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Abstract—Recent advances in the field of monodisperse microbubble synthesis by flow focusing allow for the pro-
duction of foam-free, highly concentrated and monodisperse lipid-coated microbubble suspensions. It has been
found that in vitro, such monodisperse ultrasound contrast agents (UCAs) improve the sensitivity of contrast-
enhanced ultrasound imaging. Here, we present the first in vivo study in the left ventricle of rat and pig with this
new monodisperse bubble agent. We systematically characterize the acoustic sensitivity and safety of the agent at
an imaging frequency of 2.5 MHz as compared with three commercial polydisperse UCAs (SonoVue/Lumason,
Definity/Luminity and Optison) and one research-grade polydisperse agent with the same shell composition as
the monodisperse bubbles. The monodisperse microbubbles, which had a diameter of 4.2 mm, crossed the pulmo-
nary vasculature, and their echo signal could be measured at least as long as that of the polydisperse UCAs, indi-
cating that microfluidically formed monodisperse microbubbles are stable in vivo. Furthermore, it was found
that the sensitivity of the monodisperse agent, expressed as the mean echo power per injected bubble, was at least
10 times higher than that of the polydisperse UCAs. Finally, the safety profile of the monodisperse microbubble
suspension was evaluated by injecting 400 and 2000 times the imaging dose, and neither physiologic nor patho-
logic changes were found, which is a first indication that monodisperse lipid-coated microbubbles formed by flow
focusing are safe for in vivo use. The more uniform acoustic response and corresponding increased imaging sensi-
tivity of the monodisperse agent may boost emerging applications of microbubbles and ultrasound such as molec-
ular imaging and therapy. (E-mail: victor.jeannot@bracco.com) © 2020 World Federation for Ultrasound in
Medicine & Biology. All rights reserved.
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INTRODUCTION

Medical ultrasound is the most widely used diagnostic

imaging modality providing anatomic and functional

information in real time (Evans et al. 1989; Christopher

et al. 1996; Deffieux et al. 2018). Blood, however, is a

poor ultrasound scatterer, and the visibility of the blood

pool can be enhanced by using stabilized microbubbles

as an ultrasound contrast agent (UCA). With the intro-

duction of these UCAs more than three decades ago,

new meaningful physiologic and pathologic information

has been provided. Perfusion imaging of myocardial or

tumor tissue has now become available for routine
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clinical decision making (Frinking et al. 2020). Contrast-

enhanced ultrasound (CEUS) is in widespread clinical

use because it is safe, inexpensive and portable. More-

over, it is considered equivalent or superior, in terms of

diagnostic performance, to existing contrast-enhanced

modalities such as computed tomography (CT), mag-

netic resonance imaging (MRI) and nuclear medicine

(Mulvagh et al. 2000). CEUS permits real-time visuali-

zation of contrast enhancement patterns in various

organs, and today, it is indicated for the characterization

of focal liver lesions, vesicoureteral reflux and for left

ventricular opacification (Chong et al. 2018).

Ultrasound contrast agents consist of a suspension

of polydisperse microbubbles with diameters ranging

typically from 1�10 mm that are filled with a high-

molecular-weight gas (Borden and Song 2018). The
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bubbles are encapsulated by a stabilizing shell of pro-

teins or lipids (Paefgen et al. 2015). To date, four UCAs

are commercially available and approved for clinical

use: Definity/Luminity, Sonazoid, SonoVue/Lumason

and Optison (Chong et al. 2018).

The contrast enhancement results from the high

compressibility of the microbubble gas core, which

allows for radial microbubble oscillations in response to

a driving ultrasound wave through which the oscillating

bubble acts as an active source of sound rather than a

passive scatterer (Hilgenfeldt et al. 1998). The radial

oscillation amplitude is at maximum when the bubble is

driven at its resonance frequency, which is inversely pro-

portional to the microbubble size (Minnaert 1933). In

addition, at low acoustic driving pressures (<25 kPa),

the resonance frequency is strongly affected by the phys-

ical properties of the lipid shell that can be modeled as a

viscoelastic membrane with a shell viscosity, resulting in

increased damping, and with a shell elasticity, which

increases the resonance frequency (Marmottant et al.

2005; Sarkar et al. 2005; van der Meer et al. 2007). At

increasing acoustic pressures (>50 kPa), the resonance

frequency decreases (Tang and Eckersley 2007; Gong et

al. 2014) and approaches that of an uncoated bubble

because of both shell rupture and shell buckling (Mar-

mottant et al. 2005; Segers et al. 2018b), which renders

lipid-coated bubbles highly non-linear scatterers.

Resonating bubbles produce the strongest non-lin-

ear echo containing harmonics and subharmonics of the

driving frequency (Versluis et al. 2020). Contrast-spe-

cific imaging modes use these non-linearities to detect

the contrast agent while suppressing the linear tissue

echo (Frinking et al. 2000; Eckersley et al. 2005; Aver-

kiou et al. 2008, 2020; Caskey et al. 2011), for example,

in amplitude modulation, where the contrast enhance-

ment results from both the amplitude-dependent reso-

nance frequency and the thereby generated non-linear

scattered echo amplitude, and from the corresponding

resonance frequency-dependent phase lag of the micro-

bubble response with respect to the full- and half-

amplitude transmit pulses (Tremblay-Darveau et al.

2018). Because diagnostic ultrasound scanners typically

operate over a narrow frequency bandwidth with respect

to that of the resonance frequencies of the microbubbles

of a typical UCA, only a small fraction of the bubbles in

a polydisperse agent resonate to the driving ultrasound

pulse and thereby contribute to the non-linear echo sig-

nal. It has indeed been found in vitro that the average

scattering cross-section per bubble can be increased by

two to three orders of magnitude when a monodisperse

bubble population is used instead of a polydisperse agent

(Segers et al. 2018b). Such an improvement in sensitivity

may not only be of interest in classical CEUS imaging

but is particularly interesting in molecular ultrasound
imaging using ligand-bearing microbubbles that can

bind to specific vascular biomarkers expressed on the

endothelium. In this application, typically few bubbles

bind to the target site (Lindner 2004) and when these

bubbles are polydisperse, and thus mainly off-resonant,

the imaging sensitivity is limited. On the other hand,

when resonantly driven monodisperse bubbles are used,

the corresponding increased imaging sensitivity allows

for improved diagnosis (Streeter et al. 2010). Further-

more, also in diagnostic imaging, it has been reported

that the highly non-linear and narrowband response of

monodisperse bubbles may be exploited to minimize

shadowing effects in deep-tissue perfusion imaging

(Segers et al. 2018b). Finally, interest in the use of lipid-

coated microbubbles as a theranostic agent is rapidly

increasing. Through the use of ultrasound, the echogenic

bubble can be tracked in the body while at increasing

acoustic pressures it can locally deliver a payload (Her-

not and Klibanov 2008; Tsutsui et al. 2004; Deelman et

al. 2010; Carson et al. 2012; Dewitte et al. 2015; Roovers

et al. 2019a), induce cell poration (Lentacker et al. 2014;

Helfield et al. 2016), temporarily open the blood�brain

barrier (Hynynen et al. 2006; Choi et al. 2010) or lyse a

blood clot (Molina et al. 2009). Key to all these emerg-

ing applications is a precise control over the interaction

between bubbles and the ultrasound field, which can be

achieved through the use of monodisperse bubbles tuned

in size and resonance frequency to the frequency of the

driving ultrasound field (Roovers et al. 2019b).

Different approaches can be employed to obtain a

monodisperse bubble population such as mechanical fil-

tration, decantation, centrifugation and microfluidic

acoustic and size sorting of a native polydisperse size

distribution (Goertz et al. 2007; Emmer et al. 2009; Fes-

hitan et al. 2009; Segers and Versluis 2014; Kok et al.

2015). Monodisperse bubbles can also be formed

directly in a microfluidic flow-focusing device in which

a gas thread is focused between two liquid flows (con-

taining the lipid coating material) through an orifice,

where the gas thread destabilizes and pinches off to

release monodisperse microbubbles (Ga~n�an-Calvo and

Gordillo 2001; Anna et al. 2003; Garstecki et al. 2004;

Castro-Hernandez et al. 2011; Parrales et al. 2014). The

synthesis of highly stable monodisperse lipid-coated

microbubbles filled with a heavy-molecular-weight gas

and formed by flow focusing at high production rates

appeared to be highly non-trivial; that is, the freshly

formed microbubbles are inherently unstable and are

vulnerable to coalescence and Ostwald ripening (Ost-

wald 1897), resulting in a polydisperse and unstable size

distribution over time (Talu et al. 2006, 2008; Hettiar-

achchi et al. 2007; Shih et al. 2013; Segers et al. 2016b;

Das et al. 2018; Qin and Ferrara, 2006, 2007). However,

recent advances in the field of monodisperse
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microbubble formation by flow focusing now allow for

the synthesis of foam-free, highly concentrated (>100

million bubbles/mL) and monodisperse bubble suspen-

sions with a high stability both in the collection vial and

upon dilution (Segers et al. 2017, 2019, 2020). As a next

step, a systematic in vivo characterization of these mono-

disperse bubble suspensions formed using the newly

developed methods is indeed very timely.

One of the requirements for stable lipid-coated

monodisperse microbubble formation at high produc-

tion rates is the use of lipid concentrations one to two

orders of magnitude higher than those present in com-

mercially available polydisperse agents (see Definity/

Luminity and SonoVue/Lumason patient information

leaflet and Hyvelin et al. (2017)). The high lipid concentra-

tions may induce a systemic response, and therefore, ques-

tions remain as to the systemic safety profile and

intravascular behavior. Furthermore, under in vivo condi-

tions, the bubble stability may alter significantly because of

blood pressure variations, a different gas environment, shear

stress, body temperature and so on. This will then result in a

decreased circulation time and potentially a decreased sensi-

tivity improvement with respect to that expected from in

vitro characterization studies (Streeter et al. 2010; Segers et

al. 2018b).

Here, we characterize, for the first time, the in vivo

sensitivity and systemic response for systemically

injected monodisperse microbubble suspensions synthe-

sized by flow focusing. We compare the obtained imag-

ing sensitivity with that of three clinically used

polydisperse agents (SonoVue/Lumason, Definity/

Luminity, Optison) and a polydisperse agent with the

same shell composition as the monodisperse agent. First,

we measure in vitro the resonance frequency of the

monodisperse bubbles as a function of microbubble size

from which the resonant bubble radius is selected that

matches the imaging frequency used in the in vivo study.

We quantify the sensitivity of monodisperse microbub-

bles expressed as mean echo response per bubble in vitro
Table 1. Physicochemical and viscoelastic shell properties of the U
number concentration cB, total volume concentration cv, mean bubble

x and shell vis

UCA Shell Gas cB [mL�1

SonoVue/Lumason DSPC/DPPG/palmitic acid SF6 3.4£ 108

Definity/Luminity DPPC/DPPA/DPPE-PEG5k C3F8 84£ 108

Optison Albumin C3F8 7.3£ 108

BG8758 DSPC/DPPE-PEG5k C4F10 2.4£ 108

MSB4 DSPC/DPPE-PEG5k C4F10 4.6£ 108

The listed shell parameters of the commercial agents were taken from liter
pressure amplitude Pa <10 kPa); Chatterjee and Sarkar 2003 (Optison, Pa not s

DSPC = 1,2-distearoyl-sn-glycero-3-phosphocholine; DPPG = 1,2-dipalmit
toyl-sn-glycero-phosphocholine; DPPA = diphenyl phosphoryl azide; DPPE
(polyethylene glycol)-5000.
using an ultrasound scanner. We then characterize the

in vivo acoustic sensitivity by imaging the contrast

enhancement in the left ventricle (LV) in rat and pig

models. To aid direct comparison of the in vitro and

in vivo data, the heart cavity was chosen, first, to mini-

mize unspecific retention and accumulation of microbub-

bles typically found in the smaller vasculature of tissues

such as the liver and kidney (Yanagisawa et al. 2007;

Liu et al. 2013) and, second, to minimize changes in the

microbubble resonance frequency caused by vascular

confinement (Caskey et al. 2006; Garbin et al. 2007;

Doinikov et al. 2009; Hay et al. 2012; Helfield et al.

2014; Lajoinie et al. 2018; Qin and Ferrara, 2006, 2007).
MATERIALS ANDMETHODS

Ultrasound contrast agents

In this work, three commercially available and clin-

ically approved polydisperse agents were used and pre-

pared according to the manufacturer’s instructions:

Optison (GE Healthcare AS, Oslo, Norway), Definity/

Luminity (Lantheus Medical Imaging, North Billerica,

MA, USA) and SonoVue/Lumason (Bracco Imaging S.

p.A., Colleretto Giacosa, Italy). Furthermore, one

research-grade polydisperse agent, BG8758 (Bracco

Suisse S.A., Plan-les-Ouates, Switzerland), and one

research-grade monodisperse agent, MSB4 (Bracco

Suisse S.A., Plan-les-Ouates, Switzerland), were

employed. An overview of the microbubble filling gas,

shell composition, total bubble concentration (expressed

in number cB and volume cV), mean bubble diameter Dn,

polydispersity expressed as the geometric standard devi-

ation (GSD), shell stiffness x and shell viscosity ks of the

different agents is provided in Table 1. The size distribu-

tions of all agents were measured using a Coulter

Counter (Multisizer 3, 30-mm aperture tube, measure-

ment range 0.7�18 mm, Beckman Coulter, Fullerton,

CA, USA) from which the mean bubble diameter Dn and

the GSD were extracted. The size distributions of the
CAs compared in this study: shell composition, gas core, total
diameter Dn, geometric standard deviation GSD, shell stiffness
cosity ks

] cv (mL/mL) Dn (mm) GSD x (N/m) ks (kg/s)

6.5 1.9 1.74 0.6 5.4£ 10�9

44 1.2 1.51 0.8 3.0£ 10�9

35 3.1 1.63 0.9 76.5£ 10�9

1.2 1.6 1.59 0.4 2.0£ 10�9

16 4.2 1.07 0.6 5.8£ 10�9

ature: Gorce et al. 2000 (SonoVue/Lumason, characterized at acoustic
pecified); Faez et al. 2011 (Definity/Luminity, Pa 25 kPa).
oyl-sn-glycero-3-phosphoglycerol, sodium salt; DPPC = 1,2-dipalmi-
-PEG5k = 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-azido
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Fig. 1. Size distributions of the different ultrasound contrast
agents of which the imaging sensitivities are measured and

compared in this work.
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different agents are plotted in Figure 1 (See Appendix

Fig. A.1 for volume distributions). The viscoelastic shell

parameters of the commercial agents were taken from the

literature (Gorce et al. 2000; Chatterjee and Sarkar 2003;

Faez et al. 2011), whereas those of the research-grade agents

were characterized using acoustic attenuation measurements

as detailed in the next section. Similar to SonoVue/Luma-

son, BG8758 is supplied as a dry lyophilized powder, which

was resuspended with saline. The monodisperse agent

(MSB4) was synthesized in a flow-focusing device (Segers

et al. 2018a) 24 h before the experiments at a temperature

of 55˚C to minimize bubble coalescence in the outlet of the

flow-focusing device (Segers et al. 2019) and at a total lipid

concentration of 15.0 mg/mL in pure air-saturated saline.

The freshly formed bubbles were initially filled with a gas

mixture of 12% C4F10 in CO2 (v/v), but once stabilized and

used, they were filled with nearly pure C4F10 gas (Segers et

al. 2020).

In vitro resonance frequency and viscoelastic shell

parameter characterization

The resonance frequencies of different monodis-

perse microbubble suspensions with mean diameters

ranging from 3.2�7.2 mm were measured to determine

the microbubble size resonant to the employed imaging

frequency of 2.5 MHz at acoustic driving pressure ampli-

tudes >50 kPa. Acoustic characterization was performed

by narrowband attenuation measurements as described

by Segers et al. (2016a). Briefly, a transmit transducer

(V304, Panametrics-NDT, Waltham, MA, USA) trans-

mitted narrowband 16-cycle ultrasound pulses with a 2-

cycle Gaussian tapering at both sides of the pulse

through the bubble suspensions, and a second transducer

(M3, 3 MHz, 110% �6-dB relative bandwidth; Vermon,

Tours, France) received the transmitted signals that were
then recorded by an oscilloscope operated in sequence

mode (HRO 64 Zi, LeCroy, Chestnut Ridge, NY, USA).

The transmit transducer had an aperture of 25.4 mm, a

focal distance of 76.2 mm and a center frequency of 2.25

MHz. The �6-dB focal length of the transmit transducer

was 2�4 cm (5.7 to 1.0 MHz, respectively); that is, it

was larger than the intersection of the acoustic beam

with the sample container (1 cm). The transmit fre-

quency was varied from 1.0�5.0 MHz, in steps of 0.1

MHz. From the resulting attenuation spectrum, the reso-

nance frequency of the bubble suspension was deter-

mined as the frequency of maximum attenuation. For

each bubble suspension, four attenuation spectra were

measured at a peak-negative acoustic pressure ampli-

tudes of 10, 25, 50 and 80 kPa. The acoustic transmit

pressure was constant over the transmit frequency range;

that is, the transmit voltage was compensated for the fre-

quency-dependent sensitivity of the transmit transducer.

The shell stiffness and shell viscosity of BG8758 and

MSB4 were determined from the attenuation spectra

measured at an acoustic pressure of 10 kPa through a

best fit of a modeled attenuation spectrum to the data.

The attenuation model and the fitting procedure are

detailed by Segers et al. (2018a). The microbubble size

resonant to the employed 2.5-MHz transmit frequency of

the ultrasound scanner was determined from the attenua-

tion curves measured at acoustic pressures >50 kPa.

Ultrasound scanner

The ultrasound conditions used in this study were

chosen to mimic clinical reality as close as possible; that

is, a commercial ultrasound scanner was used and oper-

ated in its standard contrast imaging mode using a com-

mercially available transducer. The selected transmit

frequency of 2.5 MHz is typically used for abdominal

CEUS imaging (Mischi et al. 2015; Dong et al. 2016;

Hyvelin et al. 2017; de Figueiredo et al. 2019; Zhang et

al. 2020). The acoustic performance of the agents was

measured both in vitro and in vivo using a diagnostic

ultrasound scanner employed with a convex transducer

(EPIQ 7G and C9-2, respectively, Philips Ultrasound

Inc., WA, USA). A power modulation contrast mode

(three subsequent transmissions at one-half, full and

one-half the aperture) with a transmit frequency of 2.5

MHz (3.5 cycles, as confirmed by hydrophone measure-

ments) was selected at non-destructive mechanical

indexes (MIs) of 0.06 and 0.07 for the in vitro and the

in vivo experiments, respectively. Hydrophone measure-

ments were performed in pure water at an axial distance

of 2 cm from the transducer surface from which the full-

aperture acoustic pressure amplitudes were measured to

be 110 and 130 kPa at the employed MIs of 0.06 and

0.07, respectively. Considering a tissue attenuation coef-

ficient of 0.3 dB/cm/MHz, the maximum full-aperture
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acoustic pressure amplitudes were 100 kPa in vitro (1-

cm phantom), 110 kPa in rat (1.5-cm tissue) and 90 kPa

in the pig (4-cm tissue). Coupling losses and the depth-

dependent pressure profile of the transmit field were not

included in this estimation because the actual pressure

amplitudes in vivo may have been slightly different.

Nevertheless, in a nutshell, the transmit acoustic pres-

sures of the full- and half-aperture pulses were approxi-

mately constant in all experiments at 100 and 50 kPa,

respectively. The other settings on the ultrasound scan-

ner such as dynamic range, imaging depth, focal dis-

tance, and frame rate were kept constant for all

experiments.
In vitro acoustic sensitivity quantification

By use of the ultrasound scanner, the imaging sensi-

tivity of the different agents, expressed as average echo

power per bubble, was characterized in an 800-mL bea-

ker filled with air-saturated saline, as illustrated in

Figure 2. A magnetic stirrer (Ikamag RCT, IKA-Labor-

technik, Staufen, Germany) ensured a homogeneous

bubble suspension. The aperture of the ultrasound trans-

ducer was placed just below the water level against an

L-shaped tissue-mimicking phantom (ATS Laboratories,

Inc., Bridgeport, CT, USA) with thicknesses of 10 and

20 mm. The phantom assured that the bubble echos were

located in the far field of the transducer. A 10-mm-thick

acoustic absorber (Aptflex F28, Precision Acoustics,

Dorchester, United Kingdom) was placed at the bottom

of the beaker to minimize acoustic reflections. Contrast

enhancement was measured as a function of the micro-

bubble concentration, which was varied from approxi-

mately 102 to 106 microbubbles/mL corresponding to

dilution ratios of 1:400,000�1:500 for SonoVue/Luma-

son and BG8758, 1:4,000,000�1:5000 for Definity/
BA

EPIQ 7G
scanner

C9-2 
probe

phantom

magnetic
stirrer

microbubble
suspension

acoustic
absorber

ROI

Fig. 2. (A) Schematic of the setup used to quantify the acoustic
sensitivity of the different ultrasound contrast agents in vitro, in
a beaker filled with the microbubble suspensions. (B) Ultra-
sound images were obtained using a clinical ultrasound scan-
ner. For each agent, the backscattered echo power was
quantified in the region of interest (ROI) using VueBox quanti-

fication software.
Luminity and MSB4 and 1:4,000,000�1:2500 for Opti-

son. At each concentration, ultrasound image sequences

of 4 s were acquired at a frame rate of 58 Hz. The video

clips were exported in Digital Imaging and Communica-

tions in Medicine (DICOM) format and processed offline

using VueBox quantification software (Bracco Suisse

S.A.). Video data were linearized to obtain echo power

data proportional to the microbubble concentration

(Rognin et al. 2008), and the mean scattered echo power

per bubble was calculated in the region of interest (ROI,

see green box in Fig. 2) as a function of the microbubble

concentration. The ROI was chosen just below the phan-

tom at a depth of 15 mm from the transducer to ensure

that the received echo power from the ROI was not

affected by the attenuation of the insonifying wave

caused by the presence of the contrast agent. Therefore,

direct proportionality is expected between the echo

power from the ROI and the microbubble concentration

(confirmed experimentally). A linear curve was fitted to

the measured echo power as a function of the microbub-

ble concentration, and from the intersection of the fit

with the ordinate at a bubble concentration of one, the

average echo power per bubble was obtained.
In vivo acoustic sensitivity quantification

Animal preparation. All in vivo experiments were

performed under the authorization of the Direction

G�en�erale de la Sant�e (Geneva, Switzerland). Sprague-

Dawley rats (n = 3, 442.0 § 6.2 g; Janvier Labs, Le Gen-

est-Saint-Isle, France) were anesthetized by Isoflurane

inhalation (Attane, Provet AG, Lyssach, Switzerland) in

an induction box (5% in medical air v/v, 1 L/min). The

animals were placed in supine position on a thermoregu-

lated platform (Minerve, Esternay, France) and main-

tained under gaseous anesthesia (2% in medical air v/v,

0.8 L/min) during all experiments. The heart rate and sat-

uration of peripheral oxygen (SpO2) were monitored

with a rat foot sensor (MouseOx, STARR Life Sciences,

Oakmont, PA, USA). Body temperature was measured

using a rectal probe connected to the thermoregulated

platform. Hair was removed using a razor and a depila-

tory cream (Veet, Reckitt Benckiser, Berkshire, UK)

after which ultrasonic coupling gel (Aquasonic 100,

Parker Laboratories, Fairfield, NJ, USA) was applied on

the thorax between the ultrasound transducer and the

skin.

A farm pig (n = 1; 30 kg) was pre-medicated with a

mixture of azaperone at 4.5 mg/kg (Stresnil; Janssen,

Bern, Switzerland) and midazolam at 0.3 mg/kg (Dormi-

cum; Roche, Basel, Switzerland). Anesthesia was

induced by intravenous injection of thiopental at 20 mg/

kg (Pentothal; Ospedalia AG, Hunenberg, Switzerland)

and further maintained by infusion of a mixture of
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Fig. 3. (A) Typical ultrasound images used for delineation of
the region of interest (dotted line) placed in the left ventricle
(LV) of the rat and pig heart. (B) Typical time�intensity curve
(solid blue line) in the ROI that was generated using VueBox
quantification software. A log-normal distribution (solid red
line) was fitted to the time�intensity curve and integrated to
obtain the total echo power (red shaded area) generated by all
injected bubbles that passed through the left ventricle only

once (AUC 1st pass). AUC = area under the curve.
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thiopental (5�8 mg/h) plus fentanyl (0.5 mg/kg/h; San-

doz Pharmaceuticals AG, Rotkreuz, Switzerland). The

pig was mechanically ventilated during the experiment,

and heart rate, body temperature, fraction of inspired

oxygen, end-tidal fraction of carbon dioxide and satura-

tion of peripheral oxygen were monitored. The animal

received an intravenous injection of aspirin (10 mg/kg,

AspegicInject, Sanofi, Vernier, Switzerland) 30 min

before injection of the microbubble samples to prevent

the activation of pulmonary intravascular macrophages

(Hyvelin et al. 2017). Hair was removed from the thorax

using a razor. Ultrasonic coupling gel (Aquasonic 100)

plus a 1-cm gel pad (Aquaflex, Parker Laboratories)

were placed between the ultrasound probe and the skin

for acoustic coupling and to perform imaging beyond the

nearfield of the ultrasound transducer.

Microbubble injection and dosing. In the rats,

each microbubble agent was intravenously injected via

the tail vein at the same injection rate (4 mL/min) using

a semi-automated method detailed by Hyvelin et al.

(2013). In the pig, injections were manually performed

through the auricular vein as a quick bolus (2 mL in

approx. 2 s), followed by a 5-mL saline flush (0.9%

sodium chloride). For the commercial agents, the

injected doses corresponded to half the clinical doses (17

mL of bubble suspension/kg for SonoVue/Lumason, 1.5

mL/kg for Definity/Luminity and 7.5 mL/kg for Opti-

son); for the monodisperse agent, the dose was optimized

to ensure an echo signal that did not suffer from shadow-

ing caused by substantial contrast agent attenuation of

the transmit pulse, especially at the peak enhancement

(Appendix Fig. A.2). In the rats, the microbubble doses,

expressed as number of bubbles per kilogram, were

6.58£ 105 for MSB4, 4.78£ 106 for Optison,

5.49£ 106 for BG8758, 5.6£ 106 for SonoVue/Luma-

son and 1.54£ 107 for Definity/Luminity. In the pig, the

injected MSB4 dose was 3.2£ 105 bubbles/kg, that of

SonoVue/Lumason was 6.06£ 106 bubbles/kg and that

of BG8758 was 8.83£ 106 bubbles/kg.

In vivo ultrasound sequence acquisition. Short-

axis cross sections of the heart were imaged during the

first minute after microbubble injection. Acquisition was

performed in real time for rats to ensure that the full car-

diac cycle was captured, whereas end-diastolic electro-

cardiogram triggering was used for the pig. As with the

in vitro experiments, video clips were exported in

DICOM format for offline quantification. The in vivo

acoustic sensitivity, expressed as the mean echo power

per injected bubble, was measured on the end-diastolic

frames of the cardiac cycle in a ROI placed in the LV of

the rat and pig heart (Fig. 3A). For rats, end-diastolic

time points were automatically selected from time-
intensity curves (TICs) generated by VueBox using a

custom-made MATLAB program (The MathWorks,

Natick, MA, USA). From the end-diastolic TIC, the area

under the curve (AUC) of the first pass was calculated

by fitting the TIC curves with a log-normal distribution

function (Fig. 3B). The fitted curve was integrated to

obtain the total echo power generated by all injected

bubbles that passed through the LV only once. Finally,

the acoustic sensitivity of each microbubble agent was

calculated as the AUC for the first pass divided by the

total number of injected bubbles. The sensitivity results

are expressed as the mean sensitivity measured in the

different animals normalized by the value of the acoustic

sensitivity of SonoVue/Lumason.
In vivo safety evaluation of MSB4. To study

potential physiologic effects caused by the high total

lipid concentration in MSB4, each animal received at the

end of the imaging study one injection of MSB4 at a

dose 400 times higher than that used for the imaging
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procedure. Physiologic parameters (i.e., oxygen satura-

tion, heart rate and breath rate) were recorded for 5 min.

A second cohort of animals (n = 8, 315.0 § 7.9 g) were

injected with either a single high dose of MSB4 (2000

times the dose used in the acoustic performance evalua-

tion, n = 5) or saline (n = 3, injected volume equivalent

to that of MSB4). The rats were sacrificed 24 h after

injection. The brain from each rat of the two cohorts was

carefully removed and fixed in formalin. Trimming was

performed according to standard procedures (Bolon et

al. 2013), and the tissue was stained with hematoxylin

and eosin (H&E stain) for microscopic evaluation by a

pathologist.

RESULTS

Size-dependent resonance frequency of the monodisperse

microbubble agent

Figure 4A provides a typical example of attenuation

spectra measured at peak negative acoustic pressures of

10, 25, 50 and 80 kPa for a monodisperse microbubble

suspension with a mean diameter of 4.2 mm (MSB4).

Note that the frequency of maximum attenuation, which

for monodisperse bubble suspensions coincides with the

resonance frequency, decreases from 3.0 to 2.5 MHz

when the acoustic pressure is increased from 10 to 50

kPa, respectively, and that it remains constant above a

driving pressure of 50 kPa. Similarly, the resonance fre-

quencies of 11 different monodisperse microbubble sus-

pensions were measured, and these are plotted in

Figure 4B as a function of the microbubble diameter D0

for acoustic pressures of 10 kPa (black dots) and >50
2 4 6 8 10
D0

100

101

f 0
 [M

H
z]

10 kPa
> 50 kPa
Minneart

 [µm]
0 2 4 6

fre

A B

quency [MHz]

0

1

2

3

4

at
te

nu
at

io
n 

[d
B

/c
m

] 10 kPa

fit

50 kPa
25 kPa

80 kPa

Fig. 4. (A) Attenuation spectra measured at 10 kPa (solid black
line), 25 kPa (solid blue line), 50 kPa (solid orange line) and 80
kPa (solid red line) of a monodisperse microbubble suspension
with a mean bubble diameter of 4.2 mm (MSB4). The shell
parameters were obtained from a model fit (green dotted curve)
(B) Resonance frequency f0 of monodisperse microbubble sus-
pensions as a function of microbubble diameter D0 measured at
an acoustic pressure of 10 kPa (black data points) and at acous-
tic pressures >50 kPa (red data points). The solid black and
red curves represent fits to the data of the form c/D0, with c a
constant. The Minneart resonance frequency of uncoated bub-

bles is also plotted (dashed gray line).
kPa (red dots). The solid lines in Figure 4B are curves

fitted to the experimental data of the form c/D0 with c a

constant. The fitting constants c were 13.0 and 10.4

mm£MHz for acoustic pressures of 10 and >50 kPa,

respectively. Note that the y-axis is logarithmic. Thus,

the slope of �1 in Figure 4B indicates that, indeed, the

resonance frequency is inversely proportional to the

microbubble size. Moreover, Figure 4B illustrates that

the resonance frequency decreases with an increase in

acoustic driving pressure. The Minneart resonance fre-

quency for an uncoated bubble (f0 £ D0 = 6.6

mm£MHz) is also plotted in Figure 4B (dashed gray

line) (Minnaert 1933). Note that, as expected, the mea-

sured resonance frequencies of the monodisperse micro-

bubble suspensions are higher than the Minneart

resonance frequency for uncoated bubbles because of

the presence of the viscoelastic lipid shell. From Figure

4B it follows that the microbubble diameter resonant to

ultrasound at a frequency of 2.5 MHz and at an acoustic

pressure of 50 kPa or higher is 4.2 mm.

The viscoelastic shell parameters of MSB4 were

obtained from a model fit (solid green line in Fig. 4A).

The shell stiffness was x = 0.6 N/m and the shell viscos-

ity was kS = 5.8£ 10�9 kg/s. These shell parameters are

very similar to those reported before for monodisperse

bubbles of the same size formed using a similar lipid

mixture (Segers et al. 2018a). The viscoelastic shell

parameters of BG8758 were also obtained from the

model fit, at x = 0.4 N/m and kS = 2.0£ 10�9 kg/s. Note

that the shell parameters of MSB4 and BG8758 are very

similar. Also note from Table 1 that the obtained shell

parameter values are similar to those of the commercial

phospholipid agents, that is, SonoVue/Lumason and Def-

inity/Luminity. Optison, however, has a shell viscosity

that is more than 10 times higher than those of the other

agents, which is most likely owing to the different type

of shell material (denaturated protein vs. lipid).

In vitro acoustic sensitivity quantification

Figure 5A illustrates the measured mean backscat-

tered echo power as a function of the bubble concentra-

tion (dots) measured in the ROI (green box in Fig. 2).

Note that the curves all have a slope of one, indicating

that, indeed, the backscattered echo power is directly

proportional to the microbubble concentration. The lin-

earity of the curves illustrates that attenuation caused by

the contrast agent was negligible in the ROI, even at the

highest microbubble concentrations, as attenuation

would have resulted in a reduced acoustic insonation

pressure and, thereby, in a lower backscattered echo

power and in a lower slope at the higher microbubble

concentrations. The acoustic sensitivity, expressed as

the mean echo power per bubble, was obtained from the

intersection of the fitted 10 dB/decade curves (dashed



Fig. 5. (A) In vitro measured backscattered echo power as a
function of microbubble concentration for the different micro-
bubble agents compared in this work. The acoustic sensitivity
per microbubble was obtained from the intersection of the lin-
ear fits (dashed lines) with the ordinate at a bubble concentra-
tion of one. (B) Acoustic sensitivity of the different agents

normalized to that of SonoVue/Lumason.
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lines) with the ordinate at a bubble concentration of one.

The sensitivity data obtained were normalized to the

acoustic sensitivity of SonoVue/Lumason, and the nor-

malized acoustic sensitivity is plotted in Figure 5B for

the different agents. The error bars represent standard

deviations. Note that the acoustic sensitivities of

BG8758 and SonoVue/Lumason were similar. On the

other hand, the acoustic sensitivity obtained for Optison

was 2 times lower than that for SonoVue/Lumason and

that of Definity/Luminity was 5 times lower. More strik-

ingly, the sensitivity of MSB4 was 17 times higher than

those of SonoVue/Lumason and BG8758.

In vivo acoustic sensitivity quantification

The in vivo acoustic sensitivity of the different

agents was characterized similarly to the in vitro sensi-

tivity, and the data were also normalized to the acoustic

sensitivity of SonoVue/Lumason. The images obtained

for all agents allowed endocardial border delineation

with a homogeneous contrast enhancement and no

apparent signal saturation or shadowing effects (Fig. A.2

in the Appendix). The non-normalized absolute values

for the total echo power generated by all injected bubbles

(AUC first pass) and their standard deviations (SDs)
indicating a very similar AUC (first pass) for all meas-

urements are provided in the Tables A.1 and A.2. How-

ever, the acoustic sensitivities (AUC divided by the

total number of injected bubbles) measured in rats

were very different for the employed agents (as can be

observed in Fig. 6A). Compared with that of SonoVue/

Lumason, the acoustic sensitivities of Optison and

BG8758 are again very similar, whereas the acoustic

sensitivity of Definity/Luminity is 3 times lower than

that of SonoVue/Lumason. By contrast, the acoustic sen-

sitivity of MSB4 is more than 10 times higher than that

of SonoVue/Lumason.

The acoustic sensitivity normalized to that of

SonoVue/Lumason measured in the pig is plotted in

Figure 6B. Surprisingly, the acoustic sensitivity of

BG8758 decreased by more than 2 times with respect to

that of SonoVue/Lumason measured in rats. On the other

hand, the sensitivity of MSB4 increased to 15 times that

of SonoVue/Lumason, which is similar to the normalized

sensitivity measured in vitro. Thus, both in the rats and

in the pig, the acoustic sensitivity of MSB4 was 10 to 15

times higher than that of the polydisperse agents.
Stability and safety evaluation of MSB4 in rat

The strong contrast enhancement indicates that the

monodisperse agent MSB4 passed the lung circulation

and reached the LV of the rats and the pig after an intra-

venous injection (Fig. A.2 in the Appendix). The circula-

tion and in vivo behavior was similar for the

monodisperse and the polydisperse agents. Furthermore,

MSB4 did not induce any physiologic changes at the

optimal imaging dose, neither in the rats, nor in the pig.

Moreover, no changes in the physiologic parameters

(oxygen saturation, heart rate, breathing rate) were mea-

sured in the rats during the 5 min after the intravenous

injection of a dose that was 400 times higher than the

employed imaging dose (Fig. A.3 in the Appendix).

Finally, even at 2000 times the employed imaging dose,

no abnormal clinical signs were seen during a 24-h fol-

low-up period. Relevant organs (heart, kidney, liver,

spleen) did not exhibit any macroscopic abnormalities,

and there were no histopathologic findings in the brains

of these animals.
DISCUSSION

From the present work, it can be concluded that

most of the bubbles in a polydisperse population are

acoustically inactive and thereby do not contribute to the

overall echo. However, from the similar image quality

obtained for the different agents (Fig. A.2), it may be

concluded that the lower sensitivity of the polydisperse

agents may be compensated for by increasing the

injected dose. As Fig. A.2 suggests, for blood pool



Fig. 6. Measured in vivo acoustic sensitivity in the rat (A) and
the pig (B) heart for monodisperse (MSB4), polydisperse
research-grade microbubbles (BG8758) and the commercially
available agents SonoVue/ Lumason, Definity/Luminity and
Optison. The sensitivity data were normalized to the sensitivity

of SonoVue/Lumason.
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imaging in a large cavity, this may indeed be the case as

long as the dose remains at or below the clinically

approved injected gas volume. However, as has been

reported before, the bandwidth of the collective echo

response of a monodisperse bubble population is more

narrowband and its non-linear resonance frequency shift

to lower frequencies for an increased acoustic driving

pressure is more pronounced compared with that of a

polydisperse bubble suspension (Segers et al. 2018b).

Therefore, monodisperse populations allow for a more

effective use of bubble non-linearities that are otherwise

drowned in the bubble-to-bubble variations in terms of

acoustic response (Stride et al. 2020). This is particularly

important for novel imaging strategies such as super-res-

olution, 3-D imaging and plane wave imaging in which

bubble concentrations may be restricted and in which the

need to maximize the bubble echo at low ultrasound

pressure amplitudes is key (Forsberg et al. 2002; Couture

et al. 2012; Ghosh et al. 2017; Lin et al. 2017; Jones et al.

2018). Furthermore, the highly non-linear collective

response of a monodisperse population may allow for

new imaging strategies, for example, to minimize deep-

tissue shadowing effects (Segers et al. 2018b). On top of

that, molecular imaging using targeted bubbles and ultra-

sound is also expected to benefit greatly from a maxi-

mized bubble sensitivity as the typical concentration of
bound bubbles is low (Lindner 2004). When all bound

bubbles are acoustically active, as would be the case for

a resonantly driven monodisperse bubble suspension, an

improved imaging performance is expected compared

with that obtained for a polydisperse bubble suspension.

Nevertheless, the dependence of the binding probability

and the number of occupied binding sites as a function

of bubble size remain to be explored in future work.

The normalized sensitivity value of MSB4 obtained

in this study is most likely underestimated because of the

lower sizing limit of the Coulter counter; that is, the size

distributions were cut off at a diameter of 0.7 mm,

thereby underestimating the total bubble concentration

of the polydisperse agents (Fig. 1). Furthermore, the

absolute sensitivity values obtained are valid only for the

employed ultrasound frequency of 2.5 MHz and will dif-

fer for other acoustic conditions. For example, the differ-

ence in sensitivity between the monodisperse agent

MSB4 and SonoVue/Lumason, Definity/Luminity, and

BG8758 is expected to be lower for higher ultrasound

driving frequencies because the size distributions of

these polydisperse agents contain a relatively larger

number of smaller bubbles (Fig. 1) that are resonant at

higher ultrasound frequencies. However, the exact con-

tribution of the narrower size distribution and the differ-

ent shell parameters to acoustic sensitivity remain to be

explored in a future in vitro study. Nevertheless, from

the comparison of the sensitivity measured for monodis-

perse bubbles with the exact same lipid coating as the

polydisperse BG8758 (and therefore similar shell param-

eters), it can be concluded that, indeed, the majority of

the bubbles in a polydisperse size distribution are acous-

tically inactive and thereby do not contribute to the over-

all echo. Furthermore, the sensitivity measured in the pig

heart was in agreement with the sensitivity values

obtained in vitro, indicating that the acoustic sensitivity

of the monodisperse agent relative to that of SonoVue/

Lumason did not change because of the in vivo condi-

tions in the pig. In rat, however, a slightly lower acoustic

sensitivity was obtained, which may be owing to the dif-

ferent physiology of the two species. The different

immune systems likely cause the total number of micro-

bubbles in the LV to be different from the number of

intravenously injected microbubbles because of, for

example, pulmonary filtration, (Lindner et al. 2002)

thereby directly affecting the acoustic sensitivity.

The present in vivo study was designed in a large

cavity, the left cardiac ventricle, which can reasonably

be assimilated with an unbounded blood pool with

unconfined microbubble oscillations. Therefore, in this

work, the resonance frequency of the microbubbles is

expected to be approximately equal to that in the in vitro

setup, also because the higher viscous damping in blood

decreases the resonance frequency by only 2% (van der



3348 Ultrasound in Medicine & Biology Volume 46, Number 12, 2020
Meer et al. 2007). Furthermore, as mentioned before, a

second advantage of quantifying the acoustic sensitivity

in the heart cavity is the absence of unspecific retention/

accumulation of microbubbles in tissue, which is fre-

quently observed in the liver or kidney (Yanagisawa et

al. 2007; Liu et al. 2013), and this would have prevented

proper signal quantification.
CONCLUSIONS

For the first time, the acoustic sensitivity of a reso-

nantly driven monodisperse microbubble suspension

was systematically quantified in vivo, in rat and a pig,

and compared with those of three clinically available

polydisperse agents and one research-grade polydisperse

agent. The monodisperse microbubbles crossed the pul-

monary vasculature and were imaged in the LV of rats

and a pig. Their echo signal could be measured for at

least as long as those of the employed polydisperse

agents, indicating that the monodisperse microbubbles

are at least as stable in vivo as the clinically available

agents. The injected microbubble concentration was

optimized to minimize shadowing effects, and the corre-

sponding ultrasound images of the different agents did

not show pronounced differences. However, the acoustic

sensitivity of the monodisperse agent with respect to that
of the polydisperse agents was measured to be at least 15

times higher in the pig and more than 10 times higher in

rat. Furthermore, the safety profile of the monodisperse

microbubble suspension was evaluated in rats by inject-

ing 400 times the imaging dose, while no physiologic

changes were measured. Moreover, histopathological

assessment of the brains did not reveal any abnormali-

ties, even at a dose of 2000 times the imaging dose.

These results indicate that monodisperse lipid-coated

microbubbles formed by flow focusing at high produc-

tion rates are safe in vivo as demonstrated in the rat and

pig. Finally, the more uniform acoustic response and

corresponding increased imaging sensitivity of reso-

nantly driven monodisperse microbubble suspensions

may boost emerging applications of microbubbles and

ultrasound such as molecular imaging and therapy

that, to date, suffer from low reproducibility and con-

trollability.
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APPENDIX

Figure A.1, Figure A.2, Table A.1, Figure A.3 and

Table A.2.
Fig. A.1. Volume distributions of the employed ultrasound
contrast agents.

Fig. A.2. Typical contrast-enhanced ultrasound images obtained for the in vivo acoustic sensitivity quantification in the
rat (A) and in the pig (B) heart, for monodisperse (MSB4), polydisperse research-grade microbubbles (BG8758) and the

commercially available agents SonoVue/Lumason, Definity/Luminity and Optison.

Table A.1. Non-normalized absolute values for the total echo
power generated by all injected bubbles that passed through the

left ventricle of the rat heart only once

UCA type AUC first pass (a.u.)

Mean SD

SonoVue/Lumason 7.6£ 104 1.5£ 104

MSB4 1.1£ 105 2.6£ 104

BG8758 1.0£ 105 2.4£ 104

Optison 7.6£ 104 3.4£ 104

Definity 6.5£ 104 1.6£ 104

The values represent the AUC (first pass) as detailed in the text
under in vivo ultrasound sequence acquisition.
UCA = ultrasound contrast agent; AUC = area under the curve;

SD = standard deviation.



Fig. A.3. Evolution of oxygen saturation, heart rate, and breath
rate in the rats after injection of MSB4 at a dose 400 times
higher than the imaging dose used for the acoustic sensitivity

quantification.

Table A.2. Non-normalized absolute values for the total echo
power generated by all injected bubbles that passed through the

left ventricle in the pig heart only once

UCA type AUC first pass (a.u.)

Mean SD

SonoVue/Lumason 5.8£ 105 1.2£ 105

MSB4 4.7£ 105 9.8£ 104

BG8758 3.8£ 105 1.1£ 105

Values represent the area under the curve of the first pass as detailed
in the text under in vivo ultrasound sequence acquisition.

UCA = ultrasound contrast agent; AUC = area under the curve;
SD = standard deviation.
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