
HAL Id: hal-03338989
https://hal.science/hal-03338989v1

Submitted on 9 Sep 2021 (v1), last revised 1 Dec 2021 (v4)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Experimental acoustic characterisation of an
endoskeletal antibubble contrast agent: first results

Anastasiia Panfilova, Peiran Chen, Ruud J.G. van Sloun, Hessel Wijkstra,
Michiel Postema, Albert T. Poortinga, Massimo Mischi

To cite this version:
Anastasiia Panfilova, Peiran Chen, Ruud J.G. van Sloun, Hessel Wijkstra, Michiel Postema, et al..
Experimental acoustic characterisation of an endoskeletal antibubble contrast agent: first results.
Medical Physics, 2021, �10.1002/mp.15242�. �hal-03338989v1�

https://hal.science/hal-03338989v1
https://hal.archives-ouvertes.fr


Experimental acoustic characterisation of an endoskeletal1

antibubble contrast agent: first results2

Anastasiia Panfilova1∗, Peiran Chen1, Ruud JG van Sloun1, Hessel3

Wijkstra1,2, Michiel Postema3,4, Albert T. Poortinga5, Massimo4

Mischi15

1 Electical Engineering Department, Eindhoven University of Technology, Eindhoven, The6

Netherlands7

2 Department of Urology, Amsterdam University Medical Centers location AMC, Meibergdreef8

9, 1105 AZ, Amsterdam, The Netherlands9

3 School of Electrical and Information Engineering, University of the Witwatersrand,10

Johannesburg, Braamfontein, Republic of South Africa11

4 BioMediTech, Faculty of Medicine and Health Technology, Tampere University, Tampere,12

Finland13

5 Mechanical Engineering Department, Eindhoven University of Technology, Eindhoven, The14

Netherlands15

Version typeset September 2, 202116

Author to whom correspondence should be addressed. email: anastasiapan-17

filova09@gmail.com18

19

Abstract20

Purpose: An antibubble is an encapsulated gas bubble with an incompressible inclu-21

sion inside the gas phase. Current-generation ultrasound contrast agents are bubble-22

based: they contain encapsulted gas bubbles with no inclusions. The objective of this23

work is to determine the linear and nonlinear responses of an antibubble contrast agent24

in comparison to two bubble-based ultrasound contrast agents, i.e., reference bubbles25

and SonoVueTM.26

Methods: Side scatter and attenuation of the three contrast agents were measured,27

using single-element ultrasound transducers, operating at 1 MHz, 2.25 MHz and 3.528

MHz. The scatter measurements were performed at acoustic pressures of 200 kPa and29

300 kPa for 1 MHz, 300 kPa and 450 kPa for 2.25 MHz, and 370 kPa and 560 kPa for30

3.5 MHz. Attenuation measurements were conducted at pressures of 13 kPa, 55 kPa31

and 50 kPa for 1 MHz, 2.25 MHz, and 3.5 MHz, respectively. In addition, a dynamic32

contrast-enhanced ultrasound measurement was performed, imaging the contrast agent33

flow through a vascular phantom with a commertial diagnostic linear array probe.34

Results: Antibubbles generated equivalent or stronger harmonic signal, compared to35

bubble-based ultrasound contrast agents. The 2nd harmonic side-scatter amplitude of36

the antibubble agent was up to 3 dB greater than that of reference bubble agent and up37

to 4 dB greater than that of SonoVueTM at the estimated concentration of 8×104 bub-38

bles/mL. For ultrasound with a center transmit frequency of 1 MHz, the attenuation39

i



coefficient of the antibubble agent was 8.7 dB/cm, whereas the attenuation coefficient40

of the reference agent was 7.7 dB/cm and 0.3 dB/cm for SonoVueTM. At 2.25 MHz41

the attenuation coefficients were 9.7 dB/cm, 3.0 dB/cm and 0.6 dB/cm, respectively.42

For 3.5 MHz, they were 4.4 dB/cm, 1.8 dB/cm and 1.0 dB/cm, respectively. We hy-43

pothesize that the antibubble agent attenuation is greater than that of the reference44

agent due to the solid cores in the antibubble agent. A dynamic contrast-enhanced45

ultrasound recording showed the nonlinear signal of the antibubble agent to be 31%46

greater than for reference bubbles and 23% lower than SonoVueTM at a high concen-47

tration of 2 × 106 bubbles/mL.48

Conclusion: Endoskeletal antibubbles generate comparable or greater higher har-49

monics than reference bubbles and SonoVueTM. As a result, antibubbles with liquid50

therapeutic agents inside the gas phase have high potential to become a traceable ther-51

apeutic agent.52

53
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I. Introduction70

Ultrasound contrast agents (UCA) are utilized in the clinic in order to visualize the blood71

pool and assess organ perfusion and dispersion, aiding cancer detection1,2,3,4. In some cases,72

the current UCAs do not exhibit sufficient nonlinear behavior to eliminate clutter and image73

artefacts, leading to diagnostic misinterpretation5. Augmenting UCA nonlinear behavior74

improves image contrast and diagnostic confidence. To this end, we propose antibubbles75

as a new UCA. Endoskeletal antibubbles6,7 have been shown to oscillate significantly more76

asymmetrically than reference bubbles with no cores and, therefore, are hypothesized to77

demonstrate enhanced nonlinear bahavior compared to bubble-based UCAs.78

UCAs are gas microbubbles stabilized by a shell composed of lipids, cross-linked poly-79

mers or denatured proteins8,9. With a size comparable to that of the red blood cells, they80

are able to pass through the smallest capillaries. At the same time, they are bigger than81

endothelial gaps and therefore do not extravasate into tissue10. When insonified at sufficient82

pressure, gas microbubbles oscillate in a nonlinear fashion, generating higher harmonics11,12.83

This effect is generally more pronounced when the sonicating frequency is close to the reso-84

nance frequency of the microbubbles. The generation of higher harmonics in tissue is much85

weaker compared to that in UCAs. This enables the implementation of contrast-specific86

imaging solutions for visualization of the blood pool, and therefore analysis of blood flow87

and vasculature by contrast-enhanced ultrasound (CE-US)13 and dynamic contrast-enhanced88

ultrasound (DCE-US)2,4,14. Despite the recognized utility of CE-US and DCE-US in the89

clinic13,15, cumulative nonlinear effects occuring in tissue can reduce the contrast-to-tissue90

ratio, especially at greater depth5. Several contrast-specific imaging schemes, such as power91

modulation1,16 and subharmonic imaging17,18 can significantly suppress the nonlinear signal92

generated by tissue. In this work, we investigate the possibility of using a contrast agent93

with augmented nonlinear behavior for this purpose, enabling imaging at lower pressure94

amplitudes and causing weaker higher harmonic generation in tissue.95

A droplet entrapped in a gas bubble has been referred to as an antibubble19,20. This96

term has also been used for UCAs with microbubbles containing incomressible inclusions in97

the gas phase6,21. Encapsulated microbubbles that contain incompressible inclusions and a98

solid supporting skeleton that suspends the inclusion have been referred to as endoskeletal99

antibubbles7. Figure 1 presents a schematic of an endoskeletal antibubble with a 2% volume100
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page 2 A. Panfilova et al.

inclusion. Theoretical work21 demonstrated antibubbles to show an increased nonlinear be-101

havior, compared to reference gas bubbles without incompressible cores. This was attributed102

to non-symmetric oscillation in the US field, where the antibubble showed larger expansion103

than contraction because of the incompressible core. Experimental evidence of this effect104

was acquired with a high-speed camera for endoskeletal antibubbles7. These studies7,21105

suggest that antibubbles have a high potential to improve CE-US image quality, generat-106

ing greater higher harmonics, compared to conventional UCAs. Besides this, antibubbles107

incorporating therapeutic agents in the gas phase can deliver larger doses of therapeutic108

agents, compared to alternative strategies8,22. This way, antibubbles may offer clinicians a109

traceable and highly effective therapeutic agent. Currently no clinically approved antibubble110

contrast agent exists. Moreover, experimental proof of greater higher-harmonic generation111

is scarce23. The current experimental study investigated the potential of antibubbles for112

imaging purposes. To this end, nonlinear side scatter and linear attenuation measurements113

of endoskeletal antibubbles, reference bubbles and SonoVueTM were performed in the clin-114

ically diagnostic frequency range at frequencies of 1, 2.25 and 3.5 MHz. The scatter and115

attenuation parameters quantify UCA efficacy: the amplitude of the nonlinear scatter signal116

defines the signal-to-noise ratio in DCE-US imaging, while attenuation defines the visible117

image depth28. The endoskeletal antibubbles have a median diameter of 6 µm, with 93%118

smaller than 10 µm24 (Fig. 2a). They are stabilized by a silica shell and contain solid ZnO119

inclusions in the air gas phase. These inclusions take up 2% of the antibubble volume, while120

the rest of the gas phase contains silica nanoparticles, forming the endoskeleton7 (Fig. 1).121

The studied endoskeletal antibubbles are somewhat bigger than those typically utilized in122

the clinic and, therefore, are currently only a UCA prototype. Reference bubbles have no123

core inclusions and no endoskeleton but, like antibubbles, have a silica shell7 (Fig. 1). The124

median diameter of reference bubbles is 6 µm, with 81% below 10 µm24 (Fig. 2b). The en-125

doskeletal antibubbles and reference bubbles have not been clinically approved. Endoskeletal126

antibubbles are currently only an antibubble prototype, while reference bubbles give the op-127

portunity to compare higher harmonic generation of endoskeletal antibubbles to that of a128

UCA with the same shell. SonoVueTM is a clinically approved UCA, used as a benckmark129

in this study. SonoVueTM microbubbles contain a low-solubility gas (SF6) encapsulated in a130

phospholipid shell, with a mean diameter of 3 µm, with more than 90% of the bubbles below131

8 µm25,27 (Fig. 1). Its size distribution leads to a resonance frequency around 3 MHz29,30.132

I. INTRODUCTION
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Figure 1: Schematic illustration of antibubbles, reference and Sonovue bubbles. The median
antibubble diameter was estimated to be 6 µm24. The incompressible core(s) comprises,
on average, 2% volume, equivalent to an inclusion radius constituting 27 % of the bubble
radius. Surrounding the core is the endoskeleton in air, encapsulated by a silica shell,
whose thickness was estimated to be around 1 µm, estimated from microscopic images in7.
The median reference bubble diameter was estimated to be 6 µm24. Reference bubbles are
filled with air, encapsulated by a silica shell. Sonovue bubble, with hexafluoride (SF6) gas,
encapsulated by a thin phospholipid shell25,26 and a mean diameter of 3 µm25,27.

The resonance frequencies of endoskeletal antibubbles and reference bubbles have not yet133

been identified.134

The scatter measurement was performed at acoustic pressures comparable to those em-135

ployed clinically at mechanical indexes (MIs) of 0.2 and 0.3, often utilized for DCE-US31,32,33.136

Signals at these MIs are sufficiently strong to trigger nonlinear bubble oscillation and, at the137

same time, low enough not to induce damage to biological tissue and bubble bursting34,35. A138

hydrophone was utilized as a receiver to enable registration of a broad spectrum of the scat-139

tered signal, including higher harmonics and subharmonics. The attenuation measurement140

was performed for MI<0.04. Low pressures are typical for attenuation measurements36, they141

avoid depletion of the fundamental signal due to generation of higher harmonics, which is142

especially prominent in case of UCAs. Moreover, at greater pressures UCA bubbles may143

Last edited Date :
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(a) (b)

Figure 2: The size distributions of (a) antibubble and (b) reference bubble in the studied
dispersions. The data was taken from (Anderton, 2020)24.

generate a strong fundamental componenent, interfering with the transmitted pulse and in-144

troducing further error in the measurement. This way, we measured attenuation as a result of145

energy absorption28 and energy scattering in a nearly linear low-amplitude regime of bubble146

oscillation37, as demonstrated for antibubbles, reference bubbles and other contrast agents147

at greater pressures than those utilized in this work7,38,39. For both scatter and attenua-148

tion measurement pulses of 10-20 cycles were transmitted, providing a sufficiently narrow149

bandwidth to avoid overlap between the harmonics in the received spectra.150

To demonstrate antibubbles’ performance in a nearly clinical setting, a DCE-US mea-151

surement was performed: the flow of endoskeletal antibubbles, reference bubbles and152

SonoVueTM was imaged through a porous phantom40 with a linear array US transducer.153

The spaces between the acoustically transparent beads composing the vascular phantom154

simulated a vascular network. The transmitted pulses consisted of 3 cycles at 3.5 MHz,155

granting sufficient resolution for phantom visualization, and with an MI = 0.2.156

II. METHODS II.A. Scatter measurements
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II. Methods157

II.A. Scatter measurements158

II.A.1. Contrast agent fabrication and preparation159

Endoskeletal antibubbles were produced as described by Poortinga6 with some modifica-160

tions. The antibubbles were stabilized using pharmaceutical grade Aerosil
®

972 Pharma161

hydrophobized silica particles (Evonik Industries AG, Essen, Germany). The aqueous cores162

were replaced by 2 vol% (sample 1) of hydrophobically modified Zano 10 Plus ZnO nanopar-163

ticles (Umicore, Brussels, Belgium). Reference bubbles containing no cores were produced164

in the same way but without adding core material. As compared to the procedure in6, the165

mixing speed of the high-shear mixer (IKA T18 Ultra Turrax equipped with an S18N-19G166

rotor-stator) was increased to 12,000 rotations per minute to produce smaller antibubbles167

with a size comparable to that of conventional UCAs.168

All UCAs were maintained at room temperature before activation. The concentrations169

of investigated UCA dispersions were chosen in the low range, where a linear dependence of170

the scattered energy28,39,41,42 and attenuation28,43 on bubble concentration has been reported.171

The adopted concentration was in the order of 105 bubbles/mL for all studied UCAs, yielding172

a sufficient signal-to-noise ratio of the recieved signals. Preparation of reference bubble and173

antibubble dispersions was identical. 10 mg of dried material was diluted with 12 mL of174

saline in a vial. The resulting dispersions was manually gently agitated for 10 seconds, 0.35175

mL was taken out and diluted in 3.35 mL of saline, giving a concentration of 0.08 mg per 1176

mL. This corresponded to 105 bubbles/mL, based on the calculation of the overall gas volume177

corresponding to 0.08 mg of powder material and the average bubble volume. SonoVueTM
178

was prepared according to the manufacturer instructions. The vial was gently agitated, and179

0.4 mL of the dispersions was extracted right before the measurement and diluted to the180

concentration of 1 µg per 1 mL which corresponds to 8× 104 bubbles/mL. For all UCAs the181

final dispersions was gently shaken manually for 10 seconds right before the measurement.182
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II.A.2. Experimental procedure183

The center of the cuvette with UCA dispersions was always positioned a few millimeters184

beyond the focal point of an US source (Fig. 3). A source holder and a cuvette holder185

were fixed on a rail system, providing alignment of the source and the cuvette. The uti-186

lized sources were all single-element focused US circular transducers with a diameter of 2.5187

cm, and a focal distance of 6.4±0.1 cm. Transducers of type V302-SU-F, V304-SU-F and188

V380-SU-F (Olympus Nederland B.V., Leiderdorp, the Netherlands), were excited at their189

center frequencies of 1, 2.25 and 3.5 MHz, respectively. The omnidirectional secondary field190

created by the UCAs was recorded with a 1.0 mm needle hydrophone (Precision Acoustics191

Ltd., Dorchester, UK), oriented perpendicular to the source (Fig. 3). This is a typical192

configuration of the source and the receiver, utilized for scatter measurements12,38,42,44.

Figure 3: The setup for scatter measurements. (a) Side view. (b) Top view.
193

Gelatin cuvettes were prepared to contain the contast agents during the experiments.194

Their advantage is a similar acoustic impedance to that of water and, therefore, low reflection.195

For cuvette fabrication, a hollow form and a ceiling top were 3D printed. The black cubic196

form was hollow, with inner dimensions of 12 by 3 by 3 cm. A lid was printed to seal the197

top of the cuvette once the liquid gelatin mixture was inside. This lid had a long cubic198

stick in the center with dimensions 10 by 1 by 1 cm. This construction shaped cubic gelatin199

cuvettes with 1 cm thick sides, and a hollow cubic void (with the dimensions of the cubic200

stick), where contrast material could be poured in. When preparing the gelatin mixture, 8201

sheets of animal-based gelatin (Dr. Oetker, Amersfoort, The Netherlands) were diluted in202

100 mL of water, corresponding to a concentration of 13 grams of gelatin per 100 mL. The203

II. METHODS II.A. Scatter measurements
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mixture was poured in the hollow form, smeared with vaseline from the inside. The form204

was sealed with the lid and put in the fridge.205

Prior to the scatter measurements, the voltage amplitudes of the driving signals were206

identified for each transducer in order to generate MIs of 0.2 and 0.3. These mechanical207

indexes are often used in clinical practice since they do not induce either bubble bursting or208

damage to biological tissue34,35. Nevertheless, such signals are sufficiently strong to trigger209

nonlinear bubble oscillation. In the MI measurement, the gelatin cuvette was modified to210

position the hydrophone in the center of the cuvette. The generated pressures were recorded211

for various voltage amplitudes of the signals driving the source. The initial placement of the212

hydrophone in the center of the cuvette was visually aided, further adjustments were per-213

formed with the help of an oscillocope, identifying the angular orientation of the hydrophone214

with the maximum signal amplitude.215

Before the scatter measurement, the setup was submerged in a degassed water bath and216

left for a half an hour, allowing the gelatin phantom extracted from the fridge to reach room217

temperature. Two sides of the water tank, facing the source, were lined with foam to reduce218

possible reflections. The first measurement was always conducted for the reference liquid219

of saline. Additional acquisitions with a needle on the inside borders of the cuvette, were220

acquired to identify the region where the UCA signal was expected to originate. Further, the221

cuvette was emptied, the contrast-agent dispersions gently shaken and slowly injected in the222

cuvette. The UCA was shaken to ensure a homogeneous dispersion, i.e., with a homogeneous223

spatial distribution of bubbles/antibubbles, filling the whole inner cavity of the cuvette. The224

measurement was performed right after injection not to allow the larger bubbles with more225

gas to rise. Two driving voltages were used one after another, corresponding to MI = 0.2 and226

MI = 0.3, in an ascending order. The whole measurement lasted for a couple of seconds. This227

procedure was repeated 15 times for each UCA, with different batches of the contrast-agent228

dispersions being injected in the cuvette.229

Labview (National Instruments Corp., Austin, TX, USA) was used to control the US230

acquisition of the acoustic response generated by UCAs. A 33220A arbitrary wave gen-231

erator (Agilent Technologies, Santa Clara, California, USA) was connected to a desktop232

and controlled by dedicated Labview software to generate the driving signals. The driving233

signals were transmitted to a 50-dB 2100L RF Power amplifier (Acquitek, Massy, France)234

Last edited Date : II.A. Scatter measurements
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connected to the source transducer. The received signals were displayed on a TDS2014 oscil-235

loscope (Tektronix U.K. Limited, Bracknell, UK) and were further sampled throughout an236

NI-5122 (National Instruments Corp.) acquisition board which was connected back to the237

desktop and controlled by the Labview software. Sinusoidal tone bursts with a rectangular238

window, were transmitted by 3 sources driven at their center frequencies of 1, 2.25 and 3.5239

MHz. A length of 20 cycles was chosen for 2.25 MHz and 3.5 MHz, and 10 cycles for 1 MHz.240

These pulse lengths provided a sufficiently narrow bandwidth of the transmitted signals and,241

therefore, allowed avoiding overlap between the harmonics in the received spectrum. The242

silence period between the pulses was always set to 250 microseconds, chosen to prevent243

interference of any possible reflection of the preceding pulse with the following pulse. A244

total of 92-95 pulses was transmitted at every acquisition. The signals were recorded at a245

sampling frequency of 25 MHz and stored for analysis.246

II.A.3. Data analysis of scatter measurements247

All data analysis was performed with MATLAB
®

(The MathWorks, Inc., Natick, MA, USA).248

In the scatter measurement, the analyzed segment of the signal, generated by the UCAs was249

identified manually, confirmed by the acquisitions with the needles inside the cuvette (Sec.250

II.A.2.). A window of 9 microseconds was chosen for the analysis, defined by the shortest251

signal generated by the UCAs. The length of the time window was fixed for all sonicating252

frequencies. For each acquisition, an average Fourier amplitude spectrum was calculated253

based on 92 acquisitions, radiated by the UCAs, using Matlab’s Fast Fourier Transform254

function. A Hanning window was used in all cases to reduce spectral leakage45. The scatter255

spectra were represented in two ways. First, using256

S(f) = 10 log10

(
ACA(f)

Asal(f)

)
, (1)257

where A(f)CA is the amplitude of the signal generated by the UCA at frequency f and A(f)sal258

the amplitude of the signal at frequency f acquired with saline in the cuvette, representing259

the noise level at that frequency23. In the second representation, the spectra were normalized260

by the amplitude of the fundamental frequency ACA(f0) in these spectra, using261

Sn(f) = 10 log10

(
ACA(f)

ACA(f0)

)
. (2)262

II. METHODS II.A. Scatter measurements
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For each medium studied, the responses of 15 acquisitions, calculated with Eqs 1 and 2, were263

averaged, and their standard deviation was assessed.264

Equation 1 allows comparison of the UCA efficacy at the concentrations used. However,265

this concentration is significantly lower than that used in the clinic46,47. Since in the low266

concentration range all the generated harmonic amplitudes are proportional to the bubble267

concentration39,42, we normalized the UCA responses at all frequencies by the corresponding268

responses at the fundamental frequency, as shown in de Jong et al.30. Besides this, the269

scattered energy for every harmonic is also proportional to the squared bubble radius42.270

Therefore, it is hypothesized that this normalization reduces the influence of bubbles size271

and concentration on the scattered spectra.272

Assessment of the significance of the differences between the higher harmonics of the273

UCAs was performed with the two-tailed Student’s t-test, assuming a Gaussian distribution274

of the higher harmonic amplitudes among the 15 acquisitions. A p-value below 0.05 is275

considered to indicate a statistically significant difference between the distributions.276

II.B. Attenuation measurements277

The attenuation measurement was performed with a transmission setting (Fig. 4). The same278

source transducers as for the scatter measurement (Sec. II.A.) were employed, resulting in279

attenuation coefficients at 3 frequencies for all studied UCAs. The sources, the receivers and280

the cuvette with UCAs were fixed on the same rail system as for the scatter measurement.281

The center of the cuvette was positioned in the focal region of the sources. The opening in282

the gelatin cuvette containing UCA was 1.6-cm wide, ensuring that the whole beam passed283

through the studied dispersions. The length of the cuvette, corresponding to the path in the284

UCA dispersion, was 1 cm. Varying greatly among other experimental studies, from 2 cm to285

8 cm,38,48,49,50, this cuvette length was chosen to ensure a sufficient signal-to-noise ratio after286

propagation through all studied UCAs at all frequencies. The receiver was fixed in a holder287

located 85 mm away from the cuvette (Fig. 4). A plane piston V306 transducer (Panametrics-288

NDT, Olympus NDT Inc., Waltham, MA, USA), centered at 2.25 MHz was used as the289

receiver for measurements at 1 and 2.25 MHz, and a plane piston V309 (Panametrics-NDT,290

Olympus NDT Inc., Waltham, MA, USA) was used for 3.5 MHz. The same system and291

control software was used for the attenuation measurement (Sec. II.A.2.), transmitting 20-292

Last edited Date : II.B. Attenuation measurements
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cycle tone bursts for all frequencies. For every source, transmitted pressure amplitudes were293

below 60 kPa, measured in the center of the cuvette by the hydrophone, as for the scatter294

measurement (Sec. II.A.2.). At such low pressures, the bubble oscillation is mostly linear,295

as demonstrated in (Kudo et al., 2020)7 for antibubbles and reference bubbles. SonoVueTM,296

on the other hand, exhibited an initiation of 2nd harmonic growth at pressures of 24 to 50297

kPa30,51, depending on the transmit frequency. Therefore, a preliminary experiment was298

conducted, assessing the higher harmonic amplitudes for the chosen settings, demonstrating299

the higher harmonics to be below 5% of the fundamental signal. This way, it was concluded300

that the chosen settings primarily corresponded to the linear regime of bubble oscillation.301

Contrast-agent dispersions were prepared as for the scattering measurement (Sec. II.A.1.).302

They were injected in a gelatin cuvette right before the measurement. Attenuation was

Figure 4: The setup for attenuation measurements. (a) Side view of the setup taken out of
the water bath. (b) Top view.

303

estimated based on two measurements: when the cuvette contained 7 mL of saline and 7304

mL of UCA. The Fast Fourier Transform was performed on all the received pulses in the305

acquisitions and the average amplitude at the fundamental freqency was extracted for saline306

Asal and UCA ACA. The attenuation coefficient was computed using307

α(f) =
20

d
log10(

TAsal(f)

ACA(f)
), (3)308

where d is the length of the US path in the UCA medium defined by the inner dimensions of309

the cuvette and T is the transmit coefficient38,49. For every UCA, 15 acquisitions were per-310

formed, yielding 15 values of the attenuation coefficient. The mean and standard deviation311

among these acquistions were assessed.312

In our measurement in Eq. 3 , d = 1 cm and T was approximated to 1, neglecting all313

reflection losses and possible acoustic impedance differences of UCAs with respect to water.314

II. METHODS II.B. Attenuation measurements
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In an experiment designed to verify this assumption for our gelatin cuvettes, it was identified315

that the amplitude of the transmitted pulse decreased by 1% only per 1 cm of the path in316

gelatin. These losses include reflection loss (defined by the difference in acoustic impedance)317

and attenuation. As for UCAs, the density was assumed identical to that of water due to318

the low concentration of bubbles used. The arrival times of the pulses transmitted through319

UCAs were compared to that in water. A maximum delay among all UCAs corresponded to320

0.6 microseconds, indicating a maximum difference of 8 % in the speed of sound compared to321

water. For the three investigated frequenencies, an attenuation measurement was conducted322

for corn oil, utilizing the same setup and making the same assumptions. The attenuation323

coefficients were in agreement with literature values52, within a ± 0.1 dB/cm error.324

To verify the measured attenuation values, another attenuation measurement was con-325

ducted with a different set up for 3.5 MHz, at the same acoustic pressure amplitude as326

for the through-transmission measurement, corresponding to MI = 0.03. 20-cycle pulses327

were transmitted, with a Gaussian window. An L11-4v linear array probe, controlled by a328

Verasonics US system (Vantage 128, Verasonics Inc.), was utilized to construct echo-mode329

videos, consisting of 100 frames. The image gain was set constant throughout depth and330

no log compression was performed, therefore, the graylevels of the videos represented the331

envelopes of the signals. The probe was positioned to provide normal incidence of the son-332

icating beam on the cuvette, while an aluminium plate behind the cuvette served as the333

reflector, as in53. A reference measurement with saline in the cuvette was performed, where334

Asal was the grayvalue of the aluminium plate (Eq. 3), averaged over the 100 frames. Then335

the saline was taken out with a syringe and the UCA suspesion was injected in the cuvette,336

resulting in a mean graylevel of the alumium plate ACA. The difference in the grayscale337

intensity of the aluminium plate in these two measurements allows to compute the attenu-338

taion coefficient (Eq. 3), accounting for the longer path through the UCA dispersion due339

to forward and backward directions. For all UCAs, the attenuation coefficient of 6 or 7340

analogous dispersions was measured.341

Besides this, the ratio of the pressures backscattered by the UCA suspesions to the342

transmitted pressure amplitudes was estimated for 3.5 MHz. For this estimation, the cu-343

vette was removed from the acoustic path. The graylevel intensity of the aluminium plate344

divided by the reflection coefficient of the water-aluminium interface represented the sonicat-345

ing amplitude Atransmit. The mean graylevel inside the cuvette represented the backscattered346
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energy Abacksc. The ratio was computed as347

Slin(f) =
Abacksc(f)

Atransmit(f)
× 100%. (4)348

Slin represents the linear scatter at the fundamental frequency, since higher harmonic gener-349

ation at these pressures was demonstrated to be negligible for antibubbles, reference bubbles350

and SonoVueTM7,42,44.351

II.C. Dynamic contrast-enhanced ultrasound measurement352

(a) (b)

(c)

Figure 5: The setup for the dynamic contrast-enhanced ultrasound measurement. (a) A
close-up view of a vascular phantom made of beads. (b) The probe is mounted on top of the
vascular phantom, in a water bath. (c) The utilized pulse scheme, where three pulses were
transmitted (P1, P2, and P3) to form a DCE-US clip, reflecting the intensity of the nonlinear
signal Pnonl.

To investigate the efficacy of UCAs in a near to clinical setting, a DCE-US measurement353

was performed. In this measurement, the UCAs were separately injected into a perfusion354

system, flowing through a porous phantom that mimicked a microvascular network. De-355

gassed water flow through the phantom was supplied with an FPU5-MT peristaltic pump356

(Omega Engineering Ltd., Manchester, UK) at a rate of 36 mL/min. The utilized flow was357
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in the range of expected physiological values, ranging from 10−7 mL/min for capillaries54358

to 103 mL/min for large arteries54,55. The porous phantom (Fig. 5a) was built by packing359

alginate beads with a diameter of 3.1 mm in a polyurethane tube, whose shape was fixed by360

two circular nets at the two sides of the phantoms. The phantom was gently squeezed and361

shaken after packing to achieve a more homogeneous structure40. The spaces between the362

beads simulated a microvascular network with porosity of 43%. Since the phantom consisted363

of identical beads, the simulated microvascular network did not exhibit the vessel/capillary364

topology typical for biological tissue54,56. The water resistant alginate beads did not permit365

simulating tissue-water exchange observed in biological tissue57. This way, the phantom pro-366

vided a simplified model of a microvascular network. The phantom used in the experiments367

was about 4.5 cm long, comparable to the length of the utilized US transducer, and 2 cm368

in diameter. Before the experiment, the phantom was submerged in a water bath and con-369

nected to the input and output flow paths (Fig. 5b). A linear array L11-4v probe, controlled370

by a Verasonics US system, was mounted above the phantom. DCE-US plane wave imaging371

was performed in contrast-specific mode following the manual injection of a UCA bolus into372

the flow stream towards the vascular phantom. The utilized pulse scheme is illustrated in373

Fig. 5c, consisting of one high-amplitude pulse and two pulses, twice as low in amplitude374

and shifted in phase by 180◦. The high-amplitude pulse pressure was 370 kPa, corresponding375

to MI = 0.2 (the probe was calibrated with the same hydrophone). The transmitted pulses376

consisted of 3 cycles at 3.5 MHz, granting sufficient resolution for visualization of the beads377

composing the phantom. The contrast-specific mode was a combination of pulse inversion378

and amplitude modulation schemes, since it was shown to be the most sensitive imaging379

strategy to microbubble nonlinearities58.380

When injecting the contrast-agent bolus, we aimed to have the same concentrations at381

the peak of the time-intensity curves (TICs) as in the static measurement. A few preliminary382

measurements were conducted where 1 mL of reference bubble and antibubble dispersions383

(0.5 mg/mL) was injected. The water volume where the UCA was diluted2,3 before its arrival384

to the middle of the vascular phantom was assessed with the measured TICs in the middle385

of the phantom. A simple triangular model59,60 was used to correlate the concentration386

at the peak of the TIC and the identified mixing volume. For SonoVueTM, two greater387

concentrations were also used. Since the SonoVueTM bubbles are smaller, greater number388

densities were used to reach a volume fraction comparable to that in the reference and389

Last edited Date : II.C. Dynamic contrast-enhanced ultrasound measurement



page 14 A. Panfilova et al.

antibubble boluses. In these cases the concentration of SonoVueTM at the peak of the TIC390

was estimated to be 10 and 30 times greater than the concentration used in the static391

measurement.392

For every UCA 4 DCE-US acquistions were performed. For every acquisition, a 1-mL393

bolus with the calculated concentrations was injected. 40-second dynamic contrast-enhanced394

US clips recorded the flow through the porous phantom including the complete wash-in and395

wash-out. The TICs were extracted from the middle of the phantom (Fig. 5a) and compared,396

with the aim to identify the UCA producing the highest peak signal.397

III. Results398

III.A. Scattering399

The average spectra of the signals generated by UCAs, normalized to the saline spectrum400

are presented in Fig. 6. The frequencies of the sonicating signals are stated above the401

plots. The thick vertical straight lines on the plots indicate this sonicating frequency and,402

therefore, the fundamental component of the signal scattered by UCAs. The thinner lines403

indicate integers of the fundamental frequency, representing the scattered higher harmonics.404

The error bars next to these lines demonstrate the mean and the standard deviation of the405

higher harmonic amplitudes among the 15 acquisitions for antibubbles (to the left of the406

harmonic line, in blue), reference bubbles (on the harmonic line, in red) and SonoVueTM
407

(to the right of the harmonic line, in magenta). For the top plots, demonstrating the UCA408

response to sonication at an MI of 0.2, for 1 MHz and 2.25 MHz the nonlinear responses409

of antibubbles and reference bubbles are equivalent: the mean higher harmonic amplitudes410

differ no more than by 2 dB, with no significant differences in the higher harmonic distri-411

butions (p>0.05). For 3.5 MHz, the antibubbles scatter a 2nd harmonic 2 dB greater than412

the reference bubbles, with a significant (p<0.001) difference in the distributions. The 3rd413

harmonic content is equivalent. For SonoVueTM, at 1 MHz, all higher harmonics are up to414

2 dBs weaker than those of antibubbles with a significant difference in the higher harmonic415

distributions (p<0.05). For 2.25 MHz and 3.5 MHz, SonoVueTM exhibits an analogous non-416

linear response to antibubbles, with barely a difference in higher harmonic amplitudes and417

complete or great overlap of the confidence intervals (p>0.05). For an MI of 0.3, all higher418
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harmonics generated by antibubbles are significantly (p<0.01) greater than for the reference419

bubbles, at all the sonicating frequencies. In comparison to SonoVueTM, at 1 MHz the higher420

harmonic amplitudes of antibubbles are 2 to 4 dB greater (p<0.001). At 2.25 MHz, the non-421

linear responses are equivalent (p>0.05), while for 3.5 MHz the 2nd and 3rd harmonic of422

antibubbles are significantly (p<0.001) greater (up to 2 dB) than those of SonoVueTM.423

Figure 6: Mean spectra of the signals generated by antibubbles (Antib), reference bubbles
(Refb) and SonoVueTM (Sonov) at frequencies of 1, 2.25 and 3.5 MHz for MIs of 0.2 (top) and
0.3 (bottom). The amplitude of the responses is presented in dB, normalized with respect
to the responses in a reference acquisition with saline in the cuvette. The thick vertical lines
indicate the fundamental frequency, while the thin vertical lines indicate higher harmonics.
The error bars represent the standard deviations of the higher harmonic amplitudes.

The spectra normalized to their corresponding fundamental signals are shown in Fig.424

7. Theoretical analysis predicts that all the harmonic amplitudes scattered by a UCA dis-425

persion are proportional to the bubble concentration, in the low concentration range, and426

the bubble radius11,39,42. Normalizing the spectum to the fundamental harmonic amplitude427

is hypothesized to mitigate to some extent the impact of the different bubble sizes and428

concentrations. This way, the provided normalized plots facilitate comparing the nonlinear429
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behavior of the investigated bubbles/antibubbles. Analysis of the scatter spectra at pres-

Figure 7: Spectra of the signals generated by UCAs at frequencies of 1, 2.25 and 3.5 MHz
for MIs of 0.2 and 0.3. The amplitude of the responses is presented in dB, normalized with
respect to the fundamental component in these responses.

430

sures corresponding to an MI = 0.2 follows below. At 1 MHz, antibubbles generated mean431

higher harmonic amplitudes equivalent to those of SonoVueTM, with nearly complete over-432

lap of the confidence intervals (p>0.05). The mean higher harmonic amplitudes of reference433

bubbles are somewhat lower than those of antibubbles, with the greatest significant (p<0.01)434

difference of 3 dB in the 4th harmonic. At 2.25 MHz, higher harmonics of antibubbles are435

up to 5 dB weaker (3rd harmonic) than those of SonoVueTM, with a significant difference436

between the harmonic distributions (p<0.05), and equivalent to reference bubbles (p>0.05),437

with the antibubble signal up to 1 dB greater than that of reference bubbles. At 3.5 MHz,438

antibubble higher harmonics are significantly (p<0.001), up to 6 dB weaker than those of439

SonoVueTM. At the same time, they are up to 3 dB greater than those of reference bubbles440

with a significant difference between the scattered higher harmonics (p<0.01).441
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Analysis of the scatter responses at pressures corresponding to an MI = 0.3 follows442

below. For 1 MHz, antibubble higher harmonics are up to 3 dB greater (p<0.05) than those443

of SonoVueTM and up to 6 dB greater than those of reference bubbles (p<0.001). At 2.25444

MHz, antibubble higher harmonics are equivalent to those of SonoVueTM, with a maximum445

difference of 1 dB and a p-value above 0.05. Antibubble higher harmonics are up to 7 dB446

greater than those of reference bubbles, with no overlap of the confidence intervals (p<0.001).447

At 3.5 MHz, antibubbles scatter higher harmonics that are significantly different from those448

of reference bubbles and SonoVueTM: they are up to 2 dB greater than those of reference449

bubbles (p<0.05) and up to 5 dB weaker than those of SonoVueTM (p<0.001).450

Comparing plots at MI = 0.2 and MI = 0.3, in several cases the higher harmonic451

amplitudes decrease for higher pressures, compared to lower pressures. At 1 MHz, we observe452

this for all contrast agents (p<0.05). For 2.25 MHz this is observed for SonoVueTM and453

reference bubbles (p<0.05), while the signal scattered by antibubbles is equivalent for both454

sonicating pressures (p>0.05). At 3.5 MHz, SonoVueTM’s higher harmonics decrease for the455

higher pressure (p<0.05), while those of antibubbles and reference bubbles stay equivalent456

(p>0.05).457

III.B. Attenuation458

Figure 8 illustrates the mean attenuation of antibubbles, reference bubbles and SonoVueTM,459

with the corresponding standard deviations. For all frequencies, the mean attenuation coef-460

ficient is greater for antibubbles, compared to reference bubbles and SonoVueTM. At 1 MHz,461

antibubbles’ attenuation coefficient is slightly higher than that of the reference bubbles, with462

a mean and significant difference of 1 dB/cm (p<0.05). For other measurements, all the dif-463

ferences in UCA attenuation are significant as well (p<0.001). At 1 MHz, the antibubble464

mean attenuation coefficient is 8.4 dB/cm greater than that of SonoVueTM. For 2.25 MHz, it465

is 6.7 dB/cm greater than that of reference bubbles and 9.1 dB/cm than that of SonoVueTM.466

At 3.5 MHz, it is 2.6 dB/cm greater that of reference bubbles and 3.4 dB/cm greater than467

of SonoVueTM. The antibubbles attenuation coefficients are 8.7 dB/cm, 9.7 dB/cm and 4.4468

dB/cm for 1 MHz, 2.25 MHz and 3.5 MHz, respectively.469

The attenuation measurement conducted in echo-mode with the Verasonics system470

yielded attenuation values of 2.8 dB/cm, 1.1 dB/cm and 0.4 dB/cm for antibubbles, ref-471
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Figure 8: Attenuation coefficients measured for antibubbles (Antib), reference bubbles (Refb)
and SonoVueTM (Sonov) at sonicating frequencies of 1, 2.25 and 3.5 MHz (left to right). The
square symbols indicate the mean attenuation coefficients measured with the piston source
and receiver (Fig. 4). The rectangular (green) symbols indicate the mean attenuation
measured in echo-mode with the Verasonics probe for 3.5 MHz.

erence bubbles and SonoVueTM, respectively, illustrated with star-symbols in Fig. 8. The472

portion of the backscattered pressures Slin (Eq. 4) constituted 4%, 6% and 2% of the trans-473

mitted pressures for antibubbles, reference bubbles and SonoVueTM, respectively.474

III.C. Dynamic contrast-enhanced ultrasound475

Figures 9a-9d demonstrate the maximum intensity projections of the DCE-US clips record-476

ing antibubble, reference bubble and SonoVueTM passage through the employed porous phan-477

tom. These images simulate potential clinical images of tissue, when imaging a UCA bolus478

passage in contrast-specicifc mode at pressures inducing nonlinear bubble oscillation. Fig-479

ure 10 demonstrates the mean linearized TICs of the UCAs, normalized to the maximum480

mean peak intensity among the UCAs. From the measured TICs, one can observe that481

antibubbes generate a peak nonlinear signal 31% greater than that of the reference bubbles,482

224% greater than that of SonoVueTM at the concentration studied in the static measure-483

ments, 53% greater than SonoVueTM at 10 times the concentration studied in the static484

measurements and 23% lower than that of SonoVueTM at the highest studied concentration.485
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(a) (b)

(c) (d)

Figure 9: Maximum intensity projection based on the DCE-US recordings of UCAs passing
through the porous phantom. The white contour indicates the region of interest where the
TICs were extracted. (a) Antibubbles. (b) Reference bubbles. (c) SonoVueTM with a peak
concentration as in the static measurement. (d) SonoVueTM with a peak concentration 30
times higher than in the static measurement.
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Figure 10: Linearized TICs of the middle region of the vascular phantom, averaged among
4 acquisitions for all studied dispersions. The peak amplitude for antibubbles, reference
bubbles and SonoVueTM is generated by the same concentration of contrast agents as in the
static measurement. The peak concentrations of Sonov10 and Sonov30 are 10 and 30 times
higher than that in the static measurement. The error bars illustrate the standard deviation
at the point of maximum intensity of the averaged curves.
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IV. Discussion486

The scatter spectra normalized to the saline spectum (Fig. 6) show antibubble higher har-487

monics to be equivalent or slightly greater, compared to reference bubbles and SonoVueTM
488

in the studied frequency range. On the scatter spectra of SonoVueTM across all frequencies,489

we can not appreciate the expected growth in harmonic amplitude for the frequencies of 2.25490

MHz and 3.5 MHz, close to its reported resonance frequency30, in comparison to 1 MHz.491

This underlines that the scatter plots for separate sonicating frequencies do not demonstrate492

the frequency dependence of the UCA response. The sonicating field is different for every493

studied frequency, with different dimensions of the focal spot for each source.494

For every sonicating frequency, comparing the spectra at MI = 0.2 and MI = 0.3, we495

could not appreciate any marked growth of the nonlinear components of the scattered sig-496

nals with increasing pressure amplitude. Markedly, at frequencies of 1 MHz and 3.5 MHz,497

at MI = 0.3, unlike at MI = 0.2, antibubbles scatter a higher nonlinear signal, compared498

to both other UCAs (p<0.01). The spectrum corresponding to 1 MHz and MI = 0.3 ex-499

hibits an increase of broadband noise between the 2nd and 3rd harmonic, compared to MI500

= 0.2, possibly indicating the onset of bubble cavitation61,62. It is also possible that the501

lower harmonic amplitudes at MI = 0.3 are attributed to the rise of larger bubbles to the502

surface, since the scatter acquisitions at MI = 0.3 were performed 2-5 seconds after those503

at MI = 0.2. Interestingly, antibubbles, the heaviest bubbles, exhibit the lowest difference504

in harmonic amplitudes for both MIs, while SonoVueTM, the lightest bubbles, exhibit the505

greatest difference. This indicates that for future characterization, the acquisition at all506

studied pressures should be performed right after injection of the contrast agents in the cu-507

vette. Alternatively, a thickener can be added to increase the viscosity of the saline, slowing508

down the rise of larger bubbles to the surface of the dispersion, or a magnetic stirrer could509

be utilized to keep the dispersion uniform, as in48.510

The scatter spectra, normalized to the corresponding fundamental signal in the spec-511

trum (Fig. 7), shows antibubble higher harmonics to be equivalent or up to 3 dB greater512

than those of reference bubbles. At frequencies of 2.25 MHz and 3.5 MHz, and pressures513

corresponing to MI = 0.2, SonoVueTM scattered the greatest higher harmonic amplitudes514

among the studied UCAs. This may indicate that, in the given experimental configuration,515

SonoVueTM has a greater capacity to scatter higher harmonics, compared to antibubbles516
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and reference bubbles. At equivalent bubble size and bubble concentration, SonoVueTM may517

generate a stronger nonlinear signal. This might not have been appreciated on Fig. 6 due518

to the smaller size of SonoVueTM bubbles or a somewhat lower concentration. On the other519

hand, the provided normalization cannot fully compensate for the influence of the size distri-520

bution, as the energy scattered by a certain UCA dispersion is the energy integrated over the521

bubble size distribution through a complex nonlinear process. Experiments involving other522

bubble/antibubble size distributions are needed to confirm the observations in Fig. 7.”523

The attenuation measurement is an important indicator of UCA efficacy28 since lower524

attenuation allows avoiding shadowing and imaging at further depth. Endoskeletal antibub-525

bles exhibit the greatest attenuation among the studied UCAs. Given that the attenua-526

tion coefficient of most studied dispersions of clinically-approved UCAs does not exceed 4.5527

dB/cm in the whole diagnostic frequency range29,44,63,64, and that most soft tissue types528

have an attenuation coefficient below 0.5 dB/(cm MHz)65,66, endoskeletal antibubbles ex-529

hibit remarkably high attenuation at 1 and 2.25 MHz. The high attenuation of antibubbles530

may be caused by the endoskeleton that may add a viscous behavior to the inner gas phase.531

Alternatively, the hydrophobic ZnO particles forming the endoskeleton were observed to be532

surrounded by a thin gaseous layer67. These tiny air pockets are acoustically active at low533

acoustic amplitudes, absorbing acoustic energy and cavitating67.534

The attenuation measurement at 3.5 MHz, conducted with a Verasonics probe in535

echo-mode, yielded somewhat lower attenuation values for all UCAs than the through-536

transmission measurement with piston transducers. However, both measurements point out537

the same qualitative differences among UCAs. The discrepancy in the measurement results538

may be due to different pulse shapes: in the through-transmission acquisition a rectangular539

pulse was utilized, while a Gaussian pulse was transmitted in the echo-mode measurement.540

The attenuation measurement is independent of the source pressure field30. The fre-541

quency of maximal attenuation of UCAs indicates the resonance frequency of the bubble542

population30,44. At this frequency, the bubbles transfer a greater portion of energy to higher543

harmonics. A resonance frequency close to 3.5 MHz is in line with studies that report a544

resonance frequency close to 3 MHz for SonoVueTM30. Based on the attenuation measure-545

ments, the resonance frequency of reference bubbles is hypothesized to be close to 1 MHz, the546

frequency of maximum attenuation. Following the same reasoning, the resonance frequnecy547
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of antibubbles is hypothesized to be between 1 and 2.25 MHz, closer to 2.25 MHz. This548

is in line with a smaller size of antibubbles compared to the largest reference bubbles29,30.549

The presence of an incompressible core also increases the resonance frequency of a bubble7.550

However, it must be noted that the sonicating pressures differed for the studied frequencies551

and an additional measurement with equivalent pressures is advisable for future work.552

At low acoustic pressures, where mainly linear low-amplitude bubble oscillation takes553

place7,42,44, endoskeletal antibubbles backscatter less energy than reference bubbles and more554

than SonoVueTM at the studied concentration, expressed in Slin (Eq. 4). It is theoretically555

predicited that the backsacttered enegry is proportional to the gas volume in the UCA556

dispersions11,29,42. The same weight of dried contrast material was diluted in saline for557

antibubbles and reference bubbles, whereas antibubbles contain an endoskeleton and solid558

cores. This may have resulted in a greater number of reference bubbles than antibubbles,559

as shown in Fig. 2 (81 antibubbles versus 101 reference bubbles). At the same time, the560

reference bubble dispersion contains a small percent of reference bubbles almost twice as large561

as the largest antibubbles (Fig. 2). These bubbles have a greater scattering cross-section11,42.562

The SonoVueTM dispersion clearly contains a smaller gas volume with a comparable number563

of much smaller bubbles (Fig. 1).564

The linearized TICs of the DCE-US acquisition exhibited periodic fluctuations (Fig.565

10). These can be attributed to the pulsatile flow of the utilized peristaltic pump and to566

reverberation between the surfaces of the probe and the porous phantom. The TICs showed567

antibubbles to backscatter a nonlinear signal 31% greater than that of the reference bubbles,568

224% greater than that of SonoVueTM at the concentration studied in the static measure-569

ments. This difference in the scattered signal is not present in the scatter measurement at570

the corresponding MI of 0.2, where antibubbles and SonoVueTM generate equivalent higher571

harmonics (Fig. 6). This finding may indicate that the scatter measurement was masked572

by the high attenuation of antibubbles surrounding the focal spot. Previous work23 and573

preliminary work support this hypothesis. In preliminary scatter experiments (unpublished574

data), increasing the concentration of antibubbles and reference bubbles in homogeneous575

dispersions augmented the scattered nonlinear signal. However, the signal growth with con-576

centration was greater for reference bubbles than for antibubbles. This way, the difference577

between the amplitudes of the scattered nonlinear signal of reference bubbles and antibub-578

bles decreased with growing concentration. At the same time, in previous work23, a small579
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quantity of antibubbles at a concentration 100 times greater than that in the studied homo-580

geneous dispersions, injected in the very center of the cuvette filled with saline (the location581

of the peak pressure), generated a 2nd harmonic 10 dB greater than that generated by refer-582

ence bubbles in the same setting. These findings support the conclusion that, in our scatter583

measurement configuration, where homogeneous dispersions were used and the US field was584

focused, attenuation affected the scatter measurement: the advantage of antibubbles over585

reference and SonoVueTM bubbles in Fig. 6 and Fig. 7 was masked proportionally to the586

their attenuation. Since this evidence is indirect, additional experiments, imaging the fun-587

damental pressure field and the generated 2nd harmonic in the DCE-US setting would help588

clarify whether the affect of attenuation was negligible on the generated and received 2nd589

harmonic signal. Scatter measurements in a wider/narrower cuvette may identify what role590

attenuation played in the scatter measurement.591

At concentrations 10 and 30 times higher than that utilized in the scatter measurement,592

the nonlinear response of SonoVueTM grows, and at the highest SonoVueTM concentration593

the antibubble response is 23% lower than that of SonoVueTM. It is important to note that594

SonoVueTM’s resonance frequency is close to 3 MHz, while antibubbles have been shown to595

have a resonance frequency between 1 MHz and 2.25 MHz. Therefore, at lower frequen-596

cies, when sonicating with plane waves, antibubbles may perform better than SonoVueTM.597

Moreover, if made smaller for a clinical application, the antibubbble resonance frequency is598

expected to increase, leading to even greater higher harmonic generation at 3.5 MHz. Figure599

9 also illustrates that in cases when small quantities of contrast agent are distributed in600

a vascular network, in contrast to the scatter measurement, antibubble attenuation of 4.4601

dB/cm does not degrade the images in a perceivable manner.602

In comparison to commercial UCAs, the studied endoskeleton antibubbes are larger1,35.603

A size below 7 µm in diameter is recommended for UCA bubbles35, about half the size of the604

largest endoskeleton antibubbles in the studied suspensions (Fig. 2). The shell thickness of605

commercial UCAs ranges from 2 to 200 nm1,16,25,68, with SonoVueTM having a particularly606

thin and compliant shell of about 4 nm25. The silica shell of antibubbles is stiff and about 1607

µm thick, based on brightfield microscopy images of antibubbles with the same shell7. The608

shell properties greatly contibute to UCA attenuation11,43, suggesting a study of alternative609

compliant materials for the antibubble shell that would reduce shadowing effects associated610

with high antibubble attenuation. Current generation contrast agents such as SonoVueTM
611
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and DefinityTM typically contain low solubility gas, providing a longer bubble lifetime. The612

studied endoskeleton bubbles contain highly soluble air. No endoskelton or core structures613

are present in any of the currently approved contrast agents.614

V. Conclusions615

Based on previous work, antibubbles, i.e., encapsulated gas bubbles with incompressible616

cores, are expected to demonstrate augmented nonlinear behavior compared to encapsulated617

gas bubbles. This opens the door to improving CE-US image quality and to a traceable ther-618

apeutic agent with large ammounts of therapeutic compounds in the core. This work aimed619

at characterizing the nonlinear behavior of endoskeletal antibubbles, an antibubble UCA620

prototype, and comparing it to reference bubbles and a commercially available and clinically621

approved UCA, SonoVueTM, in the range of diagnostic frequencies from 1 to 3.5 MHz and622

pressures comparable to those employed clinically at MI = 0.2 and MI = 0.3.623

We demonstrated that the studied dispersions of endoskeletal antibubbles generate com-624

parable or greater higher harmonic content than those composed of reference bubbles with an625

equivalent median diameter and smaller SonoVueTM bubbles. Higher harmonics comparable626

to that of SonoVueTM at a high concentration may be attributed to a larger antibubble size,627

a different shell and gas. Figure 7 mitigates the influence of bubble concentration and bubble628

size on the scattered spectra. However, the signals scattered by the UCAs in the focal spot629

may have been attenuated by the surrounding UCA. Therefore, the advantage of antibubbles630

over other contrast agents may have been masked in Fig. 7 by their higher attenuation. The631

plane-wave DCE-US measurement, simulating clinical imaging at 3.5 MHz, demonstrated632

that antibubbles have comparable performance to SonoVueTM at a high concentration at633

a frequency close to its resonance frequency, and superior performance, compared to the634

reference bubbles.635

Based on this work, it is difficult to draw the solid conclusion that the incompressible636

core leads to greater higher harmonic generation, due to the differences in the size distri-637

butions (Fig. 2) and inner bubble content of the studied antibubbles and reference bubbles638

(Fig. 1). The stronger higher harmonics of antibubbles, compared to reference bubbles639

may also be attributed to the lower resonance frequency of the reference bubble dispersion.640
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To present proof that antibubbles have an advantage over bubble-based contrast agents for641

imaging purposes, other reference bubbles are required, identical to antibubbles in all as-642

pects, except for the core. Such an agent is currently not available. Nevertheless, we present643

evidence that endoskeletal antibubbles demonstrate strong nonlinear behavior at frequencies644

from 1 to 3.5 MHz. These results are encouraging and suggest that antibubbles hold high645

potential to serve as traceable therapeutic agents. For this purpose, the solid core would646

have to be replaced by a liquid inclusion with medication.647
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