
Quantification of Ultrasound Correlation-
Based Flow Velocity Mapping and Edge
Velocity Gradient Measurement

he blood flow velocity profile is important for diagnosis of
cardiovascular diseases, which are associated with abnor-
mal blood flow in arteries due to hemodynamic changes in

patients.1 The blood flow velocity gradient at the wall edge has been
used to estimate the vascular wall shear stress, which has a key role
in vascular physiology as well as the pathophysiologic mechanisms
of vascular diseases.2 Based on Poiseuille theory, the blood flow
velocity profile is parabolic, and high-velocity gradients occur at the
vascular wall in steady-state and fully developed laminar flow in nor-
mal conduit vessels.3 In areas with vascular tortuosity, branching,
and the presence of vascular plaque, the blood flow velocity profile
is asymmetric.1 Ultrasound imaging has been the preferred nonin-
vasive technique for measuring blood flow velocity profiles.

Multigate Doppler ultrasound measurement has been applied
to estimate the blood flow velocity in vessels.4 Using multigate
Doppler measurements, the blood flow velocity profile and blood
flow velocity gradient at the wall edge were determined from longi-
tudinal (along the blood flow directions) views of blood vessels.5–8
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TECHNICAL INNOVATION

This study investigated the use of ultrasound speckle decorrelation- and correlation-
based lateral speckle-tracking methods for transverse and longitudinal blood velocity
profile measurement, respectively. By studying the blood velocity gradient at the vessel
wall, vascular wall shear stress, which is important in vascular physiology as well as the
pathophysiologic mechanisms of vascular diseases, can be obtained. Decorrelation-
based blood velocity profile measurement transverse to the flow direction is a novel
approach, which provides advantages for vascular wall shear stress measurement over
longitudinal blood velocity measurement methods. Blood flow velocity profiles are
obtained from measurements of frame-to-frame decorrelation. In this research, both
decorrelation and lateral speckle-tracking flow estimation methods were compared with
Poiseuille theory over physiologic flows ranging from 50 to 1000 mm/s. The decorre-
lation flow velocity measurement method demonstrated more accurate prediction of the
flow velocity gradient at the wall edge than the correlation-based lateral speckle-track-
ing method. The novelty of this study is that speckle decorrelation-based flow velocity
measurements determine the blood velocity across a vessel. In addition, speckle decor-
relation-based flow velocity measurements have higher axial spatial resolution than
Doppler ultrasound measurements to enable more accurate measurement of blood
velocity near a vessel wall and determine the physiologically important wall shear. 
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However, multigate Doppler ultrasound estimates of
blood flow are based on 1-dimensional velocity measure-
ments, which depend on the assumptions that the lumen
is circular and that the flow is symmetric in the out-of-plane
directions, both of which are violated in the presence of
vascular tortuosity and branching.4

To measure the 2-dimensional (2D) flow velocity, the
tracking of ultrasound radiofrequency (RF) signals also has
been used to study the blood flow velocity profile. Using
correlation-based lateral (across the transducer array)
speckle tracking, blood flow velocity profiles have been
measured from longitudinal views of blood vessels.9–13

Blood flow velocity profiles have been quantified using
correlation-based lateral speckle tracking, but RF signal
acquisitions on longitudinal views of blood vessels in B-
mode images were limited by vascular tortuosity and
branching.1 To overcome these limitations, transverse
(perpendicular to the blood flow directions) views of
blood vessels were used to measure blood velocity profiles.
For transverse views of blood vessels, the decorrelation of
ultrasound RF signals either along 1-dimensional A-lines
or 2D B-mode images has been applied to the study of
blood velocity profiles. Using the decorrelation of ultra-
sound RF signals, the vessel wall interface could be
detected14 and blood flow velocity profile quantitatively
identified.15 Therefore, the blood flow velocity profile
measurement using the decorrelation of ultrasound RF
signals from A-lines has been demonstrated.

Radiofrequency signals in B-mode images were used
to determine the blood flow profiles in transverse views of
a vessel. Bamber et al16 demonstrated that decorrelation
could be used to identify blood flow by using the time rate
of change of correlation in B-mode images. Li et al17 theo-
retically demonstrated a linear decrease of correlation
according to elevational (out-of-plane directions) scatterer
movement. Speckle decorrelation has been used to meas-
ure the motion of the transducer to produce 3-dimensional
ultrasound images.17–20 This speckle decorrelation meas-
urement has been applied by Rubin et al21 to qualitatively
identify the blood flow profiles in both in vitro flow phan-
tom and in vivo animal studies. Rubin et al22 also used
Doppler flow measurements to improve the accuracy of
volumetric flow from the decorrelation-based flow profiles
and theoretically model an exponential decrease in corre-
lation according to scatterer movement. Bamber et al,16

Li et al,17 and Rubin et al21,22 demonstrated that speckle
de correlation could generate flow velocity profiles, but
the de correlation was not experimentally measured as a
function of the position along the beam, and the flow veloc-
ity profile was not quantified.

The first goal of this research was to quantitatively esti-
mate flow profiles using speckle decorrelation. The nov-
elty of this study is that speckle decorrelation-based flow
velocity measurements determine blood velocity profile
across a vessel and enable entire blood velocity measure-
ments along the vessel. In addition, speckle decorrelation-
based flow velocity measurements can measure blood
velocities near the vessel wall with high spatial resolution,
allowing determination of physiologically important wall
shear. In contrast, Doppler ultrasound measurements lack
the spatial resolution to determine blood velocity near a
vessel wall.

Speckle decorrelation can be used to measure velocity
profiles because as blood particles travel through an ultra-
sound imaging plane, the received echo signals decorrelate
at a rate that is related to the flow velocity.23–26 To achieve
this goal, a calibration experiment was performed. The
transducer scan plane was moved elevationally with a series
of constant velocities across a tissue-mimicking phantom.
The relationship between the transducer elevational veloc-
ity and the frame-to-frame decorrelation as a function of
position along beam was obtained. This calibration could
then be used to calculate velocity from a 2D transverse
image with a specifically observed decorrelation.

In this study, the wall edge detection estimation was
proposed to obtain the velocity gradients at the wall edges.
The wall edge was estimated using both B-mode images
and second-order gradients of flow velocity profiles at the
wall edge. The entire vascular wall edges can be deter-
mined using this edge detection estimation. The accuracy
of the ultrasound-measured flow velocity profile and the
velocity gradient was evaluated by comparison with a par-
abolic velocity profile based on Poiseuille theory.

The second goal of this research was to compare the
transverse decorrelation-based and lateral speckle- tracking
flow velocity profiles. For lateral speckle-tracking flow
velocity measurement, ultrasound RF signals were acquired
from longitudinal views of a lumen in a flow phantom
through which blood-mimicking fluid was flowing. The
wall edge was also determined using both B-mode images
and second-order gradients of the flow velocity profiles.
Velocity gradients were measured at the wall edge from the
flow velocity profiles. The flow velocity profiles and the
velocity gradients were compared with the decorrelation
flow velocity profiles and velocity gradients. 

Materials and Methods

To obtain the data required to achieve the 3 goals, 2 exper-
iments were performed: (1) speckle decorrelation meas-
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urement using a tissue-mimicking phantom with a motion
control system; and (2) in vitro flow measurement using
blood-mimicking fluid with a flow phantom. Two meth-
ods, decorrelation-based transverse velocity estimation and
lateral speckle-tracking velocity estimation, were used to
measure the flow velocity profile and the velocity gradient
at the wall edge. For the decorrelation-based velocity esti-
mation, the experimental setup shown in Figure 1A was
used to obtain calibration data, and the setup shown in Fig-
ure 2 was used to obtain the flow data.

The first experimental setup for speckle decorrelation
measurement, as shown in Figure 1A, consists of a tissue-
mimicking phantom, a stepper motor-driven motion
control system, and an ultrasound transducer. The tissue-

mimicking phantom contains scatterers producing fully
developed speckle. The motion control system (Epsilon
Imaging, Inc, Ann Arbor, MI) moves the transducer over
the surface of a tissue-mimicking phantom, resulting in the
formation of a series of position-dependent speckle pat-
terns as each frame is generated.

The ultrasound scanner (DCI 6000; Epsilon Imaging,
Inc) with a 9-MHz linear array acquires a series of 19.5 ×
24.9-mm (215 × 278-pixel) beam-formed RF frames, con-
sisting of speckle spots of 0.45 × 0.27 mm (5 × 3 pixels),
with incremental spacing in the elevational direction over
a tissue-mimicking phantom. A 7 × 8 grid is chosen in the
RF frame, with each grid element defining a region of inter-
est. Each region of interest is 2.7 × 2.7 mm (30 × 30 pixels),
which is adequate for noise reduction to produce consis-
tent correlation values, and the region of interest has suf-
ficient speckle spots to perform the speckle decorrelation.
EchoInsight software (Epsilon Imaging, Inc) executes
2D speckle tracking using a 0.45 × 0.27-mm (5 × 3-pixel)
kernel, a 0.81 × 0.45-mm (9 × 5-pixel) filter, and a finite
impulse response high-pass filter for compounding the RF
signals. The finite impulse response high-pass temporal
filtering suppresses reverberation noise, enhances the RF
signal decorrelation between frames, hence improves the
accuracy of wall edge detection.

Figure 1B shows the beam correlation width, eleva-
tional transducer velocity, and speckle decorrelation in the
phantom speckle decorrelation measurement. The beam
correlation width is defined as the transducer movement
that reduces the correlation value to half of the full corre-
lation range (ie, maximum-minimum correlation), as illus-
trated in Figure 3A.27 The beam correlation width is related
to the maximum flow velocity that can be measured. When
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Figure 1. A, Linear rail system and tissue-mimicking phantom. B, Defini-

tion of directions, beam correlation width, elevational transducer velocity,

and speckle decorrelation in the phantom.

A

B

Figure 2. Graduated cylinder, peristaltic pump, and flow phantom.
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the transducer movement during the time between two
consecutive firings of the transducer exceeds the beam cor-
relation width, complete loss of speckle tracking occurs,22

which limits the maximum flow velocity that can be meas-
ured using the decorrelation-based method and will be evi-
dent later in the “Results” and “Discussion” sections. In
addition, the beam correlation width versus depth repre-
sents the ultrasound beam profile, which can qualitatively
validate the proposed method.

For the first experimental setup (Figure 1A), 47 RF
frames were acquired over the motion steps of the trans-
ducer. The step distance was 0.044 mm with a 0.1-second
time between steps. Two-dimensional speckle motion
tracking21,22 was performed for the RF frames using the
EchoInsight software by increasing the lag from 1 to 46.
Lag can be defined as the number of frames skipped
between the frames to which tracking is applied. The mean
and standard error of the scatterer movement versus cor-
relation were obtained for each depth layer of the 7 × 8 grid
from the RF frames.

The second experimental setup for in vitro flow meas-
urement consists of a peristaltic pump, a graduated
cylinder, a flow phantom, and an ultrasound transducer,
as shown in Figure 2. The peristaltic pump (Barnant, 
Barrington, IL) circulates a blood-mimicking fluid mixture.
The fluid consists of water and glycerin in a ratio of 5:1 with
plastic particles of 30 ± 3 μm diameter at a concentration
of 1.7 × 104 particles/mL (ATS Laboratories, Bridgeport,
CT) to increase the backscatter signal. Mean volume flow
rates of 50, 100, 150, and 200 mL/min, within the range
of human blood flow rates between 1 and 1000 mL/min,28

were studied. The mean volume flow rate was measured
using a graduated cylinder flow meter. The flow phantom
(model 525; ATS Laboratories), made of tissue-mimick-
ing urethane rubber, has a 5.5-mm diameter lumen as the
flow path.

In the second experimental setup (Figure 2), 700 RF
frames were acquired at an acoustic frame rate of 348 Hz
from the transverse view of the flow phantom lumen. 

Park et al—Ultrasound Correlation-Based Flow Velocity Measurement
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Figure 3. A, Anticipated scatterer movement versus correlation curve

and beam correlation width of the curve. B, Means and standard errors

of scatterer movement-versus-correlation curves from 8 regions of inter-

est in 2 layers, each measuring 2.7 mm in height.

A

B
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The correlation map was computed as a function of
time21,22 using the EchoInsight software. The correlation
map of the flow phantom was used to determine the
decorrelation rate corresponding to the fluid motion.
The decorrelation of the fluid mixture and the mean scat-
terer movement-versus-correlation curves determined
from the first experiment were used to measure the scatterer
displacement. The scatterer displacement in two consecu-
tive frames was multiplied by the frame rate to determine
the flow velocity. Using an averaged correlation map from
the complete 700-frame set, the flow velocity profile was
obtained for the cross section of the lumen. This flow veloc-
ity profile was used to determine the velocity gradient at
the wall edge using linear regression of the velocity curve.

For lateral speckle-tracking velocity estimation,13 the
second experimental setup (Figure 2) was used to measure
the flow velocity from the longitudinal view of the flow
phantom. Radiofrequency images with 917 frames were
acquired with a 426-Hz frame rate to obtain the lateral veloc-
ity map of the fluid mixture flowing at a specific velocity.
Using an averaged lateral velocity map from the entire range
of 917 frames, the flow velocity profile was obtained for
the longitudinal cross section of the lumen. Similarly, the
velocity gradient at the wall edge was determined from this
flow velocity profile using a linear regression estimate
assuming that the flow velocity is zero at the wall.

The wall edges were determined using the B-mode
image and the second-order spatial derivative of the flow
velocity profile. In the B-mode image, pixels in the vicinity
of wall edges were identified from the brightness change
of grayscale pixels due to the acoustic impedance of the
scatterer density change between the tissue-mimicking
phantom and the fluid mixture.29 Among these pixels, the
wall edges were determined by the highest value of the sec-
ond- order gradient of the velocity profile. 

Results

Decorrelation-Based Flow Velocity Profile Measurement
and Edge Detection
Figure 3B shows the mean and standard error of the scat-
terer movement-versus-correlation curves in the top 2 layers
(depth, 0–5.4 mm). The correlation coefficient and the scat-
terer movement represent a normalized covariance and the
elevational displacement of scatterers through the beam,
respectively. The depth is defined from the top surface of the
phantom with the transducer in the position for the trans-
verse view. The correlation coefficients and scatterer move-
ments in all 7 layers are summarized in Table 1. The sharp
and linear decrease in the correlation coefficient from 1.0 to

0.3 was observed after about 0.5 mm of speckle movement
in the 7 layers. The linear decrease in the correlation coeffi-
cient versus scatterer movement was proposed by Li et al17

and observed in all layers. The beam correlation width was
approximately 0.30 mm in the top 4 layers (depth, 0–10.9
mm) and steadily increased to 0.36 mm in deeper layers
(depth, 10.9–19.0 mm). The divergence of the beam corre-
lation width due to phased array focusing was observed.

The beam correlation width measurement was
repeated 4 times. Figure 4 shows the beam correlation
width measurements versus depth in the 7 layers. Layers
2, 3, and 4 had consistent beam correlation width meas-
urements with low standard errors (0.003–0.005 mm).
The ultrasound beam then gradually diverged from layers
5 to 7. This divergence of beam correlation width versus
depth was proposed by Shung30 and qualitatively validated
the measurement and analysis. The beam width was theo-
retically calculated from Equation 1 and compared with
the average beam correlation width. The beam width is
defined as full width at half maximum (FWHM) corre-
sponding to the –6-dB points31:

(1) FWHM = 1.03λF/D,

where λ is the wave length, F is the focused depth, and D is
the transducer diameter. The beam width was about 0.3
mm at a 13-mm depth, 8-mm elevational aperture size, and
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Table 1. Correlation Coefficients and Scatterer Movements in 7 Layers,

Each Measuring 2.7 mm in Height

Beam Speckle Scatterer Correlation

Depth Width, mm Movement, mm Coefficient

Layer 1 0.279 0.0 1.00

0.5 0.34

2.1 0.29

Layer 2 0.301 0.0 1.00

0.5 0.31

2.1 0.22

Layer 3 0.311 0.0 1.00

0.5 0.31

2.1 0.18

Layer 4 0.307 0.0 1.00

0.5 0.29

2.1 0.19

Layer 5 0.331 0.0 1.00

0.5 0.27

2.1 0.20

Layer 6 0.344 0.0 1.00

0.5 0.29

2.1 0.19

Layer 7 0.345 0.0 1.00

0.5 0.37

2.1 0.19
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9-MHz center frequency. This beam width was similar to
the average beam correlation width (≈0.3 mm) in layer 5.

Scatterer movement-versus-correlation curves were
applied to quantify the flow velocity using 2D speckle
tracking of the flow phantom with the fluid mixture flow-
ing at a mean volume flow rate of 100 mL/min using the
second experimental setup (Figure 2). Figure 5A shows
the B-mode image of the transverse view of the lumen
with the fluid mixture in the flow phantom. A total of 700
consecutive RF frames were acquired in 2.0 seconds.
Two-dimensional motion estimation was performed for
the 700 frames by correlating adjacent frames (with a lag
of 1) to generate 699 correlation maps. In each pixel, the
correlation coefficient in these 699 correlation maps was
averaged to obtain the averaged correlation map as shown
in Figure 5B.

A line, denoted a-a, was selected across the center of
the lumen in the averaged correlation map (Figure 5B).
The correlation coefficient of the pixels along the a-a line
was obtained 5 times under the same (100-mL/min) vol-
ume flow rate to observe the variation of the correlation
profiles between measurements. The means and standard
errors of the correlation coefficients along the a-a line are
shown in Figure 6 for the mean flow rates of 100 as well as
50, 150, and 200 mL/min; each also had 5 measurements
using the RF frames of the transverse view of the lumen in
the flow phantom. The correlation coefficient of pixels 
in the a-a line was approximately 1.0 up to about 6.6 mm,
the depth of the top edge of the lumen. Inside the lumen, the
correlation coefficient gradually dropped to a minimum
value in the middle of the lumen where the flow velocity

was the highest and then increased back to 1.0 at the
bottom edge of the lumen. The change in the correlation
coefficient across the lumen demonstrated the feasibility
of using the correlation coefficient to estimate the flow
velocity profile, as proposed by Rubin et al.21 The mini-
mum mean correlation coefficients for mean volume flow
rates of 50, 100, 150, and 200 mL/min were 0.92, 0.72,
0.65, and 0.56, respectively. A high flow rate generated a
lower minimum mean correlation coefficient, which was
also observed by Rubin et al.21

To quantify the flow velocity using the correlation
coefficient, the depth along the a-a line was divided into 7
layers, each measuring 2.7 mm in height, similar to the
speckle decorrelation measurement. These 7 layers are
shown in Figure 6. In each layer, the value of the correlation

Park et al—Ultrasound Correlation-Based Flow Velocity Measurement
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Figure 4. Beam correlation width versus depth in 7 layers, each meas-

uring 2.7 mm in height. Circles indicate measurement 1; triangles,

measurement 2; squares, measurement 3; and diamonds, measure-

ment 4.

Figure 5. B-mode image (A) and correlation map (B) of the transverse

view of the lumen with the fluid mixture flowing at the mean volume flow

rate of 100 mL/min in the flow phantom. 

A

B
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coefficient along the a-a line was used to find the amount
of scatterer movement in two consecutive frames based on
the mean scatterer movement-versus-correlation curves in
Figure 3B. The scatterer movement in the fluid mixture
was determined from layers 3, 4, and 5: the location of the
lumen in the flow phantom. The scatterer movement in
two consecutive frames was multiplied by the acoustic
frame rate (348 Hz) to estimate the flow velocity.

The open squares in Figure 7 show the velocity profile
estimated using the decorrelation-based flow velocity
measurement method at mean volume flow rates of 50,
100, 150, and 200 mL/min. The theoretical (parabolic)
velocity profiles, which are represented by solid lines, are
also presented for comparison. Near the top and bottom
edges, the sharp increase in the flow velocity was the same
for both the decorrelation-based flow velocity profile

and the theoretical velocity profile. This result demon-
strated the feasibility of the decorrelation-based flow veloc-
ity measurement method for estimating the flow velocity
gradient at the edge (not the whole velocity profile) of the
lumen. In the middle of the lumen, the decorrelation-based
flow velocity measurement underestimated the flow veloc-
ity because the scatterer movement during the time (0.003
seconds) between two consecutive firings of the transducer
was greater than the beam correlation width. This phe-
nomenon has been observed by Rubin et al.22

The top and bottom wall edges were determined
using the edge detection method based on the second-
order gradient of the velocity profile. Figure 8A shows the
B-mode image of the transverse view of the lumen with the
fluid mixture flowing at the mean volume flow rate of 100
mL/min. The a-a line across the top and bottom edges and

J Ultrasound Med 2013; 32:1815–1830 1821
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Figure 6. Means and standard errors of the depth-versus-correlation coefficient curves from line a-a for mean volume flow rates of 50, 100, 150, and

200 mL/min. 
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center of the lumen is marked. Close-up views of pixels in
the lumen and near the top and bottom edges as well as the
a-a line are shown in Figure 8B. Four pixels near the top
edge, denoted T1, T2, T3, and T4, were identified based
on the transition of the gray scale at depths of 6.45, 6.63,
6.82, and 7.00 mm, respectively. The second-order gradient
at T1, T2, T3, and T4 and adjacent pixels along the a-a line
was determined and is shown in Figure 9A for the mean vol-
ume flow rate of 100 mL/min. Pixel T3 had the highest
second-order gradient (243 mm/s) among the 4 pixels and
was determined as the top edge. It is noted that pixels
around T1 and T4 could have higher second-order gradient
values but not be considered as the wall edge because they
are not in the group of pixels originally selected.

Similarly, 4 pixels, denoted B1, B2, B3, and B4 in Fig-
ure 8B, were selected near the bottom edge at depths from
12.16 to 12.71 mm. The second-order gradient at B1, B2,
B3, and B4 and adjacent pixels along the a-a line was deter-
mined and is shown in Figure 9A for the mean volume flow
rate of 100 mL/min. Pixel B1 had the highest second-order
gradient (280 mm/s) among the 4 pixels and was deter-
mined as the bottom edge. This edge detection method
was repeated for mean volume flow rates of 50, 150, and
200 mL/min to obtain the top and bottom wall edges.

Park et al—Ultrasound Correlation-Based Flow Velocity Measurement
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Figure 7. Flow velocity profiles across a center of a cross section of the lumen in the flow phantom at mean volume flow rates of 50, 100, 150, and

200 mL/min. The correlation-based lateral speckle-tracking velocity profile was translated to depths from 6 to 13 mm for comparison. Open circles

indicate lateral speckle-tracking velocity profile; open squares, decorrelation transverse velocity profile; solid purple lines, upper limit of decorrela-

tion velocity; and solid red lines, theoretical (parabolic) velocity profile. 
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Lateral Speckle-Tracking Flow Velocity 
Profile Measurement and Edge Detection

The flow velocity profile was also measured using correlation-
 based lateral speckle tracking from the flow phantom. 
A fluid mixture was used that flowed at mean volume flow
rates of 50, 100, 150, and 200 mL/min in the second exper-
imental setup (Figure 2). Figure 10A shows the B-mode
image of the longitudinal view of the lumen with the mean
volume flow rate of 150 mL/min in the flow phantom. 
A total of 917 consecutive RF frames (in 2.15 seconds)
were acquired. Two-dimensional speckle tracking was per-
formed by correlating adjacent frames (1-frame lag) to
generate 916 lateral velocity maps. In each pixel, the lateral
velocity values in these 916 lateral velocity maps were aver-

aged to obtain the averaged lateral velocity map, as shown
in Figure 10B for the mean flow rate of 150 mL/min. Due
to the pulsatile flow from the peristaltic pump (Figure 2),
the flow velocity was not consistent along the lumen, as
shown in Figure 10B. The 274 transducer beams were
selected across the lumen from the entire B-mode image to
measure all the flow velocity profiles in the flow phantom.
The means and standard deviations of flow velocities were
calculated from the 274 flow velocity profiles. The stan-
dard deviations of flow velocity profiles were between 0.5
and 2 mm/s and confirmed that the average flow velocity
profile represented well the entire flow velocity profiles in
the flow phantom. Ten lines spanned by 30 pixels, as
shown in Figure 10B, were selected across the lumen. The
total flow rate of the flow velocity profile measured using

J Ultrasound Med 2013; 32:1815–1830 1823
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Figure 8. A, B-mode image of the transverse view of the lumen with the fluid mixture flowing at the mean volume flow rate of 100 mL/min. B, Close-

up views of pixels in the lumen and near the top and bottom edges as well as the a-a line. 
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lateral speckle tracking in each line was calculated. The line
with the flow rate closest to 150 mL/min, denoted as b-b
in Figure 10B, was selected to represent the flow velocity
profile at the mean volume flow rate of 150 mL/min. We
desired to determine the velocity gradient from any
individual lines, and the flow velocity profile from the b-b
line was selected for the velocity gradient analysis. This
procedure was repeated for mean flow rates of 50, 100, and
200 mL/min to find the cross-sectional line that had the
integrated volume flow rate best matched to the target flow
rate.

The flow velocity profiles estimated using the lateral
speckle-tracking flow velocity measurement method at
mean volume flow rates of 50, 100, 150, and 200 mL/min
are shown by open circles in Figure 7. The lateral speckle-
tracking flow velocity measurement method spread beyond

both edges due to the correlation window used that had a
0.54 × 0.81-mm size, which caused the spatial smoothing
effect of the flow velocity profile at the edge of the vessel.32

The top and bottom wall edges were also determined
using the edge detection method based on the second-
order gradient of the velocity profile. Figure 11A shows the
B-mode image of the longitudinal view of a lumen with the
fluid mixture flowing at the mean volume flow rate of 150
mL/min. For the lateral speckle tracking (longitudinal
view), the depth of the lumen in the flow phantom was 6.9
mm deeper than that in the decorrelation-based flow veloc-
ity measurement (transverse view shown in Figure 5)
because the surface of the flow phantom has a rectangular
10 × 5-cm indentation, 6.9 mm deep, which was used as a
platform for transverse view but not longitudinal view
measurements. The depth at which the lateral speckle

Park et al—Ultrasound Correlation-Based Flow Velocity Measurement
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Figure 9. A, Flow velocity profiles and second-order gradient of the flow velocity profile across the a-a line from speckle decorrelation flow meas-

urements at the mean volume flow rate of 100 mL/min. B, Flow velocity profiles and second order-gradient of the flow velocity profile across the b-

b line from lateral speckle-tracking measurements at the mean volume flow rate of 150 mL/min. Downward arrows indicate bottom edges; and

upward arrows, top edges.

A B
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tracking was performed was offset by this value for mutual
comparison of the measurement results using these two
setups. The b-b line with the integrated volume flow rate
closest to 150 mL/min is marked. Close-up views of pixels
in the b-b line near the lumen are shown in Figure 11B.
Four pixels near the top edge, denoted T1, T2, T3, and T4,
were identified at depths of 6.45, 6.63, 6.82, and 7.00 mm,
respectively. The second-order gradient at T1, T2, T3, and
T4 and adjacent pixels along the b-b line was determined
and is shown in Figure 9B for the mean volume flow rate of
150 mL/min. Pixel T4 had the highest second-order gra-
dient (219 mm/s) among the 4 pixels and was determined
as the top edge.

Similarly, 4 pixels, denoted B1, B2, B3, and B4 in Fig-
ure 11B, were selected near the bottom edge at depths of
12.29, 12.47, 12.66, and 12.84 mm. The second-order gra-
dient at B1, B2, B3, and B4 and adjacent pixels along the b-
b line was determined and is shown in Figure 9B for the
mean volume flow rate of 150 mL/min. Pixel B2 had the
highest second-order gradient (109 mm/s) among the 4
pixels and was determined as the bottom edge. This edge
detection method was repeated for mean volume flow rates
of 50, 100, and 200 mL/min to obtain the top and bottom
wall edges. The diameter subtracted between the top and
bottom edges was 5.84 mm, and this value was close to the
5.5-mm-diameter lumen of the flow phantom. 

Velocity Gradient Estimation 
The velocity gradient at the wall edge was estimated using
the linear regression of the flow velocity at 3, 4, and 5 pix-
els adjacent to the wall edge. Figure 12 shows results of the
velocity gradient with 3, 4, and 5 pixels adjacent to the wall
edge (denoted 3-, 4-, and 5-pixel, respectively, to include
the pixel representing the wall edge) at mean volume flow
rates of 50, 100, 150, and 200 mL/min. The velocity gra-
dient of the theoretical parabolic velocity profile at the wall
edge was also listed. The velocity gradient rose from 32.7
to 131 seconds–1 with an increase in the mean volume flow
rate from 50 to 200 mL/min. The percentage of error rel-
ative to the theoretical value was calculated.

The decorrelation-based flow velocity measurement
had good estimation of the velocity gradient using the 3
pixels. The error values were 3%, 14%, 7%, and 21% for the
mean flow rates of 50, 100, 150, and 200 mL/min, respec-
tively. The lateral speckle tracking required more pixels for
more accurate estimation of the velocity gradient. The 5-
pixel had the best estimation with 32%, 38%, 14%, and 39%
error for the mean flow rates of 50, 100, 150, and 200
mL/min, respectively. This level of error was higher than
that in the decorrelation-based flow velocity measurement.
The trend of high error in velocity gradient estimation at a
high volume flow rate was the same as in the decorrelation-
based flow velocity measurement, which can be observed
in Figure 12. At 200 mL/min, both decorrelation-based
and lateral spectral-tracking flow velocity measurement
methods were less accurate for prediction of the rapid rise
in the flow velocity at the wall edge. 

Discussion

The decorrelation flow velocity measurement method
was shown to be more accurate than the lateral speckle-
tracking method for prediction of the velocity gradient at
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Figure 10. B-mode image (A) and lateral velocity map (B) of the

longitudinal view of the lumen with the fluid mixture flowing at the mean

volume flow rate of 150 mL/min in the flow phantom. 

A

B
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the wall edge. Although the decorrelation-based method has
a limitation on measuring the high flow velocity, as evident
in Figure 7, it is more suitable for predicting the wall edge
velocity because the decorrelation method uses a smaller
spatial window and also performs the decorrelation over
frames, whereas the other techniques just do correlations
over space. The maximum velocity gradient error was 21%
at the mean volume flow rate of 200 mL/min, as shown in
Figure 12. Figure 13 shows the theoretical velocity versus
decorrelation-based flow velocity. The underestimation of
flow velocity increased at the high volume flow rate. In this
study, the limit for accurate decorrelation measurement of
flow velocity was about 100 mm/s, which was determined
by the beam correlation width (≈0.3 mm) and the acoustic
frame rate (348 Hz). This upper limit of the flow velocity
was higher than the measured maximum flow velocity (≈80
mm/s) because the effective beam width in tissue is larger

than the beam width in blood-mimicking fluid. The tissue
speckles provide a stronger reflection compared to speckles
in fluid, which means that the reflected RF signal would
appear to attenuate faster across the beam in fluid than in tis-
sue. This difference in the effective beam width may cause
the upper limit of the flow velocity change since we cali-
brated the motion versus decorrelation on a tissue phantom
and then used it to measure the scatterer motion in fluid.

The lateral speckle-tracking flow velocity measure-
ment method could measure the whole velocity profile
(Figure 7). This function is shown in Figure 14 on the the-
oretical velocity versus lateral speckle-tracking flow veloc-
ity. Due to the correlation window spatial smoothing, the
accuracy for predicting the edge velocity gradient was
limited. The most accurate prediction of the velocity
gradient was only 14% at the mean volume flow rate of 150
mL/min, as shown in Figure 12.

Park et al—Ultrasound Correlation-Based Flow Velocity Measurement
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Figure 11. A, B-mode image of the longitudinal view of the lumen with the fluid mixture flowing at the mean volume flow rate of 150 mL/min. B, Close-

up views of pixels in the lumen and near the top and bottom edges as well as the b-b line.
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The advantage of speckle decorrelation-based flow
velocity measurement is that blood velocity profiles can be
determined across a vessel; thus, entire blood velocity pro-
files can be obtained along the vessel. In addition, the
speckle decorrelation-based flow velocity measurement
has higher spatial resolution than Doppler ultrasound
measurements and can measure blood velocities near a
vessel wall, accurately measuring the wall shear.

We observed that the top layer had a small beam cor-
relation width in the near field. This small beam correla-
tion width is due to the inhomogeneous beam profile in
the extreme near field, and this phenomenon was proposed
by Li et al.17 When scatterers move across the near field,
rapid modulation of signal amplitudes may occur due to
phase fluctuation in the near field, and speckle decorrela-
tion occurs at a faster rate than in other regions. This fast
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Figure 12. Flow velocity gradient at the wall edge at mean volume flow rates of 50, 100, 150, and 200 mL/min. 

Velocity Gradient, s–1 (% Error)

Mean volume flow rate, mL/min 50 100 150 200

Theoretical (parabolic) velocity profile (red lines) 32.7 65.3 98.0 131

Decorrelation-based velocity profile (green lines with squares) 3-pixel 33.7 (3) 56.2 (14) 91.4 (7) 104.0 (21)

4-pixel 27.2 (17) 63.4 (3) 108.0 (10) 98.9 (25)

5-pixel 29.7 (9) 75.6 (16) 93.5 (4.6) 89.7 (32)

Lateral speckle-tracking velocity profile (blue lines with circles) 3-pixel 19.0 (42) 30.9 (53) 77.5 (21) 64.0 (51)

4-pixel 21.0 (36) 36.8 (44) 81.4 (17) 73.4 (44)

5-pixel 22.3 (32) 40.7 (38) 84.1 (14) 79.7 (39)
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decorrelation results in a reduction in the mean beam cor-
relation width in the near field, as shown in Figure 4. In
addition, the outliers were observed especially in the near
(layer 1) and far (layer 7) fields. The near outlier (layer 1)
was caused by the inhomogeneous beam profile, and the
deeper outlier (layer 7) was due to low signal levels caused
by attenuation in the tissue-mimicking phantom. We per-
formed only 4 measurements, and additional measure-
ments would be ideal to obtain a more robust model of the
transducer beam.

An additional observation is that a different number
of pixels was necessary to determine accurate velocity gra-
dients from the transverse and longitudinal flow velocity
profiles. This trend is not general because the number of
pixels for velocity gradient estimation depends on the size
of the correlation window, which causes a smoothing effect
on the edges, for lateral speckle tracking.

In this study, 4 pixels were selected in a transition
region between the phantom and fluid in a B-mode image
to determine the edges using the second-order gradient
method. We used a 9-MHz transducer, which has a pixel
resolution of about 0.1 mm, and identified 4 pixels in the
transition region that were brighter. Therefore, 4 pixels
were selected between the phantom and fluid in a B-mode
image to determine the edges using the second-order gra-
dient method. Thus, to use this approach, the B-mode spa-
tial resolution needs to be high enough to detect multiple
pixels in the transition region. In addition, the contribu-
tion of errors affecting edge detection due to variations in
speed of sound estimates needs to be considered for trans-
lation of this edge detection method to in vivo studies
because the differences in sound speed will distort the posi-
tion of the edges and the shape of the speckles and also
affect the beam focusing.

One substantial limitation of the speckle decorrelation-
based flow velocity measurement is that time averaging of
the correlation coefficient is necessary to reduce the noise
from large transient signals such as tissue and pulsatile
motion. In this study, the flow velocity profiles were
obtained by time averaging 700 frames of the correlation
coefficient using the speckle decorrelation method. Since
the pulsatile flow and wall motions occur in vessels, this
time averaging of the correlation coefficient needs to be
reduced to detect the flow velocity changes and vascular
wall motions. We achieved the measurement of blood
velocity gradients and vascular wall motions in a vessel dur-
ing cardiac cycles by using the decorrelation measurements
with short time averaging.33

A second limitation of the speckle decorrelation method
is that the accuracy of velocity gradient measurement is
dependent on the direction of the flow velocity measure-
ment. In our study, the velocity gradients were measured
from vertical (axial directions) lines in the lumen because the
vertical lines had higher spatial resolution and showed more
accurate edge detection than horizontal (lateral directions)
lines. However, the blood velocity profile is not symmetric
in a vessel1; thus, the velocity gradient needs to be obtained
along the entire vessel wall. This limitation needs to be con-
sidered for translation of this decorrelation-based flow veloc-
ity measurement method into clinical studies.

Park et al—Ultrasound Correlation-Based Flow Velocity Measurement
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Figure 13. Theoretical velocity versus decorrelation-based flow velocity. 

Figure 14. Theoretical velocity versus correlation-based lateral speckle-

tracking velocity. 

3210jum_online_Layout 1  9/19/13  8:45 AM  Page 1828



In addition to these limitations, we also encountered
a substantial estimated error for measurement of the veloc-
ity gradient at walls under a high volume flow rate. The
rapid rise in the flow velocity near the wall may contribute
to this high error in velocity gradient measurements.
This limitation can be overcome by using an ultrasound
machine with a very high frame rate. Currently, ultrasound
machines can produce very high frame rates by transmit-
ting an unfocused plane wave and then focusing the receive
waves.34 The rapid rise in decorrelation near the wall due
to the high flow rate can be measured by using a transducer
with a very high frame rate.

In summary, the decorrelation flow velocity measure-
ment method not only can predict the edge velocity gra-
dient more accurately than the lateral speckle-tracking
flow velocity measurement method but also has the
advantage of the transverse view of the vessel for in vivo
patient studies. A long section of a vessel with a uniform
size is difficult to identify in a patient because of the tortu-
osity and branching of vessels. Additional laboratory study
is planned using particle imaging velocimetric methods35 to
establish the validity of these methods in variable vascular
geometries, and ongoing clinical work is being performed to
validate the clinical utility of these methods in vivo.33

An application and future study of the decorrelation
flow velocity measurement method is the measurement of
vascular wall shear stress to assess the risk of vascular and
heart disease. This decorrelation-based velocity measure-
ment method may be very helpful for determining the flow
velocity gradient and the vascular wall shear stress in
healthy and high-risk patient populations to noninvasively
study and assist in the diagnosis of cardiovascular disease. 
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