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Abstract—The use of diverging ultrasound waves provides
enhanced temporal resolution for cardiac function assessment.
However, current image formation techniques using coherent
summation, are susceptible to motion artifacts. In this study,
we used correlation based 2D motion estimation to perform
motion compensation for coherent diverging wave imaging. The
accuracy of this motion estimation method was evaluated with
Field II simulations, giving root-mean-square velocity errors of
59% + 0.2% and 19.5% =+ 0.4% in the axial and lateral
directions relative to the maximum velocity of 62.8 cm/s. The
results of motion estimation were further processed to render
the vector flow map and interpret the motion pattern of the
disk. Improvement of the B-mode image quality of a 10 cm in
vitro tissue mimicking rotating disk was also demonstrated by
removing dark imaging artifacts in the compound image.

I. INTRODUCTION

Ultrasound imaging constitutes an important aid for diag-
nosis of cardiac dysfunction. It is advantageous over other
imaging modalities, such as CT and MRI, being relatively
cheap and easily accessible [1]. The list of its applications is
expanding to encompass a wider range of diagnostic informa-
tion including 2-D or 3-D blood flow estimation [2], elasticity
of the myocardium [3], wall motion [4] and myocardial
perfusion with microbubbles [4].

Instead of using sequential focused beams to form the
image line by line, a B-mode image can be reconstructed by
transmitting a single diverging wave [5]. The image contrast
and resolution can be improved at the receiving side by
coherent summation of echoes from multiple transmissions [5].
Diverging wave imaging thus allows for a high frame rate
(HRF) up to 10 kHz which is two orders of magnitude
faster than the most clinical scanners. This HFR capability
underpins a number of novel techniques, such as transient
shear wave elastography [6], intracardiac flow velocimetry [7]
and coupling myocardium and vortex dynamics [8], for better
understanding of cardiac function. However, spatial coherent
compounding of diverging waves is susceptible to tissue
motion artifacts as highlighted in [9]. Doppler-based meth-
ods have been proposed to compensate for motion between
multiple diverging wave transmissions prior to compound-
ing, but the maximum velocity without aliasing is bound
to ¢cPRF/4fy [9], where ¢ indicates the speed of sound
and fj is the center frequency of the ultrasound pulse. This

threshold could be small compared to the blood flow in the
left ventricle (LV) when correction of microbubble motion
is needed in HFR contrast echocardiography using diverging
waves [10]. Image registration algorithms such as the one
adapted from MRI have been used to correct motion artifacts
in coherent diverging wave imaging in [10]. However, the high
computational complexity of these algorithms [11] could put
restrictions on their real-time implementation. As opposed to
registration, correlation-based speckle tracking could be used
for motion estimation and compensation in coherent diverging
wave imaging but with a lower computational complexity [11].

In this study, a correlation-based method for 2-D motion
estimation and compensation was proposed for coherent di-
verging wave imaging. This enabled a HFR duplex cardiac
imaging tool for simultaneous B-mode imaging and 2D vector
flow mapping.

II. MATERIALS AND METHODS

A. Correlation-based Motion Estimation and Compensation

The motion estimation algorithm used the correlation be-
tween diverging wave transmissions prior to compounding. A
two-stage speckle tracking method was developed to find the
correlation and subpixel displacement between beamformed
RF images in the polar grid. The first stage used rigid
block matching with correlation correction [12] and this was
achieved by multiplying all correlation maps from the pulse
sequence for compounding. The second stage used an iterative
scheme [13], [14] to improve resolution and accuracy of the
motion estimation by recursively decreasing the kernel size
and deforming the kernel based on results in the previous
iteration. The number of iterations was set to two in this study,
with different kernel sizes in each stage as shown in Table II.
The resultant motion estimation in each pixel was obtained
by linearly interpolating the motion estimation results from
the last iteration. Based on these estimated displacements,
motion compensation was then performed by aligning image
pixels of all low resolution images (LRIs) prior to coherently
summing them together. All LRIs with motion were registered
to the first LRI within the sequence that is used for coherent
compounding.



TABLE I
PROPERTIES FOR TRANSMISSION

Parameter Value
Number of elements 64
Pitch size 0.3 mm
Element height 13 mm
Elevation focus 60 mm
Center frequency 2.78 MHz
Bandwidth (—6 dB) 60%
Speed of sound 1540 m/s
Sampling frequency for transmit 160 MHz
Sampling frequency for receive 20 MHz

Excitation signal
Tapering function on excitations
Apodization in transmit

4-cycle sinusoid (2.78 MHz)
Tukey (coefficient: 0.2)
Rectangular window
Apodization in receive
Angular width 8
Steering angles

Rectangular window
90°
(—10°, —8°, —6°, —4°,
4°, 6°, 8°, 10°)

PRF 2 kHz

B. Imaging Setup

The pulsing scheme for diverging wave imaging was
adapted from [9]. A virtual source was placed behind the
surface of the probe to emulate a diverging wave. The sector
angle which was determinant to the imaging field of view
was set to 90° and unchanged during beam steering for
compounding. A phased array transducer P4-2v (Verasonics,
Inc., WA, USA) was used for Field II simulations [15] and in
vitro experiments, respectively. It had a —6 dB bandwidth of
60% and a center frequency of 2.78 MHz. The arrangement of
steering angles was (—10°, —8°, —6°, —4°, 4°, 6°, 8°, 10°).
Pulse repetition frequency (PRF) was set to 2 kHz for both
simulations and experimental measurements.

C. Simulations with a Rotating Disk

A rotating disk with a 10 cm diameter was modelled using
Field II. It had a thickness of 10 mm in the elevation direction
and was positioned at the depth of 88 mm. In each resolution
cell there were 10 scatters, generating fully developed speckle
patterns [16]. The disk was rotated anticlockwise with an
angular speed of 4m rad/s. The maximum velocity of 0.628
m/s corresponding to the maximum blood flow velocity in the
LV [17] was achieved at the border of the disk.

The effect of motion compensation was evaluated on com-
pound B-mode images. The accuracy of the motion estimation
algorithm was investigated. The root-mean-square (RMS) ve-
locity errors were calculated from ten repeat simulations, with
a different noise value added to each repeat (SNR: 30 dB). The
RMS velocity errors were then normalized to the maximum
speed of the disk. Ultrasound transmission properties are
reported in Table I. Beamforming, motion estimation and
compensation were performed using parameters in Table II.

TABLE II
PARAMETERS FOR BEAMFORMING AND MOTION ESTIMATION

Parameter Value

Radial pixel size 38.5 pm
Angular pixel size 0.0625°
Window size (Ist stage) 152x84

(radial and angular lines)
76x42; 38x21
50%

Window size (2nd stage)
Window overlap

Fig. 1. Photograph of the rotating disk for in vitro experiments.

D. In vitro Experiments with a Rotating Disk

The University of Leeds Ultrasound Array Research Plat-
form II (UARP II) was used for experimental measurements.
It is capable of arbitrary waveform generation on each chan-
nel [18], [19].

A tissue mimicking disk as shown in Fig. 1 was cast [22]
with a speed of sound 1540 m/s and attenuation value of 0.55
dB/MHz/cm. It had the same diameter of 10 cm as used for
simulations and also had four equidistant 12.8-mm anechoic
cysts (filled with water) located at 32 mm relative to the
disk center. The disk was driven by a stepper motor with
the same angular speed of 4m rad/s. Peak negative pressures
were measured with a 0.2 mm needle hydrophone (Precision
Acoustics, Dorchester, UK) in water to determine the mechan-
ical index [23] of 0.12 (in situ). Parameters for beamforming,
motion estimation and compensation were identical to those
used for simulations as reported in Table II.

III. RESULTS
A. Simulations

Fig. 2 shows the compound images of the rotating disk
before and after the use of motion compensation when using
8 diverging waves. Imaging artifacts are noticeable as shown
in Fig. 2 (a), with two dark regions and smearing background
shown in the imaging field. With the application of motion
compensation, the disk becomes interpretable with uniform
speckle distribution and improved border delineation.

The accuracy of the motion estimation was investigated by
calculating the RMS velocity errors with ten repeat simula-
tions. The RMS velocity errors were 5.9% + 0.2% and 19.5%
+ 0.4% for the axial and lateral directions, respectively. In
addition to improving the quality of the compound image, the
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Fig. 2. Field II simulations: compound images of the rotating disk before and after motion compensation.

[mm/s]
700
2-D Vector Flow + B Mode

o

600

N
o

500

f-Y
o

(2]
o

400

[e:]
o

300

Depth [mm]

100
200

120
100

140

Lateral Distance [mm]

Fig. 3. Field II simulations: vector flow map superimposed onto the compound
B-mode image.

results of motion estimation for compensation were encoded
to depict the motion pattern of the disk as shown in Fig. 3.
The capability of simultaneous B-mode imaging and 2D
vector flow mapping could be benefit HFR contrast-enhanced
echocardiography using diverging waves [1].

B. In vitro Experiments

Fig. 4 shows the compound images of the in vitro disk in
the static state, in the rotating state without and with motion
compensation, respectively. Without the application of motion
compensation, the similar imaging artifacts as shown in Fig. 2
(a) can be found in Fig. 4 (b). The proposed method restored
the disk in the presence of motion as shown in Fig. 4 (c).

IV. DISCUSSION

Doppler, registration and correlation based methods could
be used for motion compensation in coherent diverging wave
imaging. Doppler based methods, however, would be limited
by aliasing when correction of microbubble motion is needed
in the LV for HFR contrast-enhanced echocardiography [10].

Implementation of coherent diverging wave imaging with
motion correction on commercial scanners will not be straight-
forward, as they not only require the change of pulsing
schemes, but they also bring challenges in data transfer and
storage. With the continued maturity of open ultrasound plat-
forms [24], the proposed method in this study could be imple-
mented in real time when using a simple cross-correlator [25].
Comparisons between the method in the current study and
image registration based methods warrant more investigations
in terms of image resolution, contrast ratio and computational
complexity.

In vivo studies will be entailed for evaluating the practical
value of the method in this study for HFR contrast-enhanced
echocardiography in the future. Coupling myocardium and
vortex dynamics has been suggested for early diagnosis of
LV filling impairment [8], but this requires a high tempo-
ral resolution. With the same pulse sequence, HFR B-mode
imaging and 2-D vector flow mapping have been obtained
simultaneously at 250 Hz as demonstrated in Section III. When
using microbubbles, the proposed method could facilitate a
HFR cardiac imaging tool using diverging waves, which could
drastically improve our understanding of cardiac function by
coupling myocardial motion, vortex dynamics in the LV and
even microbubble-assisted myocardial perfusion.

V. CONCLUSIONS

The present study described the implementation of a
correlation-based method for coherent diverging wave imaging
in the presence of motion artifacts. Motion estimation was
performed between diverging waves prior to compounding
and the estimated displacement was used to counter-shift the
motion to achieve coherent summation. The improved image
quality has been obtained in both simulations and in vitro
experiments for a disk rotated at 47 rad/s.
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