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Abstract—High frame-rate (HFR) ultrasound imaging and
contrast enhanced ultrasound (CEUS) are often implemented
using multi-pulse transmissions, to enhance image quality. Multi-
pulse approach, however, suffer from degradation in presence of
motion, especially when coherent compounding and CEUS are
combined. In this paper, we investigate this effect on the intensity
of HFR CEUS in deep tissue imaging using simulations and in vivo
contrast echocardiography (CE). Simulation results show that
motion artefact is much higher when flow is in axial direction than
that lateral direction. Using a pulse repetition frequency suitable
for cardiac imaging, a motion of 35 cm/s can cause as much as
28.5dB decrease in image intensity, where compounding can
contribute up to 18.7dB of intensity decrease (11 angles). This
motion effects are also demonstrated for in-vivo cardiac HFR CE,
where the large velocities of both the myocardium and the blood
are present. Intensity reductions of 10.4 dB are readily visible in
the chamber. Finally we demonstrate how performing motion-
correction before Pl compounding greatly reduces such motion
artefact and improve image signal to noise ratio and contrast.

Index Terms— contrast enhanced ultrasound imaging, high-
frame-rate contrast echocardiography, ultrafast diverging beams,
motion artefact, motion correction

I. INTRODUCTION

LTRSOUND is often used with ultrasound contrast
agents (UCA) to image the cardiovascular system [1].
Such agents are often made of micron-sized gas bubbles

that present high echogenicity and therefore, when injected in
the blood stream, highly increase the sensitivity of such
modality to blood flow.

A key approach to reduce the contribution of tissue signal to
the final image is given by exploring the non-linear response by
UCAs, exhibited even at very low clinical mechanical indexes
(MI) [2]: a behavior which is not matched by tissue structures,
which practically scatter linearly at clinical mechanical indexes.

Ultrasound imaging with short pulses maximizes image
resolution but results in overlapping harmonics, reducing the
effectiveness of second-harmonic filtering for tissue/contrast
separation. A solution is given by multi-pulse methods [3], like
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Pulse Inversion (PI), that transmit several pulses and coherently
add the echoes to remove the linear component while keeping
even harmonic content. The coherent sum is however sensitive
to inter-pulse motion as it shifts each received pulse, reducing
the desired phase relationship between the echoes [4] [5].

Contrast agents are also starting to be imaged with high
frame-rate (HFR) ultrasound (US) techniques allowing a frame
rate of tens of thousands images per second and offers exciting
opportunities for US imaging [6]. HFR US has been applied to
track fast shear waves in soft tissue elastography [7] [8], cardiac
ultrafast 3D Doppler imaging [9], cardiac strain imaging [10],
myocardial perfusion [11], blood flow velocity mapping [12],
and brain functional imaging [13].

To compensate for the reduced focusing of the acoustic
beam, several transmissions at slightly different directions are
used and coherently compounded together [7], resulting in
enhanced signal to noise ratio. While effective, those methods
also suffer from degradation in presence of motion [14], with
artefacts that range from loss of contrast to resolution reduction.
There are existing motion compensation methods based on,
tissue or blood Doppler signal, cross-correlation, pixel-tracking
applied for B-Mode tissue motion or Doppler imaging [14] [15]
[16]. For B-Mode cardiac imaging, motion compensation
before compounding has been recently shown in [17].

The joint use of HFR and CEUS is expected to suffer a
reduction of image quality when strong motion is present. A
recent study [18] has investigated the impact of out of plane
motion on HFR amplitude modulation images in vitro with a
linear array probe. Nonlinear Doppler techniques have been
developed specifically for detecting moving UCAs using inter-
pulse UCA motion during multi-pulse methods [19] [20], while
[21] reported a method to reduce motion artefact by designing
a 3-pulse sequence. However, those methods are designed for
single steering angles and cannot be directly used for motion-
correction of compounding image. In this study, we aim to
extend our preliminary findings [22] by doing an initial
evaluation, via both simulations and in-vivo experiments, of the
effects of axial and lateral motion on HFR contrast
echocardiography (CE) ultrasound, and to show the benefits of
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TABLE |
SIMULATION AND IN-VIVO ACQUISITION PARAMETERS

Simulations Acquisitions
Frequency (Cycles) 1.5 MHz (3)
Angle range 60

Number of angles 11 (x2 PI)

Ml 0.05 0.08

Simulations / Frames 24000 ! 1000
Pulse repetition frequency 5500 Hz

Frame rate - 250 Hz
Radius range: [0.6 - 20] mm — Shell

viscosity: 15 nPa.s — Polytropic gas
constant: 1.095 - Interfacial tension
coefficient: 0.0728 kg/s — Elasticity: 1 N/m
— Buckling radius: 99% of rest radius

SonoVue - Bubble
parameters [26] [27] [28]

using motion-correction, that is previously developed for MRI
[23], to enhance image quality and reduce artefacts.

Il. MATERIAL AND METHODS

A. Ultrasound transmission

The HFR CE imaging proposed here is defined by the
compounding of PI diverging waves [11] [17]. For each angle,
two successive pulses in opposite phase were transmitted,
recorded and combined to form the Pl image (Table 1).
Moreover, because of a possible non-perfect cancellation of the
fundamental component, a high pass zero phase 5-th order
Butterworth filter with a cut-off frequency at 2.7 MHz was used
to extract the second-harmonic signal of the Pl images, both for
simulation and in-vivo.

B. Simulations

Imaging of single UCA is simulated in MATLAB using Field
11 [24] [25] and the Marmottant model [26] without considering
rupture, since moderate pressures are considered for this study.
The UCA mechanical parameters were matched to the SonoVue
[27] and the size of each UCA randomly chosen in accordance
to their experimental size distribution (Table 1) [28]. Bubbles
were placed 5 cm below the transducer and results are averaged
for 1000 simulated bubbles.

C. In-vivo

A HFR CE system based on a 128-Verasonics platform
(Verasonics Inc., Kirkland, USA) mounted with an ATL P4-1
(Philips, Seattle, USA) phased-array transducer is used during
in-vivo experiment. Data on a healthy human volunteer were
acquired with continuous infusion 1.2 ml/min of Sonovue
approved by the Imperial College Research Ethics Committee.

D. Motion compensation

Motion was compensated using a registration framework
adapted from MRI: its code is available online at [29] and based
on [23] and [30]. This algorithm performs motion estimation on
a b-spline grid and can therefore model rigid, affine, non-rigid
and a two stage transformations. More explanation about the
motion estimation algorithms and the accuracy of the motion-
correction method employed has been evaluated in [31] for
super-resolution ultrasound imaging.

In this work, non-rigid transformations approach is applied
to register each radio frequency Pl data to the central angle of
the same frame.
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Fig. 1. Simulation results showing (a) the variation of maximum signal
intensity for different speeds in the axial (black) and lateral (gray) direction,
with 11 compounding angles and (b) the intensity variation for different
compounding angles when the bubble moves with a speed of 50 cm/s in the
axial direction. Intensities are normalized with respect to the average
maximum intensity signal of steady microbubbles.

E. Post-processing and analysis

To improve the signal-to-noise ratio in-vivo, 7 consecutive
compounded images have been incoherently averaged before
log compression, a method that we call SUM 7 and gives a
frame rate comparable to standard focus CE (~30Hz).

Image quality is measured by the contrast-to-tissue ratio
(CTR) and by the contrast-to-acoustic-noise ratio (CANR)
between the left ventricular (LV) chamber and 6 myocardial
segments, Fig. 2(a). The myocardial segments are obtained
using a non-rigid image registration algorithm [29]. CTR
highlights the contrast ratio between the chamber and the
cardiac muscle for each region of interest (ROIs) and it is a
measure of our ability to remove motion artefacts. CANR also
highlights the contrast difference but also the benefit of the
smoothing effect by SUM7 on the images. Contrasts are
averaged over all frames and defined as follows:

CTR = 20 log,, (“rehenter) ()
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where Mivchamber @aNd Hrois are the mean intensities in the LV
chamber and in each ROISs, respectively. o1 vchamber and orois are
their corresponding standard deviations.

I1l. RESULTS

A. Simulations

The simulations results show the variation of maximum
signal intensity for UCAs moving at different velocities. Fig.
1(a) shows that the image intensity changes significantly even
at modest speeds when HFR CE is used with 11 compounding
angles, with a drop of up to -28.5dB for axial speeds of 35 cm/s.
It also shows that the effect is much more dramatic for
velocities in the axial direction rather than the lateral one. The
effect of compounding is shown in Fig.1(b), demonstrating how
increasing the number of compounding angles to 11 is
responsible for 18.7dB of intensity loss compared to a single
angle PI transmission.
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Fig. 2. (a) HFR CE images of the left ventricular heart chamber of a human volunteer. The first image shows an HFR CE frame, where dashed arrows indicate
the area of motion artefact, the middle one is obtained after motion-correction (MC) and the last one is the result of an average of 7 MC consecutive frames. (b)
CTR and (c) CANR corresponding to the different ROls shown in (a). The bold values are the dB improvement of each technique compared to HFR CE approach.

B. In-vivo

The images in Fig. 2(a) show the acquisition made on a
healthy volunteer where the motion artefacts are the dark areas
in the LV chamber highlighted by the white dashed arrows. A
slow-motion video without and with motion-correction is also
provided. After applying motion compensation, most of the
artefacts are removed, with an intensity increases up to 10.4dB
with averaged image SUM7, and the anatomical structures such
as the myocardium became more visible. The computation time
for both motion estimation and correction for each compounded
frame is about 71s £10s (Intel Core i7-5820K, 4.50 GHz.).

The quantification of the improvements by motion-
correction and incoherent averaging are in Fig. 2(b-c). After
motion-correction the improvement in CTR is at least about
3.4dB with or without SUM7. Average improvement in CANR
ranges from 1.5dB to 9.6dB and SUM7 always gives the best
CANR.

IV. DISCUSSION

The present paper shows the effects of motion when imaging
fast moving UCAs in deep tissue using High Frame Rate (HFR)
contrast echocardiography (CE) and pulse inversion (PI) in both
simulation and in vivo. At a moderate arterial flow velocity of
tens of cm/s in the axial direction, reductions of tens of dB in
image intensity can be observed. Moreover, the benefits of
motion compensation are demonstrated in vivo by an increase
of the contrast-to-noise ratio by a factor of 2.

Because the work in [14] demonstrates the high variability of
the PSF for different motions under different sequences of
compounding angles and, furthermore, the non-linearity of the
UCA response greatly complicates a theoretical analysis, we
rely on simulations to study the impact of motion.

The effect of motion on ultrasound images for contrast
pulsing sequences [4] and spatial compounding [14] have been
previously studied separately. Motion during such sequences
can change the PI residual signal, degrade the coherence of
main-lobe signal and, also, strengthen the sidelobe signal in
some region of the image [14]. By combining multi-pulsing
sequences with spatial compounding, the results show that flow
in axial direction reduced more the contrast, than in lateral

direction. We further note that while the Pl signal from UCAs
can increase due to motion, as some energy at the fundamental
frequency can tunnel through the pulse summation process, the
same happens for tissue signals. At the same time the second
harmonic energy is reduced: those two effects compete to
respectively increase and decrease the contrast-to-tissue ratio.
Lastly, when a second harmonic filter is employed as in the
current examples, the contribution of misaligned fundamental
components is greatly reduced. Compared to the work of Viti et
al. [18], who has investigated the impact of out of plane motion
on HFR amplitude modulation images on a flow phantom,
findings suggest that the degradation due to axial flow is greater
than what observed for out-of-plane flow.

On a first sight, one could assume that a lower bound for
intensity reduction is given by the central limit theorem (CLT),
that is by considering total decorrelation between each
compounded frame. However, a bulk motion, which is common
between compounded frames, will indeed create correlated
images, and such correlation can generate intensity reductions
larger than what the CLT suggests. As an example, Fig. 9 of
[14] shows an intensity reduction of -37 dB, larger than the -
17.4dB given by a total decorrelation.

The motion compensation algorithm used in this paper is not
designed to work with HFR CE images but can already achieve
satisfactory results. However, its application to simulation data
has shown poor performances, showing that such a method is
only suited for motion-correction of dense clouds of UCAs and
can potentially fail for sparse bubbles, such as the ones present
in small vessels. However, the results demonstrate that such
motion artefact can be corrected, although its implementation is
not real-time due to the iterative optimization frame-work.
There is already Doppler-based motion-correction [17] which
can be much faster and further studies are needed.

V. CONCLUSION

Simulations suggest that significant motion image artefacts,
up to 28.5dB of intensity drop when blood reaches an axial
velocity of 35cm/s, can be generated in HFR CE, due to Pl and
coherent compounding, and such artefacts are highly dependent
on flow direction. Such artefact, and its correction, are
demonstrated in human cardiac HFR CE images.
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