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Abstract— Contrast Echocardiography (CE) with 
microbubble contrast agents have significantly advanced our 
capability in assessing cardiac function, including myocardium 
perfusion imaging and quantification. However in conventional 
CE techniques with line by line scanning, the frame rate is 
limited to tens of frames per second and image quality is low. 
Recent works in high frame-rate (HFR) ultrasound have shown 
significant improvement of the frame rate. The aim of this work 
is to investigate the MBs stability and the contrast improvement 
using HFR CE compared to CE transmission at an 
echocardiography relevant frequency for different mechanical 
indices (MIs). Our results show that the contrast and bubble 
destruction of HFR CE and standard CEUS varies differently as 
a function of space and MIs. At low MIs, HFR CE shows a 
similar behavior as focused CE with little MB destruction, and 
generates better CTR (up to 3 folds). As MI increases, the MB 
destruction is more significant for HFR CE with a reduction of 
the CTR. 
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I. INTRODUCTION 

Ultrasound contrast agents (UCA), or microbubbles, for 
contrast enhanced ultrasound (CEUS) imaging is 
revolutionalising the role of ultrasound that can play in 
clinical practice research [1]. These bubbles are highly 
sensitive to ultrasound, and once introduced into blood stream 
intravenously, they can generate significant signal 
enhancement. Various signal processing techniques have been 
developed in order to achieve highly sensitive, specific and 
quantitative imaging of the bubbles for flow and perfusion 
imaging [2], [3]. 

Another significant advance in biomedical ultrasound is 
the development of high frame-rate (HFR) ultrasound imaging 
techniques for various clinical applications [4]. More 
specifically different approaches have been proposed in order 
to improve the frame rate for cardiac acquisition: multi-line 
acquisition, multi-line transmission and diverging wave 
transmission [5-11]. The benefit of imaging with diverging 
waves has been shown for 3D cardiac Doppler [8] and cardiac 
elastography [9]. The first combination of HFR cardiac 
imaging using pulse inversion (PI) and diverging waves for 
contrast echocardiography (CE) ultrasound, named HFR CE, 

for in-vivo myocardium perfusion experiments was shown 
recently [11]. The contrast between the heart chamber full of 
ultrasound contrast agents and the myocardium was improved 
by a factor of 2 compared to standard focused transmission, 
even with a peak negative pressure for HFR CE that was 4 
times lower than conventional focused CE transmission. 
While it has great potential for improved quantification of 
myocardium perfusion, it is not clear as whether the stability 
of microbubbles is reduced under HFR ultrasound.   

Indeed during HFR CE, microbubbles are exposed to 
much more frequent ultrasound excitation than that of the 
conventional approach, potentially causing more bubble 
destruction. This may affect myocardium perfusion 
quantification. Existing studies on ultrasound contrast agent 
stability and contrast improvement only have evaluated HFR 
plane wave versus conventional CEUS transmission at high 
clinical frequencies where commercial MBs’ behavior is very 
different from that at lower clinical ultrasound frequency used 
in cardiac imaging. In [12-13], plane wave transmission was 
evaluated for B-Mode images and CPS transmission. In [14] 
plane wave and focus amplitude modulation transmissions 
have been evaluated for different PNP (70 – 110 – 140 kPa). It 
was shown that plane wave transmission resulted in less 
destruction of UCAs compared to focused transmission as 
well as better contrast. However, plane wave transmission was 
at high clinical frequency (3.5 MHz and 7.5 MHz) and the 
destruction was only evaluated at a few centimetres (2.5 cm). 
In a previous conference [15], we have presented preliminary 
results of the acoustic stability of microbubbles and resolution 
improvement for cardiac HFR CE applications but in a free 
beaker. 

The aim of this work is to investigate the MBs stability and 
the contrast improvement using HFR CE compared to 
conventional CE transmission at an echocardiography relevant 
frequency for different mechanical indices (MIs). 

II. MATERIALS AND METHODS 

A HFR CE system based on a 128-Verasonics platform 
(Verasonics Inc., Redmond, WA) mounted with a 96 element 
P4-1 phased-array transducer was used during in-vitro 
experiments. In order to obtain a diverging wave, a virtual 
point source was created behind the probe creating a diverging 
beam which enlarge the region illuminated (Figure 1) [15]. 
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Similar to plane wave imaging, a single diverging wave has a 
low contrast and resolution. So a coherent diverging 
compounded image is obtained by varying the position 
(steering) of the virtual point source and by coherently 
averaging the echoes of the diverging transmissions. 
Moreover, for each steering angle, two successive pulses of 
opposite phase were transmitted and combined in post-
processing to form the PI image. The transmission parameters 
are show in Table I. Several values of mechanical index (MI) 
were used.  In the case of diverging transmission, the MI is 
obtained by using the spatial peak acoustic pressure close to 
the probe while for the focus, it is at the focal depth set at 80 
mm. 

A tissue mimicking phantom, consisting of agar, was 
developed for evaluating the HFR CE method. The tissue 
mimicking phantom was composed of (percentage of the total 
weight): Agar 4%, water 95% and glass beads 1% (45 – 90 
μm). The phantom was cut in order to have an F-shape. The 
phantom was set in a water tank filled with water (24°C) and a 
1/40000 time’s diluted solution of Sonovue ultrasound 
contrast agent. The solution is mixed by a magnetic stirrer and 
the stirring was stopped 50s before each acquisition in order to 
avoid flow during measurements. The P4-1 probe was held by 
a clamp and half of the transducer was in contact with the 
phantom. 

The acoustic stability of UCAs and the contrast 
improvement were evaluated on 4 acquisitions as a function of 

MI and at several depths. The squares in Figure 1 show the 
different regions-of-interest (ROIs) where the acoustic 
stability (black squares) and the contrast improvement (white 
squares) are evaluated. The acoustic stability is defined as the 
disruption ratio. The disruption ratio at any time point for an 
ROI is calculated by normalizing the intensity of the 
microbubbles in the ROI at that time point against that at time 
zero [12]. The image quality improvement is evaluated by 
measuring the contrast between the agar tissue and the 
microbubbles. The contrast evaluation is based on the 
contrast-to-tissue (CTR) ratio defined as [13-14]: 
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TABLE I 
TRANSMISSIONS PARAMETERS 

 HFR-CE CE 
Frequency (Cycles) 1.25 / 1.50 / 1.75 MHz (3) 

Angle range 60 90 
Number of angles/lines 7 (x2 PI) 82 (x2 PI) 

Focus --- 80 mm 
Frames (seconds) 1000 (2.86s) 80 (2.67s) 

PRF 5000 Hz 5000 Hz 
Frame rate 350 Hz 30 Hz 

MI 0.05 / 0.10 / 0.15 / 0.20 / 0.25 
 

 
Fig. 1.  Tissue phantom submerges in a diluted Sonovue suspension with the 
ROIs, 15 x 15 mm (depth x lateral), for disruption (black) and CTR (white)
evaluation.  

 

Fig. 2.  Tissue phantom submerges in a diluted Sonovue suspension with CE
(Top) and HFR-CE (Bottom) frames at 0.0, 0.5 and 2.0 s for 0.10 MI. The
frames are normalized by the maximum intensity frame of the full sequence
and displayed with a dynamic range of 50 dB. 
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Fig. 3.  Tissue phantom submerges in a diluted Sonovue suspension with CE
(Top) and HFR-CE (Bottom) frames at 0.0, 0.5 and 2.0 s for 0.20 MI. The
frames are normalized by the maximum intensity frame of the full sequence
and displayed with a dynamic range of 50 dB. 



 
where in (1) μUCA and μTissue are the mean in a ROI of the 
UCAs and tissue, respectively. 

III. RESULTS 

Figure 2 and Figure 3 show three frames of CE (Top) and 
HFR CE (Bottom) at 0.0, 0.5, and 2.0 seconds for two MIs, 
0.10 and 0.20, respectively. With 0.10 MI, for both 
transmission, there is visually no disruption of microbubbles 
(Figure 2). While at 0.2 MI, there are already some image 
intensity changes at 0.5s for HFR CE and apparent disruption 
for both techniques at 2.0s (Figure 3). 

The Top of Figure 4 gives the disruption of UCAs as a 
function of MI at 20.5 mm and 80.5 mm. The Bottom of 
Figure 4 gives the CTR for the same depths and MIs. The 
values in the graphic are obtained after 0.5s of transmission of 
both technics. For both positions, the disruption of UCAs 
increases with the MI. The disruption of UCAs close to the 
probe is more significant for HFR CE for MIs superior to 0.1. 
However, at the focus depth, the disruption of both 
transmission types is similar. The CTR obtained close to the 
probe shows a higher CTR for HFR CE until 0.15 MI. At the 
focus depth, HFR CE CTR is better until 0.10 MI. The optimal 
contrast close to the probe is obtained with 0.10 MI while at 
the focus depth, it is with 0.05 MI. 

Figure 5 shows the HFR CE disruption ratio and CTR as a 
function of time for 0.10, 0.15 and 0.20 MI close to the probe. 
For disruption and for all MI shown, there is a small negative 
bump quickly after the beginning of the transmission. Then for 
0.10 MI, there is no disruption while for the other MI, the 
disruption increases until it reaches a plateau. For CTR, at 
0.10 MI, the contrast is invariant. However for higher MI, the 
contrast decreases as a function of time. As disruption, after 
few milliseconds, there is a small bump for higher MI. 

IV. DISCUSSION AND CONCLUSION 

This work presents the acoustic stability of ultrasound 
contrast agent, or microbubbles, as well as the contrast 
improvement for cardiac applications using high-frame-rate 
(HFR) pulse inversion (PI) diverging waves and standard 
contrast echocardiography (CE) ultrasound transmission. 
Previous research studies have highlighted the impact of the 
HFR acquisition on microbubbles stabilities but they were less 
relevant to cardiac applications because of their high 
frequencies transmission, and small imaging depth [12-14].  

In this work, it can be seen that for a low frequency 
transmission, the bubble destruction of HFR CE and standard 
CE varies differently as a function of space and MI. At low 
MIs, HFR CE shows a similar behaviour as conventional CE 
with little microbubble destruction, and generates better CTR, 
up to 3 folds. As MI increases, the microbubbles destruction is 
more significant for HFR CE with a reduction of the CTR. 
The time comparison is also an important factor as it has been 
shown. Few milliseconds after the beginning of the 
transmission, the disruption decreases and then increase. For 
CTR it is the opposite, an increases after a decay. A similar 
effect has been observed in [12] where after a disruption 
pulse, the intensity of the microbubbles increases and decays. 
This phenomenon appears when, an emission higher than the 
disruption threshold is transmitted, microbubble’s gas is freed 
from its shell and left to dissolve.  

These results highlight the importance of this study in 
order to optimise the transmission parameters of HFR CE for 
myocardium perfusion. Currently the guidelines for 
conventional CE acquisition allow to use a MI until 0.30 for 
myocardium perfusion and as it was reported, most of 
microbbules inside the myocardium may be destroyed if the 
same amount of energy is transmitted [16]. A better contrast, 
as well as an increase of the time resolution can be achieved 
with HFR CE compared to the conventional CE with a careful 
consideration of the MI. 

REFERENCES 
[1] J. R. Lindner, “Microbubbles in medical imaging: current applications 

and future directions,” in Nature Reviews Drug Discovery, vol. 3, no. 6, 
pp. 527-533, 2004. 

[2] A. Stanziola, M. Toulemonde, Y. O. Yildiz, R. J. Eckersley, and M. X. 
Tang, “Ultrasound Imaging with Microbubbles [Life Sciences]”, IEEE 
Signal Processing Magazine, vol. 33, no. 2, pp. 111-117, 2016. 

[3] M. X. Tang, H. Mulvana, T. Gauthier, A. K. P. Lim, D. O. Cosgrove, R. 
J. Eckersley, and E. Stride, “Quantitative contrast-enhanced ultrasound 
imaging: a review of sources of variability”, Interface Focus, vol. 1, no. 
4, pp. 520-539, 2011. 

 
Fig. 4.  Mean and standard deviation of HFR CE and CE (Top) disruption
ratio and (Bottom) CTR as a function of MIs (Right) close to the probe and
(Right) at the focus depth at 0.5s. 

 
Fig. 5. Mean and standard deviation of HFR CE (Left) disruption ratio and
(Right) CTR close to the probe as a function of time for 0.10, 0.15 and 0.20
MI. 



[4] M. Tanter, and M. Fink, “Ultrafast imaging in biomedical ultrasound”, 
IEEE Trans. on UFFC, vol. 61, no. 1, pp. 102-119, 2014. 

[5] L. Tong, A. Ramalli, R. Jasaityte, P. Tortoli, and J. D'hooge, “Multi-
Transmit Beam Forming for Fast Cardiac Imaging: Experimental 
Validation and In Vivo Application”, IEEE Trans. on Medical Imaging, 
vol. 33, no. 6, pp. 1205-1219, 2014. 

[6] H. Hasegawa, and H. Kanai, “High-frame-rate echocardiography using 
diverging transmit beams and parallel receive beamforming”, Journal of 
Medical Ultrasonics, vol. 38, no. 3, pp. 129-140, 2011. 

[7] M. Cikes, L. Tong, G. R. Sutherland, and J. D‘hooge, “Ultrafast Cardiac 
Ultrasound Imaging: Technical Principles, Applications, and 
Clinical Benefits”, JACC: Cardiovascular Imaging, vol. 7, no. 8, pp. 
812-823, 2014. 

[8] 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”, Physics in Medicine & Biology, vol. 59, pp. 1 – 13, 2014. 

[9] 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. on UFFC, vol. 63, no. 3, pp. 420-431, 2016. 

[10] 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. on Medical 
Imaging, vol. 35, no. 7, pp. 1647-1657, 2016. 

[11] M. Toulemonde, Y. Lin, S. Lin, M. Butler, R. Eckersley, W C. Duncan, 
V. Sboros, and M.X. Tang, “Cardiac imaging with high frame rate 
contrast enhanced ultrasound: in-vivo demonstration”, IEEE IUS, Tours, 
2016. 

[12] O. Couture, S. Bannouf, G. Montaldo, J. F. Aubry, M. Fink, and M. 
Tanter, “Ultrafast Imaging of Ultrasound Contrast Agents”, Ultrasound 
in Medicine & Biology , vol. 35, no. 11, pp. 1908-1916, 2009. 

[13] O. Couture, M. Fink, and M. Tanter, “Ultrasound contrast plane wave 
imaging”, IEEE Trans. on UFFC, vol. 59, no. 12, pp. 2676-2683, 2012. 

[14] J. Viti, H. J. Vos, N. Jong, F. Guidi, and P. Tortoli, “Detection of 
Contrast Agents: Plane Wave Versus Focused Transmission”, IEEE 
Trans. on UFFC, vol. 63, no. 2, pp. 203-211, 2016. 

[15] M. Toulemonde, R J. Eckersley, and M. X. Tang, “Bubble acoustic 
stability in high frame rate cardiac imaging using diverging waves” in 
The 22nd European symposium on Ultrasound Contrast Imaging, 2017. 

[16] R. Senior, H. Becher, M. Monaghan, L. Agati, J. Zamorano, J. L. 
Vanoverschelde, and P. Nihoyannopoulos,  “Contrast echocardiography: 
evidence-based recommendations by European Association of 
Echocardiography”, European Journal of Echoacardiography, vol. 10, 
pp. 194-212, 2009. 


