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Abstract—Quantitative estimation of blood velocity us-
ing Doppler techniques is fundamentally limited because
only the axial component can be detected. Speckle decorre-
lation resulting from scatterer motion may be used to com-
pute non-axial components and to obtain quantitative flow
information. Based on both simulations and experimental
results, it is shown that the decorrelation technique is fea-
sible only for constant flows. If flow gradients are present,
the correlation between two signals along the same line of
observation may be significantly affected by the gradients.
Therefore, the decorrelation method cannot be used for
quantitative flow estimation if flow gradients are not ac-
curately measured and effects on signal correlation are not
fully compensated. Results in this paper show that accurate
estimation of flow gradients is practically difficult. It is fur-
ther shown that effects of signal-to-noise ratio (SNR) on the
correlation must also be taken into account for quantitative
flow analysis.

I. INTRODUCTION

UANTITATIVE estimation of blood velocity using con-

ventional Doppler techniques has not been success-
ful because only the axial component of the velocity
vector can be estimated. Projection of the velocity vec-
tor onto transverse directions does not produce Doppler
shifts. Therefore, non-axial flows are not detectable using
Doppler techniques. To obtain transverse and elevational
velocity components, several correlation-based methods
were presented [1]-[4]. The correlation methods are based
on the fact that when a group of randomly distributed
scatterers moves across an acoustic beam, the received sig-
nals decorrelate as a function of time. Therefore, blood ve-
locity can be estimated by measuring the correlation func-
tion. The speckle decorrelation-based velocity estimation
technique using RF ultrasound signals will also be referred
to as the correlation method throughout this paper.

In [1], it was shown that using the spatial and temporal
correlation function of the RF signals, both axial and lat-
eral motion can be estimated. Based on a similar model,
it was also shown that the velocity vector can be obtained
by using only a few correlation coefficients [2]. The corre-
lation method was also applied to intravascular ultrasound
(IVUS) [3]-[4]. In IVUS, the blood direction is orthogonal
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to the imaging plane. By measuring the rate of speckle
decorrelation, blood speed information can be obtained. A
finite-impulse response (FIR) filter bank suitable for real-
time blood speed imaging was also proposed to estimate
the decorrelation rate [4].

An inherent assumption of these correlation methods is
that blood velocity is constant within the sample volume.
In many clinical applications, however, flow gradients are
present. Because flow gradients also result in signal decor-
relation, effects of flow gradients must be considered for ac-
curate velocity estimation using speckle decorrelation [5].
It is the primary purpose of this paper to study effects of
flow gradients on speckle decorrelation. Influence of SNR
on the correlation will also be addressed.

This paper is organized as follows. Section IT describes
basic principles of the correlation-based method. Both sim-
ulations and experimental results of constant scatterer mo-
tion will be presented. Effects of flow gradients will be
simulated in Section III and experimentally studied in Sec-
tion IV. An analysis on effects of SNR will also be included
in Section IV. The paper concludes in Section V.

I1. BASIiC PRINCIPLES OF THE CORRELATION METHOD

A. Theory

Effects of lateral motion on signal correlation are il-
lustrated in Fig. 1. The upper panel shows that a group
of scatterers moves laterally across the sample volume.
Backscattered signals acquired before (solid) and after
(dotted) the movement are shown in the lower panel. For
fully developed speckle (i.e., homogeneous distribution of
scatterers with a uniform scattering strength and uncorre-
lated microscopic structures), the correlation as a function
of scatterer displacement can be derived [6].

Assuming a linear imaging system with a space invari-
ant point spread function, a received echo can be repre-
sented as the convolution of the system’s point spread
function and the scatterer distribution function. Let a(e)
be the scatterer distribution function and b(e) be the sys-
tem’s point spread function, the received signal s(e) is

s(u) = /100 a(u")b(u — u')du’ (1)

where analytic signal representation is used with a three-
dimensional coordinate system denoted by u = (z,y, 2).
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Fig. 1. Effects of lateral movement on the received signal. The solid
line is before movement, and the dotted line is after movement.

The complex cross-correlation function c(uq, us) of two re-
ceived echoes, s1(u1) and so(usg), is

c(ul’u2)5<51(“1)53(u2)>=//i0 < a(u)a* (u" — uo)
> bluy —u')b* (ug —u")du' du(2)

where < % > represents the ensemble average and ug is
the scatterer displacement between the two measurements.
Because the insonified region is fully developed speckle, we
have

< a(u)a* (v — up)>=a3d(u’ —u” + ug) (3)

where §() is the three-dimensional Dirac-delta function
and ag is the scattering strength. Hence, (2) can be rewrit-
ten as

x
c(uy, ug) = ag/ bluy — u')b* (ug — v’ — up)du'.
B (4)
The cross-correlation function is typically evaluated at
uy = up. In this case, (4) becomes

c(ur,uy) = ag/ b(up — w)b(us — v’ — ug)du’

o

=a} /_00 b(u"b(w'"") — uo)du' . (5)

Eq. (5) shows that correlation between two signals from
the same sample volume can be represented by the auto-
correlation function of the system’s point spread function

[6].
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If the movement is only in the lateral direction, (5) can
be applied to estimate lateral velocity, assuming that the
lateral radiation pattern is known. If axial movement is
also present, the axial velocity can be found by finding
the peak of the cross-correlation function. As shown in
Fig. 2(a), the solid line represents a signal, and the dot-
ted line represents the signal with axial movement after
a pulse repetition interval (PRI). The normalized cross-
correlation function of the two signals is shown in Fig. 2(b).
Peak of the correlation function is temporally shifted from
zero because of the axial movement, but its value remains
close to unity. In other words, it is assumed that the orig-
inal scatterers remain in the image plane after motion.
Fig. 2(c and d) shows the received signals and the corre-
sponding cross-correlation function with only lateral mo-
tion. As shown in Fig. 2(d), lateral motion changes scat-
terer distribution, thus reducing the peak value of the nor-
malized cross-correlation function from one. Nevertheless,
the peak position is not shifted because there is no axial
motion. As described in (1)—(5), the decorrelation (i.e., de-
crease in correlation coeflicient) is directly related to the
lateral radiation pattern. Thus, the lateral velocity can be
obtained if the lateral radiation pattern is known. Fig. 2(e
and t) shows the received signals and the corresponding
cross-correlation function with both lateral and axial mo-
tion. In this case, the cross-correlation function is tempo-
rally shifted, and its peak value becomes smaller than one.
Again, both lateral and axial velocities can be found by
using the correlation function.

B. Ezxperiments

Experiments were performed to test these principles.
The data acquisition system consisted of a pulser/receiver
(Panametrics 5072PR, MA), an arbitrary function gen-
erator (Hewlett-Packard E1445A, CA), and a 12-bit,
20-Msamples/s A/D (Hewlett-Packard E1429A, CA).
Hewlett-Packard Interface Bus (HPIB) was used for com-
munication between the data acquisition unit and a per-
sonal computer. The transducer (Panametrics V308, MA)
was positioned by a three-dimensional step motor system
(Q-sync; Hsin-Chu, Taiwan, R.O.C.). The circular trans-
ducer had a focus at 7 cm, a 5-MHz center frequency, and
a 1.9-cm diameter. A gelatin phantom with uniformly dis-
tributed glass beads (Sigma G4649, St. Louis, MO) was
constructed to generate speckle signals. Diameter of the
glass beads was smaller than 106 pm. Glass beads were
added with a concentration close to its saturation level.

In the first experiment, the transducer was moved lat-
erally with a step of 20 pm. At each step, RF data were
acquired before being demodulated to baseband. Using the
complex baseband data, correlation coefficients were cal-
culated using the data within a 1-us window at a depth
of 6.7 ecm (i.e., 90-us round-trip time of flight). The 1-
us window length was chosen such that both adequate
SNR and sufficient axial resolution could be achieved. The
correlation coefficient in this case is defined as the zero-
th lag value of the normalized cross-correlation function.
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Fig. 2. Effects of lateral and axial movement on the correlation function. Panel a shows the normalized signal before (solid} and after (dotted)
axial movement. The normalized cross-correlation function is shown in panel b. Panels ¢ and d and panels e and f have the same format as
panels a and b. Panels ¢ and d are for lateral movement only, and panels e and f are for both lateral and axial movement.

Fifty correlation coefficients of the same lateral displace-
ment were averaged to get a mean value. The results are
shown as the dashed line in Fig. 3. The solid line in Fig. 3
shows the normalized radiation pattern measured by the
same setup, except that the speckle phantom was replaced
with a nylon wire located at the same depth. The dashed
line shows the correlation coefficients with error bars in-
dicating +1 standard deviation. As predicted by (5), the
two curves had good agreement. Therefore, lateral velocity
can be found given a correlation coefficient and the lateral
radiation pattern.

As previously mentioned, the correlation-based method
can also be extended to measure flows with both lateral
and axial motion. To emulate such flows using the gelatin
phantom, the transducer was moved 20 pym laterally and
25 pm axially per data acquisition step. The dot-dashed
line in Fig. 4 shows correlation coefficients at a depth of
8.1 cm (i.e., 110-us round-trip time of flight) using the
zero-th lag of the normalized cross-correlation function. As
a reference, data were also acquired from the same depth
region by moving the transducer only in the lateral direc-
tion. The correlation coefficients with only lateral move-
ment are shown as the dotted line. Using the zero-th lag,
axial motion is not compensated, and correlation coeffi-
cients decrease faster than the reference curve (i.e., the

dotted line). The axial motion can be compensated by
using the peak value of the normalized cross-correlation
function instead of the zero-th lag value. With axial mo-
tion compensation, the correlation coefficients shown as
the solid line in Fig. 4 closely match the reference curve.
In other words, both axial and lateral motion can be esti-
mated using the correlation method. The error bars asso-
ciated with the solid line in Fig. 4 represent £1 standard
deviation. As in Fig. 3, it is shown that the standard devia-
tion increases as the mean correlation coefficient decreases.

I11. FLows WITH VELOCITY GRADIENTS: SIMULATIONS

The experiments in Section II had constant motion
within the sample volume. For blood flow measurements,
however, flow gradients are present and cannot be ignored.
Flow gradients cause relative scatterer motion within the
sample volume and result in additional signal decorrela-
tion. Thus, such effects must be compensated when corre-
lation is used for velocity estimation.

Laminar flows were considered in this paper. The sim-
ulation model developed by A. T. Kerr and J. W. Hunt
was adopted [7]. The model takes into account both am-
plitude and temporal responses given the transducer geom-
etry. The acoustic response of a scatterer is calculated us-
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Fig. 4. Correlation coefficient with (solid) and without (dot-dashed)
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with only lateral movement. Error bars represent +1 standard devi-
ation.

ing the acoustic impulse response method. In other words,
output of the transducer V (t) can be expressed by

V(t) = 5 . Pe(t) * hr({’_‘; t) * ht(Fa t) (6)

where £ is a constant and * is the convolution operator.
The pulse-echo response P.(t) is assumed Gaussian, and
h,(7,t) and h(7,t) are receive and transmit acoustic im-
pulse responses, respectively. The model assumes point
scatterers randomly distributed on a two-dimensional grid.

In the simulations, the transducer had a center fre-
quency of 5 MHz and a 1.9-cm aperture size. The sample
volume was located at focus, which was 7 cm away from
the transducer face. The sound velocity was 1540 m/s, and
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Fig. 5. Axial velocity (a) and correlation coefficient (b) as a function
of depth. The error bars denote +1 standard deviation.

the PRI was 100 us. The laminar flow had a parabolic ve-
locity profile shown as the following

o(r) = Varax - [1 - (%)Z] (7)

where R is radius of the vessel, Vs ax is the maximum flow
velocity, and r is radial distance from the center of vessel.
The maximum velocity and the Doppler angle in the simu-
lations were 30 cm/s and 30°, respectively. The projected
peak velocity along the axial direction is 26 cm/s. The
radius of the vessel was 4 mm in the simulations.

The estimated axial velocity is shown as the solid line
in Fig. 5(a). The horizontal axis represents the depth from
the transducer. Axial velocity was calculated using the
auto-correlation approach described in [8]. In other words,
velocity was calculated based on the phase of the first lag
of the auto-correlation of the slow-time flow signal. Note
that the auto-correlation approach uses the slow-time sig-
nal, whereas the decorrelation method uses the fast-time
signal. The estimated velocity had good agreement with
the actual velocity shown as the dotted line in Fig. 5(a).
Fig. 5(b) shows correlation coefficients under the same con-
ditions. The correlation coefficients were calculated using
the peak value of the cross-correlation function of two sig-
nals separated by one PRI. One hundred data sets with
different initial scatterer distribution were generated. The
solid lines in Fig. 5(a and b) demonstrate the mean values,
and the error bars span +1 standard deviation using the
100 data sets.

It is shown in Fig. 5(a) that axial velocity estimation is
robust even in the presence of velocity gradients. The cor-
relation coeflicients shown in Fig. 5(b), on the other hand,
are significantly affected by flow gradients. In Section II, it
was shown that the correlation coeflicient decreases as the
velocity of a constant flow increases. Because the velocity
of a laminar flow is zero at the vessel wall and reaches a
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maximum at the center, a high correlation coefficient near
the wall and a low correlation coefficient at the center may
be expected. Because of flow gradients, however, Fig. 5(b)
shows that the correlation coefficient is the largest at the
center and starts to decreases as it moves away from the
center. This is consistent with the fact that the flow gra-
dient, defined as the spatial derivative of velocity, is the
largest at the vessel wall and the smallest at the center.
Thus, it is difficult to estimate the flow velocity using the
correlation coefficient if effects of flow gradients are not
compensated.

Several problems may be encountered when estimat-
ing the gradients. First, because a gradient is the spatial
derivative of velocity, errors in the velocity estimation be-
come more pronounced in the gradient. As shown by the
error bars in Fig. 5(a), non-negligible velocity estimation
errors exist using the relatively robust auto-correlation ap-
proach. Such errors in turn affect accuracy of the velocity
estimation. The second problem is the errors of correla-
tion coefficient calculations. As shown by the error bars in
Fig. 5(b), the standard deviation, in most cases, is com-
parable with the difference from unity. Thus, a small error
in correlation coeflicient may lead to a significant error in
the estimated velocity. Although averaging can be applied
to reduce such errors, utility of the correlation method in
real-time applications is severely limited with averaging.

With flow gradients, speckle decorrelation is also af-
fected by sample volume size. For a given flow gradient,
the correlation coefficient decreases as the size of the sam-
ple volume increases. Therefore, a possible method to min-
imize effects of the flow gradient is to utilize the change
in speckle correlation with different sample volume sizes.
Fig. 6 shows the change of speckle decorrelation as a func-
tion of correlation kernel size. Panels a, b, ¢, and d cor-
respond to a correlation kernel size of 1, 2, 4, and 6 us,
respectively. The decrease in correlation coefficient with
increased kernel size is clearly visible. Generally, the cor-
relation coeflicient in the region of large gradients (e.g.,
near the vessel walls) decreases more rapidly as the corre-
lation length increases. In all cases, the standard deviation
limits the potential utility of the correlation method unless
signal averaging is applied.

IV. FLows wiTH VELOCITY GRADIENTS: EXPERIMENTS

Experiments were also conducted to study correlation
in the presence of flow gradients. The experimental setup
is shown in Fig. 7. The transducer and the data acquisition
system were the same as the ones used in previous exper-
iments. A blood-mimicking fluid (Shelley Medical Imag-
ing Technologies, Ontario, Canada) was used instead of
the gelatin phantom. The fluid was driven by a peristal-
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Fig. 7. Experimental setup for data acquisition with a blood-
mimicking fluid.

sis pump (Model 77201-60, Cole-Parmer, IL) in a silicone
peroxide-cured tube (L/S-18, Cole-Parmer, IL). A damper
(625 E, Cole-Parmer, IL) was used to eliminate pulsation
in the output flow. A flow meter was use to monitor the
volume flow rate for comparisons with the measurements.
The tube was located at the focal region of the transducer.
Flow signals were sampled at a PRI of 200 us. The Doppler
angle was 54°. As in the simulations, a total of 100 data
sets were collected, and results were averaged to obtain
the mean and the standard deviation.

The solid line in Fig. 8(a) shows the mean axial veloc-
ity obtained from the auto-correlation method with the
error bars indicating +1 standard deviation. The dotted
line shows an ideal parabolic laminar profile with the max-
imum velocity equal to 32 cm/s (18.8 cm/s after projection
on the axial direction). The vessel diameter was 0.95 cm.
The corresponding correlation coefficients were shown in
Fig. 8(b). The solid line and the dotted line represent the
correlation coefficients obtained from cross-correlating two
signals separated by one PRI (i.e., 200 us) and two PRIs
(i.e., 400 ps), respectively. Note that although the esti-
mated axial velocity fits well to an ideal laminar profile,
the correlation coefficients are substantially different from
the simulation results shown in Fig. 5(b). The four panels
of Fig. 9 illustrate effects of the correlation kernel size on
correlation coefficient. Again, the four kernel sizes corre-
spond to 1, 2, 4, and 6 ps. Similar to Fig. 6, the sample
volume size clearly affects the estimated correlation coeffi-
cient. However, the general trend is different from that of
Fig. 6. The mean correlation coeflicient may increase with
a larger correlation kernel.

The differences between simulations and experiments
are mainly due to the finite SNR of the experimental data.
Simulations were performed to demonstrate effects of the
- SNR on signal correlation. Simulation parameters were
identical to those used in Fig. 5. Fig. 10 and Fig. 11 show
correlation coefficients for two signals separated by one
PRI interval (solid line) and two PRIs (dotted line). Noise
was not considered in Fig. 10. In Fig. 11, on the other
hand, noise was included before the calculation, and the
SNR was equal to 9.5 dB. The SNR is defined as the ratio
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Fig. 8. Axial velocity (a) and correlation coefficient (b) as a function
of depth. The error bars denote +1 standard deviation. The solid line
in panel b represents correlation coefficient with one PRI interval,
and the dotted line is with two PRI interval.

of the average signal power to the average noise power.
Fig. 10 shows that without noise, the decrease in corre-
lation coefficient from unity roughly doubles as the time
interval between the two signals doubles in this region. In
other words, the correlation coefficient is approximately
linear as a function of the lateral movement in this case.
With the addition of noise, Fig. 11 demonstrates an over-
all decrease in the correlation coefficient. Such effects were
also described in [5].

The SNR in Fig. 11 is constant over the entire depth.
In practice, the SNR may change with depth depending
on attenuation and the system’s time gain compensation.
The SNR of the previous experimental data was plotted
in Fig. 12 as a function of depth. Range of the vessel was
approximately from 70 to 80 mm. Because of acoustic at-
tenuation of the blood-mimicking fluid and the constant
receiver gain, it is shown that the SNR decreases with
depth. This is consistent with the fact that the correlation
coefficient shown in Fig. 8(b) also decreased with depth.
Note that, to calculate the SNR of the experimental data,
the signal power was obtained by calculating the average
signal intensity over 100 repetitive measurements. On the
other hand, the noise power was measured at the vessel
walls. Because the vessel was stationary, average intensity
of the signals from vessel over 100 measurements was used
as a reference. Then, the difference between each individ-
ual measurement and the reference signal was viewed as
noise in calculating the SNR.

V. CONCLUDING REMARKS

In this paper, flow velocity estimation using speckle
decorrelation was discussed. It was shown that flow ve-
locity can be estimated using the correlation method only
if effects of flow gradients and SNR on the correlation can
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Fig. 10. Correlation coeflicient as a function of depth with no added
noise. Solid is for two signals separated by one PRI, and dotted is
for two signals separated by two PRIs.

be compensated. However, it was also shown that signifi-
cant errors are present when estimating flow gradients and
correlation coefficients. Although signal averaging can be
used to reduce such errors, averaging is not applicable to
pulsatile flows, and it limits clinical utility of the correla-
tion method.
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Fig. 11. Correlation coefficient as a function of depth with an SNR
of 9.5 dB. Solid is for two signals separated by one PRI, and dotted
is for two signals separated by two PRIs.

In the presence of flow gradients, speckle decorrelation
depends on the correlation size as demonstrated in Fig. 6
and Fig. 9. Ideally, it is desirable to be able to estimate
and compensate for effects of flow gradients on decorre-
lation. In practice, however, such a scheme is difficult to
develop because of the following problems. First, the stan-
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dard deviation of the correlation coefficient estimation is
significant. Given a single measurement, the estimated cor-
relation coefficient may be very different from its mean
value. The error in correlation coefficient may lead to a
significantly larger error in the estimated velocity. Thus,
unless signal averaging can be applied, such a method is
not feasible. However, application of signal averaging is
limited in practice because of the time varying nature of
physiological flows.

Speckle decorrelation is also affected by the SNR. Be-
cause the SNR is depth dependent, effects of the SNR on
speckle decorrelation also change with depth. Note that
the SNR plays a more critical role in extracorporeal appli-
cations where the SNR is typically low. In this case, the
application of speckle decorrelation on flow estimation is
more difficult. For other clinical applications with a high
SNR (e.g., IVUS), success of the decorrelation method has
been reported [3], [4].

As shown in Fig. 9, the correlation coefficient may in-
crease as the kernel size increases because of the improve-
ment in SNR. Such an increase was absent from Fig. 6,
where no noise was added. Thus, given a flow gradient
and an SNR, an optimal correlation kernel size can be
found to minimize estimation errors. Such an optimal size
is a trade-off between the two factors, as a shorter kernel
is desired to minimize flow gradient effects and a longer
kernel is desired to improve SNR. With an optimal corre-
lation kernel size, accuracy of the correlation method can
be improved but may still be inadequate for quantitative
flow measurements.
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