle between blood flow and ultrasound beam axis
is 50°. Fig. 4(a) shows the apparent angle of the speck-
le pattern of simulated plug flow collected by different
scan velocities. Fig. 4(b) shows the apparent angle of the
speckle pattern of simulated parabolic flow collected by
different scan velocities, and Fig. 4(c) shows the apparent
angle of the speckle pattern of the blood flow phantom
collected by different scan velocities. It can be seen that
the apparent angle of the speckle pattern is less than the
actual blood flow angle when the scan velocity is less than
the lateral component of blood flow and greater than the
actual blood flow angle when the scan velocity is greater
than the lateral component of blood flow. When the scan
velocity equals the lateral component of blood flow, the
apparent angle of the speckle pattern equals the actual
angle of blood flow.

Fig. 4(d) shows the speckle size of the aligned blood
flow image of simulated plug flow, Fig. 4(e) shows the
speckle size of the aligned blood flow image of simulated
parabolic flow, and Fig. 4(f) shows the speckle size of the
aligned blood flow image of the blood flow phantom. It
can be seen that the speckle size of aligned blood flow is
changing with different scan velocities and it reaches the
maximum value when the scan velocity equals the lateral
component of blood flow.

Similar results on blood flow with an angle of 70° rela-
tive to the ultrasound beam axis are shown in Fig. 5. The
relationship between the apparent angle of the speckle

TABLE I. PARAMETERS OF TRANSDUCER AND BLOOD FLow
PHANTOM USED IN THE SIMULATION.

Transducer
Center frequency 3.33 MHz
Element height 7.5 mm
Element width 0.203 mm
Kerf 25 pm
Number of elements 192
Sampling frequency 40 MHz
Blood flow phantom
Speed of sound 1550 m/s

Angle of vessel

Diameter of vessel
Blood flow velocity

50° relative to the
ultrasound beam axis
5 mm

33, 41, 55, 65, 80,
and 98 cm/s
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Fig. 4. The apparent angle of the speckle pattern of the blood flow collected by different scan velocities (41, 65, and 98 cm/s magnitude, 31, 50, and
75 cm/s lateral component, 50° relative to the ultrasound beam) for (a) simulated plug flow, (b) simulated parabolic flow, and (c) blood flow phantom.
The speckle size of the aligned blood flow image: (d) simulated plug flow, (e) simulated parabolic flow, and (f) blood flow phantom.

pattern and scan velocities is shown in Figs. 5(a), 5(b), 5(f) for simulated plug flow, simulated parabolic flow, and
and 5(c) for simulated plug flow, simulated parabolic flow, blood flow phantom, respectively.

and blood flow phantom, respectively. The relationship In Figs. 4 and 5, the lateral component of blood flow
between the speckle size of the aligned blood flow im- and actual blood flow angle can be estimated by search-
age and scan velocities is shown in Figs. 5(d), 5(e), and ing for the peak speckle size of the aligned blood flow
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Fig. 5. The apparent angle of the speckle pattern of the blood flow collected by different scan velocities (33, 55, and 80 cm/s magnitude, 31, 52, and
75 cm/s lateral component, 70° relative to the ultrasound beam) for (a) simulated plug flow, (b) simulated parabolic flow, and (c¢) blood flow phantom.
The speckle size of the aligned blood flow image: (d) simulated plug flow, (e) simulated parabolic flow, and (f) blood flow phantom.

image collected by different scan velocities. Using these
results, the estimated velocities were plotted versus actual
velocities in Fig. 6. Fig. 6(a) shows the reference line and
estimated velocities versus actual velocities in simulated

plug flow, Fig. 6(b) shows the reference line and estimated
velocities versus actual velocities in simulated parabolic
flow, and Fig. 6(c) shows the reference line and estimated
velocities versus actual velocities in the blood flow phan-
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Fig. 6. Estimated velocities versus actual velocities: (a) simulated plug
flow, (b) simulated parabolic flow, and (c¢) blood flow phantom.

tom. These graphs show the mean and standard deviation
of the estimated velocities. Additional results including
the mean and standard deviation of estimation bias can
be seen in Table II.

Fig. 7 shows the relationship between the estimated
blood flow angle and actual blood flow angle. Fig. 7(a)
shows the estimated blood flow angle versus actual blood

flow angle in the simulated plug flow data, Fig. 7(b) shows
the estimated blood flow angle versus actual blood flow
angle in the simulated parabolic flow, and Fig. 7(c) shows
the estimated blood flow angle versus actual blood flow
angle in the blood flow phantom. They were plotted with
a reference line to represent the estimation accuracy. Fur-
ther details of the flow angle estimation bias can be seen
in Table III.

V. DIscussioN

The speckle size of the aligned blood flow image chang-
es with different scan velocities, which can be seen in Figs.
4(e) and 4(f) and Figs. 5(e) and 5(f). Generally, the maxi-
mum speckle size of aligned blood flow is around 1.5 mm
in the simulated plug flow. In the simulated parabolic flow
and blood flow phantom, this value decreased to 1.2 mm
and 1.0 mm separately. We reason that the flow gradients
in the simulated parabolic flow and blood flow phantom
cause speckle decorrelation, which decreases the speckle
size. Nevertheless, because the speckle pattern will be
maximally correlated when the scan velocity equals the
lateral component of blood flow, searching for the maxi-
mum speckle size of aligned blood flow image can resolve
the lateral component of blood flow velocity. In Fig. 4, the
maximum speckle size of aligned blood flow image occurs
when the scan velocities are 31, 52, and 75 cm/s. These
scan velocities are equal to the lateral component of blood
flow with an angle of 50° relative to the ultrasound beam
axis (41 x sin50° = 31, 65 x sin50° = 50, and 98 x sin50°
= 75 cm/s). Similar results can be seen in Fig. 5. When
the scan velocities are 31, 52, and 75 cm/s, the speckle
size of the aligned blood flow image reaches its maximum
value because these scan velocities equal the lateral com-
ponent of blood flow with an angle of 70° relative to the
ultrasound beam axis (33 x sin70° = 31, 55 x sin70° =
52, and 80 x sin70° = 75 cm/s).

The results in Figs. 4(a)-4(c) and Figs. 5(a)-5(c) show
that the apparent angle of speckle pattern increases with
scan velocity. The reason is the misregistration between
the ultrasound beam scan and scatterer movement. When
the scan velocities are 31, 52, and 75 cm/s, which give
the maximum speckle size of aligned blood flow image,
the apparent angle of speckle pattern equals the actual
angle of blood flow, which is 50° in Fig. 4 and 70° in Fig.
5. In the simulated plug flow, the estimation error of blood
flow angle is low, which can be seen in Figs. 4(a) and
5(a). In Fig. 4(a), the estimated blood flow angle is 49.2°,
51.3° and 50.7° when the angle between the blood flow
and ultrasound beam axis is 50°. In Fig. 5(a), the esti-
mated blood flow angle is 71.3° 70.8°, and 70.1° when the
angle between the blood flow and ultrasound beam axis is
70°. However, in simulated parabolic flow and the blood
flow phantom, the estimated blood flow angle is generally
greater than the actual angle of blood flow. The reason
is that the flow gradient causes speckle decorrelation in
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TABLE II. THE MEAN AND STANDARD DEVIATION OF VELOCITY ESTIMATION BIAS.

Simulated plug flow

Actual velocity (cm/s) 33

Mean bias (% of actual) -0.9

SD of bias (% of actual) 6.5
Simulated parabolic flow

Actual velocity (cm/s) 33

Mean bias (% of actual) —12.2

SD of bias (% of actual) 8.3
Blood flow phantom

Actual velocity (cm/s) 33

Mean bias (% of actual) —3.4

SD of bias (% of actual) 30.5

41 55 65 80 98
2.2 3.4 1.4 —0.3 —2.9
1.4 5.9 1.3 2.1 9.6

41 55 65 80 98

—7.8 —8.3 3.4 -5.9 —4.6
9.1 16.4 12.1 11.9 9.2

41 55 65 80 98
6.1 —8.5 —15.1 —6.8 -3.5

24.7 24.9 18.3 17.3 12.5

the axial direction, which will reduce drpr during cross-
correlation. Because the apparent angle of speckle pattern
is calculated by (2), when dror decreases, the estimated
angle of blood flow will be greater than the actual angle
of blood flow. This can also be seen in Fig. 7. Fig. 7(a)
shows that the estimated angle of simulated plug flow is
close to the actual angle with mean bias of less than 2%.
However, in the simulated parabolic flow, the estimation
bias increases because of the flow gradient. Furthermore,
the estimation bias increases with decreasing angle be-
tween the blood flow and ultrasound beam axis. We rea-
son that decorrelation in the axial direction caused by the
flow gradient in a parabolic flow increases with decreas-
ing angle between blood flow and the ultrasound beam
axis. Because the angle of blood flow is estimated by axial
cross-correlation on the ROI, when the angle between the
blood flow and ultrasound beam axis decreases, the angle
estimation bias increases. Fig. 7(c) shows the estimated
flow angle versus actual flow angle in the blood flow phan-
tom. Compared with simulated parabolic flow, it can be
seen that the estimation bias increases because of the in-
creasing complexity of the flow profile in the blood flow
phantom. Details of the angle estimation bias can be seen
in Table III. It shows that the mean bias of angle estima-
tion ranges from 0.3% to 1.5% with an average value of
0.4%. The standard deviation of bias ranges from 2.1%
to 5.1% with an average value of 3.6%. In the simulated
parabolic flow, because of the flow gradient, the mean bias
of angle estimation ranges from 3.2% to 16.3% with an av-
erage value of 8.8%. The standard deviation of bias ranges
from 3.15% to 23.4% with an average value of 10.5%. As
discussed previously, the estimation bias increases by a
factor of six when the angle between the blood flow and
the ultrasound beam axis decreases from 70° to 10°. In the
blood flow phantom, the estimation bias is increased by
a factor of two compared with simulated parabolic flow
because of the complexity of the flow profile in the blood
flow phantom.

The relationship between estimated velocities and ac-
tual velocities can be seen in Fig. 6. In simulated plug
flow, the estimated velocities distribute close to the refer-
ence line. However, in the simulated parabolic flow and
blood flow phantom, most of the estimated velocities are
lower than the actual blood flow velocities; the reason is

that axial speckle decorrelation causes overestimation of
blood flow angle as discussed previously. Given the lat-
eral component of blood flow velocity, when the angle of
blood flow is overestimated, the blood flow velocity will
be underestimated. Details of the estimation bias can be
seen in Table II. In simulated plug flow, the mean of the
estimation bias ranges from —3% to 4%, with an average
value of 2% and the standard deviation of the estimation
bias ranges from 1.3% to 9.6%, with an average value of
4.6%. Because of the flow gradient in the simulated para-
bolic flow, the mean of the estimation bias ranges from
—12.2% to 3.4%, with an average value of —5.9%. Most of
the estimation bias is negative because the blood flow ve-
locities were underestimated, as discussed previously. The
standard deviation of estimation bias also increased, rang-
ing from 8.3% to 16.4%, with an average value of 11.2%.
In the blood flow phantom, the complexity of flow profile
causes more speckle decorrelation. As a result, the mean
of the estimation bias ranges from —15.1% to 3.1%, with
an average value of —5.2%. The standard deviation of esti-
mation bias ranges from 12.5% to 30.5%, with an average
value of 21.5%. Because the underestimation of blood flow
velocity is a result of speckle decorrelation, future studies
may quantitatively investigate and compensate the under-
estimation to improve the accuracy of velocity estimation.
Furthermore, only nine scan velocities were used in this
experiment. In future studies, more scan velocities may be
applied by a refined algorithm to increase the estimation
accuracy.

Spectrum analysis was also investigated in this experi-
ment. An ROI was selected from the blood flow images,
and the 2-D power spectrum of the ROI was calculated and
compared for different scan velocities. The results showed
that when the scan velocity equals the lateral component
of the blood flow, the speckle pattern of the blood flow
image was most spatially coherent because the scatterers
and ultrasound beam were most correlated in this condi-
tion, and the power spectrum of the blood flow image had
a high Q-factor (energy is less distributed). When the scan
velocity was higher or lower than the lateral component of
blood flow, the speckle pattern was less coherent because
of misregistration between scatterers and the ultrasound
beam. As a result, the power spectrum of the blood flow
image was more distributed (lower Q-factor), which can
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Fig. 7. Estimated flow angle versus actual flow angle: (a) simulated plug
flow, (b) simulated parabolic flow, and (c¢) blood flow phantom.

be seen in Figs. 8 and 9. Fig. 8 shows the results from
Field II simulation where the A-line increment was less
than one-fourth of the lateral beam width. It can be seen
that the Q-factor of the power spectrum is high when the
scan velocity (50 cm/s) is close to the lateral component
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TABLE III. THE MEAN AND STANDARD DEVIATION OF ANGLE
ESTIMATION BIAS.

Simulated plug flow

Actual angle (°) 10 30 50 70

Mean bias (% of actual) 1.5 0.3 0.3 0.6

SD of bias (% of actual) 3.2 2.1 5.1 4.1
Simulated parabolic flow

Actual angle (°) 10 30 50 70

Mean bias (% of actual) 16.3 11.2 4.5 3.2

SD of bias (% of actual) 23.4 8.2 7.5 3.15
Blood flow phantom

Actual angle (°) 50 70

Mean bias (% of actual) 7.1 7.3

SD of bias (% of actual) 9.4 4.5

of the blood flow (70 x sin50° = 53 cm/s). Fig. 9 shows
the results from phantom experiments, where the A-line
increment ranges from one-half to one lateral beam width
as a result of the limitation of the Antares ultrasound
imaging system. Again, it can be seen that the Q-fac-
tor of the power spectrum is high when the scan velocity
(52 cm/s) is close to the lateral component of the blood
flow (65 x sin50° = 50 cm/s). However, aliasing occurs
because the blood flow was not adequately sampled (the
maximum lateral spatial frequency of the speckle pattern
is greater than the Nyquist frequency). These results indi-
cate another potential method for 2-D blood flow velocity
estimation. A high-lateral-resolution ultrasound imaging
system may be used for data acquisition in future studies,
which will eliminate aliasing for spectrum analysis. How-
ever, this would come at the cost of an increased number
of A-lines, thereby slowing the frame rate.

Finally, some commentary on the length of time re-
quired to acquire data for flow estimates is appropriate
here. The typical time for collecting one frame of data is
around 40 ms. Because nine frames were used for each es-
timation, the time for the first estimation would be around
360 ms. However, subsequent estimates can overlap with
previous frames (a rolling data collection), so subsequent
estimates can be made in 40 ms. Thus, about 25 samples/
heart cycle can be made using this algorithm, which is
similar to color flow estimates in commercial machines.

VI. CONCLUSION

This paper investigated a new algorithm for two-dimen-
sional blood flow velocity estimation using the apparent
speckle pattern angle. The apparent angle of speckle pat-
tern changes with different scan velocities because of mis-
registration between the ultrasound beam and scatterers.
When the scan velocity equals the lateral component of
the blood flow, the apparent angle of the speckle pattern
will equal the actual angle of blood flow and the aligned
blood flow has a maximum speckle size because the speck-
le pattern is most coherent in this condition. Blood flow
data from computer simulation and flow phantom experi-
ments were both investigated. Our results showed that the
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Fig. 8. The speckle pattern of the blood flow (70 cm/s, 50° relative to
the ultrasound beam) collected by different scan velocities: scan velocity
is (a) 20 cm/s, (b) 50 cm/s, and (c) 80 cm/s. The power spectrum of
the speckle pattern: scan velocity is (d) 20 cm/s, (e) 50 cm/s, and (f)
80 cm/s. Simulated plug blood flow with A-line increment equal to one-
fourth of the lateral beam width.

proposed algorithm can resolve the amplitude and angle
of the blood flow simultaneously. The angle and velocity
estimation bias is below 5% in the simulated plug flow. Be-
cause of speckle decorrelation in simulated parabolic flow
and the blood flow phantom, the angle of the blood flow
will be overestimated and the velocity will be underesti-
mated. The angle and velocity estimation bias increases
with decreasing angle between blood flow and the ultra-
sound beam axis. This paper introduced a new algorithm
for two-dimensional blood flow velocity estimation. Future
proposed work includes using more scan velocities, deter-
mining realistic hardware and software requirements, and
algorithm optimization, including the effects of optimal
ROI selection and the signal-to-noise ratio.
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Fig. 9. The speckle pattern of the blood flow (65 cm/s, 50° relative to
the ultrasound beam) collected by different scan velocities: scan velocity
is (a) 22 cm/s, (b) 52 cm/s, and (c¢) 75 c¢cm/s. The power spectrum of
the speckle pattern: scan velocity is (d) 22 cm/s, (e) 52 cm/s, and (f)
75 cm/s. Blood flow phantom with A-line increment equal to one half
of the lateral beam width [(a), (b), (d), and (e)], and one lateral beam
width [(c) and (f)].
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