
  

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 PI 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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using motion-correction, that is previously developed for MRI 

[23], to enhance image quality and reduce artefacts. 

II. 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 PI 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 PI images, both for 

simulation and in-vivo.  

B. Simulations  

Imaging of single UCA is simulated in MATLAB using Field 

II [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 PI data to the central angle of 

the same frame.  

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 𝑙𝑜𝑔10 (
𝜇𝐿𝑉𝐶ℎ𝑎𝑚𝑏𝑒𝑟

𝜇𝑅𝑂𝐼𝑠
)  (1) 

𝐶𝐴𝑁𝑅 = 20 𝑙𝑜𝑔10 (
|𝜇𝐿𝑉𝐶ℎ𝑎𝑚𝑏𝑒𝑟−𝜇𝑅𝑂𝐼𝑠|

√𝜎𝐿𝑉𝐶ℎ𝑎𝑚𝑏𝑒𝑟
2 +𝜎𝑅𝑂𝐼𝑠

2
)  (2) 

where µLVChamber and µROIs are the mean intensities in the LV 

chamber and in each ROIs, respectively. σLVChamber and σROIs are 

their corresponding standard deviations.  

III. 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. 

TABLE I 
SIMULATION AND IN-VIVO ACQUISITION PARAMETERS  

 Simulations Acquisitions 

Frequency (Cycles) 1.5 MHz (3) 

Angle range 60 
Number of angles 11 (x2 PI) 

MI  0.05 0.08  

Simulations / Frames 24000 1000 
Pulse repetition frequency 5500 Hz 

Frame rate - 250 Hz 

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

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 

 

 
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. 

 



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 PI 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 PI 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. 

  
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 ROIs shown in (a). The bold values are the dB improvement of each technique compared to HFR CE approach. 



VI. REFERENCES 

[1] B.B. Goldberg, J. B. Liu, and F. Forsberg, “Ultrasound contrast agents: a 

review.”, Ultrasound Med. Biol., vol. 20, no. 4, pp. 319–333, 1994. 

[2] D. Cosgrove, “Ultrasound contrast agents: An overview”, Eur. J. Radiol., 

vol. 60, no. 3, pp. 324–330, 2006. 

[3] P.J.A. Frinking, A. Bouakaz, J. Kirkhorn, F. J. Ten Cate, and N. De Jong, 

“Ultrasound contrast imaging: Current and new potential methods”, 

Ultrasound Med. Biol., vol. 26, no. 6, pp. 965–975, 2000. 

[4] F. Lin, C. Cachard, R. Mori, F. Varray, F. Guidi, and O. Basset, 

“Ultrasound contrast imaging: Influence of scatterer motion in multi-

pulse techniques”, IEEE Trans. Ultrason. Ferroelectr. Freq. Control, 

vol. 60, no. 10, pp. 2065–2078, 2013. 

[5] C.C. Shen and P.C. Li, “Motion artifacts of pulse inversion-based tissue 

harmonic imaging”, IEEE Trans. Ultrason. Ferroelectr. Freq. Control, 

vol. 49, no. 9, pp. 1203–1211, 2002. 

[6] M. Tanter and M. Fink, “Ultrafast imaging in biomedical ultrasound”, 

IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol. 61, no. 1, pp. 

102–119, 2014. 

[7] G. Montaldo, M. Tanter, J. Bercoff, N. Benech, and M. Fink, “Coherent 

plane-wave compounding for very high frame rate ultrasonography and 

transient elastography”, IEEE Trans. Ultrason. Ferroelectr. Freq. 

Control, vol. 56, no. 3, pp. 489–506, Mar. 2009. 

[8] M. Correia, J. Provost, S. Chatelin, O. Villemain, M. Tanter, and M. 

Pernot, “Ultrafast Harmonic Coherent Compound (UHCC) Imaging for 

High Frame Rate Echocardiography and Shear-Wave Elastography”, 

IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol. 63, no. 3, pp. 

420–431, 2016. 

[9] J. Provost, C. Papadacci, J.E. Arango, M. Imbault, M. Fink, J.-L. 

Gennisson, M. Tanter, and M. Pernot, “3D ultrafast ultrasound imaging 

in vivo”, Phys. Med. Biol., vol. 59, no. 19, pp. L1–L13, 2014. 

[10] M. Cikes, L. Tong, G.R. Sutherland, and J. D’Hooge, “Ultrafast cardiac 

ultrasound imaging: Technical principles, applications, and clinical 

benefits”, JACC Cardiovasc. Imaging, vol. 7, no. 8, pp. 812–823, 2014. 

[11] M.E.G. Toulemonde, R. Corbett, V. Papadopoulou, N. Chahal, Y. Li, C. 

H. Leow, D. O. Cosgrove, R. J. Eckersley, N. Duncan, R. Senior, and 

M.-X. Tang, “High Frame-Rate Contrast Echocardiography: In-Human 

Demonstration”, JACC Cardiovasc. Imaging, vol. 11, no. 6, pp. 923-924, 

2017. 

[12] B.Y.S. Yiu, S.S.M. Lai, and A.C.H. Yu, “Vector Projectile Imaging: 

Time-Resolved Dynamic Visualization of Complex Flow Patterns”, 

Ultrasound Med. Biol., vol. 40, no. 9, pp. 2295–2309, 2014. 

[13] C. Errico, B. F. Osmanski, S. Pezet, O. Couture, Z. Lenkei, and M. Tanter, 

“Transcranial functional ultrasound imaging of the brain using 

microbubble-enhanced ultrasensitive Doppler”, Neuroimage, vol. 124, 

pp. 752–761, 2016. 

[14] B. Denarie, T.A. Tangen, I.K. Ekroll, N. Rolim, H. Torp, T. Bjastad, and 

L. Lovstakken, “Coherent plane wave compounding for very high frame 

rate ultrasonography of rapidly moving targets”, IEEE Trans. Med. 

Imaging, vol. 32, no. 7, pp. 1265–1276, 2013. 

[15] K. Gammelmark and J.A. Jensen, “2-D tissue motion compensation of 

synthetic transmit aperture images”, IEEE Trans. Ultrason. Ferroelectr. 

Freq. Control, vol. 61, no. 4, pp. 594–610, 2014. 

[16] I.K  Ekroll, M.M. Coormolen, O.K-V. Standal, J.M. Rau, and L. 

Lovstakken, “Coherent Compounding in Doppler Imaging”, IEEE 

Trans. Ultrason. Ferroelectr. Freq. Control, vol. 62, no. 9, pp. 1634–

1643, 2015. 

[17] J. Poree, D. Posada, A. Hodzic, F. Tournoux, G. Cloutier, and D. Garcia, 

“High-Frame-Rate Echocardiography Using Coherent Compounding 

with Doppler-Based Motion-Compensation”, IEEE Trans. Med. 

Imaging, vol. 35, no. 7, pp. 1647–1657, 2016. 

[18] J. Viti, H. Vos, N. De Jong, F. Guidi, and P. Tortoli, “Detection of 

Contrast Agents: Plane Wave vs Focused Transmission”, IEEE Trans. 

Ultrason. Ferroelectr. Freq. Control, vol. 63, no. 2, pp. 203–211, 2016. 

[19] D.H. Simpson, C.T. Chin, P.N. Burns, “Pulse inversion Doppler: a new 

method for detecting nonlinear echoes from microbubble contrast 

agents”, IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol. 46, no. 

2, 1999. 

[20] C. Tremblay-Darveau, R. Williams, L. Milot, M. Bruce and P.N. Burns, 

“Visualizing the Tumor Microvasculature With a Nonlinear Plane-Wave 

Doppler Imaging Scheme Based on Amplitude Modulation”, IEEE 

Trans. on Medical Imaging, vol. 35, no.2, pp. 699-709, 2016. 

[21] G.A. Brock-Fisher, J.L.T. Perry, P.G. Rafter, and M.D. Poland, “Contrast-

agent enhanced color-flow imaging”, U.S. Patent, US6969353B2. 

[22] M. Toulemonde, W. C. Duncan, A. Stanziola, and R. J. Eckersley, 

“Effects of motion on high frame rate contrast enhanced 

echocardiography and its correction,” IEEE Int. Ultrason. Symp., pp. 31–

34, 2017. 

[23] D. Rueckert et al., “Nonrigid registration using free-form deformations: 

application to breast MR images.”, IEEE Trans. Med. Imag., vol. 18, no. 

8, pp. 712–21, 1999. 

[24] J.A. Jensen, “FIELD: A Program for Simulating Ultrasound Systems”, 

Med. Biol. Eng. Comput., vol. 34, no. SUPPL. 1, pp. 351–352, 1996. 

[25] J.A. Jensen, “Calculation of Pressure Fields from Arbitrarily”, vol. 39, no. 

2, pp. 262–267, 1992. 

[26] P. Marmottant, S. van der Meer, M. Emmer, M. Versluis, N. de Jong, S. 

Hilgenfeldt, and D. Lohse, “A model for large amplitude oscillations of 

coated bubbles accounting for buckling and rupture,” J. Acoust. Soc. 

Am., vol. 118, no. 6, pp. 3499–3505, 2005. 

[27] J. Tu, J. Guan, Y. Qiu, and T. J. Matula, “Estimating the shell parameters 

of SonoVue ® microbubbles using light scattering,” J. Acoust. Soc. Am., 

vol. 126, no. 6, pp. 2954–2962, 2009. 

[28] J. M. Gorce, M. Arditi, and M. Schneider, “Influence of bubble size 

distribution on the echogenicity of ultrasound contrast agents: a study of 

SonoVue,” Invest. Radiol., vol. 35, no. 11, pp. 661–671, 2000. 

[29] D.-J. Kroon, “[online].” [Online]. Available: 

https://uk.mathworks.com/matlabcentral/fileexchange/20057-b-spline- 

grid–image-and-point-based-registration. 

[30] S. Lee, G. Wolberg, and S. Y. Shin, “Scattered data interpolation with 

multilevel B-splines,” IEEE Trans. Vis. Comput. Graphics, vol. 3, no. 3, 

pp. 228–244, Jul./Sep. 1997. 

[31] S. Harput, K. Christensen-Jeffries, J. Brown, Y. Li, K.J. Williams, A.H. 

Davies, R.J. Eckersley, C. Dunsby, and M-X. Tang, “Two-stage Motion 

Correction for Super-Resolution Ultrasound Imaging in Human Lower 

Limb”, IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol. 65, no. 5, 

pp. 803-814, 2018. 


