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Current and future use of clinical ultrasound contrast 
agents 

 
François Tranquart  

 
Advice-US, Nernier, France 

 

Introduction 

Ultrasound imaging (US) is in the front line to image various body parts to detect or characterize 
lesions, which are or not clinically suspected. Before the introduction of ultrasound contrast agents 
(UCA), the patient was referred to other imaging modalities, mainly CT-scan, MRI, which result in 
increased costs, limited access and possible adverse events. In this view, the use of UCA with modern 
ultrasound scanners offers a valuable alternative by simultaneously providing accurate results and 
eliminating renal risks, which forms a solid basis for the new and expanding modality of Contrast-
Enhanced Ultrasound (CEUS).  

Status of Ultrasound Contrast Agents  

SonoVue® (Bracco, Milan, Italy) is the second UCA approved for cardiac and/or non-cardiac 
indications in Europe and other countries in the world (including USA, China, Brazil, Russia, 
Singapore, Hong Kong, Canada and India). Non-cardiac indications include assessment of diseases in 
large vessels (such as aorta, carotid and intracranial vessels, peripheral arteries, renal arteries…) and 
small vessels (breast tumors, focal liver lesions). In cardiology, SonoVue® allows the improvement 
of endocardial border delineation at rest and during stress and the recommended dosage is a 2 mL 
bolus.  

Definity® or Luminity® (Avista-Lantheus, USA) is approved in Canada and USA for radiology and 
cardiac applications, and in Europe for cardiac applications.  

Optison® (GE Healthcare, USA) is obtained by sonication of human albumin and octafluoropropane. 
This product is approved in USA and Europe for endocardial border delineation.   

Sonazoid® (GE Healthcare, USA) consists of microbubbles of perfluorobutane (PFB) stabilized by a 
monomolecular membrane of hydrogenated egg phosphatidyl serine, embedded in an amorphous 
sucrose structure. This agent is only available in Japan for radiology applications.  

While Definity® is mostly used in the US for cardiac indication, SonoVue® is largely used in 
radiology and cardiac indications in Europe, USA and Asia; Sonazoid® is currently less used due to 
its market limited to Japan. In spite of a positive sales trend for all agents in all countries, these agents 
remain considerably less used than other agents such as those for CT or MRI.  

Which elements contribute to the adoption of UCA? 

Globally, positive features of these agents can be listed as: very rare adverse events, real-time imaging 
feature of CEUS which is highlighted by physicians, the possible use at bedside and the specific 
patterns observed in many lesions. The specific characteristic of these agents as strict markers of the 
vascular bed is a great advantage for quantification in some indications, such as therapeutic treatment 
monitoring.  In that perspective, the improvements in machine performances during the last ten years 
and the increased reliability of the results were greatly appreciated by the customers. The relative 
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stability in performances and the use of similar sequences in most of the scanners from that time has 
made the customers more confident with their results. 

The adoption of CEUS varies significantly across countries in relation to the imaging scenario. 
Indeed, for radiology indications, in the countries where US imaging is preferably performed by 
radiologists, the penetration is limited due to a competition with other imaging modalities. 
Conversely, in countries where a large part of US imaging is performed by specialties other than 
radiology, CEUS is well adopted. For cardiac indications, the development of stress echo imaging is a 
real booster for this adoption. 

In 2008, EFSUMB has published the results of a consensus conference in Guidelines and Good 
Clinical Practice for CEUS which highlight its value in liver, kidney, pancreas and transcranial 
indications, these guidelines being extended to many possible off-label indications in a new version 
published in 2011 [1,2]. 

Cardiac applications represent another large application of CEUS. This is used both for infarct size 
and myocardial viability assessment and for opacification of cardiac chambers with enhancement of 
left ventricular endocardial border delineation. All published studies have demonstrated an 
improvement in the quality of provided information for cardiac chambers, especially during stress 
studies for which the total number of segments, which are correctly examined, is significantly greater 
than without UCA. In the recently published European Association of Echocardiography (EAE) 
Guidelines, major indications for contrast agents for cardiac applications are clearly underlined [3,4]. 

The absence of ionizing radiation is of utmost importance for an imaging technique. There is more 
and more attention on that point since long-term deleterious effects have been recently reported due to 
an excessive radiation dose even with modern X-Ray machines. This is definitely a huge advantage 
for CEUS for pediatric indications, repeated examinations for monitoring some lesions or treatments. 
This point has been recently reinforced with the significant increase in life-expectancy for oncology 
patients. Therefore, a large part of the patients with known cancer will not die from that cancer, 
highlighting the need to avoid inducing additional cancer lesions by excessive radiation.  

What are the barriers for a larger adoption ? 

Despite the fact that the use of DCE-US has been expanded in clinics during the recent years, the 
adoption still remains below the expectations. After more than 15 years since its introduction, this 
modality is not available in all imaging departments. Therefore, behind the strict problem of UCA 
injection, the CEUS imaging itself has first to be adopted by the physicians. This implies the need to 
pursue education of physicians regarding the technique, the preparation of the agents, the injection 
and finally the US acquisition itself. It clearly appears that some of the key-elements during that 
educational chain are not perfectly known by the users inducing possible artefacts, disappointments or 
wrong interpretation.  

Various points could be considered to explain the limited adoption of CEUS as a diagnostic tool in all 
departments. This could relate to the machines used, to the physicians and the authorities. Regarding 
the machines used, as said above, the adoption of similar contrast-specific imaging techniques in all 
machines has significantly improved the reproducibility between centres and patients. Nevertheless, it 
is noteworthy that some differences are still observed with more sensitivity or more penetration on 
some machines, limiting the confidence of the physicians and more importantly the clinicians. In 
addition, the use of different names for similar techniques implemented in systems of different 
ultrasound companies induces some confusion.  

Workflow needs to be improved by providing customers with a simple solution more integrated to the 
systems. The need to have a nurse available to perform an injection represents a significant limitation 
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for some centres, in which nurses or technicians are lacking for that task. The additional cost could 
represent a significant limitation for some centres. The limited standardization of the technique must 
also be underlined: in addition to the operator dependence characteristics known for US imaging, the 
interpretation of contrast images remains in general at a subjective level. However we could consider 
the introduction of CEUS as a positive factor in improving standardization with strict 
recommendations for US acquisitions, well-defined enhancement phases and well-known patterns. 

The reported adverse events cannot be considered as a limiting factor for the use of UCA. It is 
generally admitted that the rate of these events (around 0.01% for serious adverse events based on 
post-marketing safety data, with no significant differences between agents) is far below what is 
reported for iodinated compounds and in the range even below what is reported for MR agents [5-7]. 
However, the accuracy of the events with the latter agents is questionable since their adverse effects 
are well-known and so most of the physicians forget to report them. This bias could correspond to a 
rate of adverse events for UCA far below the rate reported for other agents. In any case, this point was 
never put in front line as an excuse for not using UCA.  

The lack of reimbursement or a correct value for the procedure is considered as a limitation for a 
routine use. This is related to some points reported above for additional expenses such as additional 
personnel or specific equipment which could make the procedure less attractive for some physicians 
or institutions. Despite some efforts in some countries, there is no reimbursement for the procedure in 
the vast majority of countries in Europe and so no real incentive for radiologists to perform CEUS. 
Conversely in some countries, the reimbursement for the agent itself has a positive effect on its use. 

The limited number of large multi-centric trials involving different countries and different continents 
for established indications or off-label indications is a limiting factor for larger use. This is expected 
by agencies to support new possible approvals or to tackle some contraindications. This could help in 
differentiating the agents if this exists, in establishing worldwide guidelines for such indications. At 
the same time, the long process required or the complexity of that process to get a new approved 
indication is a clear barrier for ultrasound and pharma companies.  

How to tackle the current barriers ? 

The limited acceptance of CEUS in all imaging departments raises the need to address some specific 
issues in a proper way, involving all the actors in that domain: pharma companies, ultrasound 
companies, medical community, patient groups, etc… The single chance to increase the market 
penetration is to have a coordinated effort from all actors. In that sense, the approach followed in the 
recent period by the International Contrast Ultrasound Society (ICUS) must be underlined. This is 
illustrated by the citizen petition, which has been filed early October to the FDA to lift some of the 
contraindications for the use of UCA.  

First of all, education remains the key [8]. This concerns physicians not only from imaging 
departments but also administrative stakeholders and health authorities. It remains mandatory to 
demonstrate the real value of CEUS versus other imaging modalities not as a competition between 
modalities but as a convergence for a better diagnostic chart with an improved cost/benefit ratio. We 
have to inform all specialties of the strengths of CEUS to limit the costs, to improve the availability of 
the technique and in some cases to provide increased accuracy. This will drive recognition of the 
value of CEUS by both clinicians and authorities. Even though there are some available guidelines 
sponsored by US scientific societies, there is a need to work closely with professional societies to get 
their support as well. 

Secondly, there is a need for standardization. This is required for image acquisition, for quantification, 
for training, but also for naming some US techniques. Sometimes, you need a lexicon to understand 
the technique that has been used by the physicians. In that perspective, more integration of some tools 
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will be of value to facilitate the use of these agents and the reproducibility between acquisitions. This 
is especially required for some new indications such as therapeutic treatment monitoring in which the 
conclusions drawn depend critically on standardization. 

There is a need to reinforce the network between ultrasound and pharma companies to sponsor large 
multi-centric clinical trials. We need to build the strategy on well-established and approved 
indications to reinforce the use and acceptance of CEUS, before moving to new indications. In that 
sense, there are some discrepancies between academic centers and pharma companies. Even 
everybody could be easily convinced by the clear advantages of CEUS for many possible indications, 
the cost and time to get an approval from health authorities are a significant barrier for pharma 
companies. This is of crucial importance, since some physicians are so enthusiast for some indications 
that they may create expectations, which cannot be easily fulfilled. These hopes are frequently not 
reached, limiting the use of immediately available methods. This is specifically the case for 3D/4D 
techniques, local treatment with bubbles or molecular imaging.  

Additional issues might be considered such as reimbursement procedures, which need to be improved 
or adopted, development of this method for difficult conditions such as those observed in intensive 
care units or emergency rooms, pediatric indications, etc. This has to be part of a global approach 
involving all actors with the objective to use CEUS in combination with other imaging techniques. 
However, if CEUS could replace other imaging techniques in relation to its particular value, then this 
should be done without hesitation. There is no more need to duplicate exams if previously published 
results are convincing when considering large multi-centric trials.  

CONCLUSION 

CEUS has proved its efficiency in many indications, this being reinforced by guidelines established 
by scientific societies. Despite this recognized value, CEUS still remains underutilized in relation to 
many factors. The increased adoption, which will be valuable for patients and healthcare system, 
needs to be emphasized and well addressed towards health authorities and physicians to simplify the 
procedures for adoption. In addition, the education of all players will be the leverage to use the 
currently available techniques but also to create the ground for future developments of the 
microbubble agents. 
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Characteristics and Echogenicity of clinical Ultrasound 
Contrast Agents: An in vitro and in vivo comparison study. 

 
Jean-Marc Hyvelin, Christian Greis, Emmanuel Gaud, Maria Costa, Alexandre Helbert 

Philippe Bussat, Thierry Bettinger and Peter Frinking. 
 

Bracco Suisse S.A., Geneva Research Center and Manufacturing Site, Plan-les-Ouates / Geneva, 
Switzerland 

Objectives:  

Contrast-enhanced ultrasound (CEUS) is a promising diagnostic imaging modality exploiting the 
unique acoustic properties of microbubble-based contrast agents. Due to their micrometer sizes, 
microbubbles (MB) are considered ideal blood tracers. Their strong echo signals or echogenicity 
improves the visualization and assessment of cardiac cavities, but also offers dynamic detection of 
blood flow in both the macro and microvasculature. The combination of ultrasound contrast agents 
with the latest equipment offers a flexible low-cost diagnostic imaging modality equivalent or 
superior to existing modalities such as X-ray computed tomography, Magnetic Resonance Imaging 
and Nuclear Medicine. Several ultrasound contrast agents (UCA) are commercially available, and 
their clinical use is expanding rapidly. The aim of this work was to compare in vitro and in vivo 
imaging performances of three of these agents, viz. SonoVue® (also marketed as Lumason™ in the 
USA), Definity® and Optison™. 

Material and Methods: 

Size distributions and microbubble (MB) concentrations were measured with a Multisizer™  Coulter 
Counter® (Beckman Coulter, Fullerton, CA) using an aperture tube with a 30-µm or 100-µm orifice 
(diameter range of 0.7-18 µm and 2-60 µm, respectively). 

Two ultrasound systems, namely Toshiba Aplio500 and GE LogiqE9, were used with transducers 
having frequencies that are typically used for different clinical indications. 

In vitro imaging performance of UCA was assessed using an in-house setup (Figure 1A) which 
consisted of a beaker filled with 800 mL of saline (0.9% NaCl). The beaker was placed on a magnetic 
stirrer to homogenize the UCA suspensions. A 1-cm thick acoustic absorber was placed at the bottom 
of the beaker to minimize acoustic reflections. An L-shape tissue-mimicking phantom was placed in 
the beaker directly below the transducer. The phantom had a depth of 33 mm on one side and 90 mm 
on the other side creating a cavity where  contrast enhancement could be measured at different depths, 
in an upper region of interest (ROI) located directly below the phantom and in a lower ROI located 
approx. 3 cm deeper (Figure 1A). 

In vivo comparison was performed in pigs (approx. 30 kg) and rabbits (3-4 kg). Briefly, anesthetized 
pigs (thiopental/fentanyl, FiO2 21%) were pretreated with aspirin (10 mg/kg) to prevent the activation 
of pulmonary intravascular macrophages (PIM). Rabbits were anesthetized with isoflurane (2-3% in 
medical air). UCA were reconstituted according to the manufacturer’s instruction, and were injected 
intravenously (auricular vein) followed by a saline flush. The agents were  injected at full and half-
clinical dose, i.e. 34 µL/kg and 17 µL/kg (2.4 mL and 1.2 mL per bolus for a 70 kg person) for 
SonoVue®; 3 µL/kg and 1.5 µL/kg (0.2 mL and 0.1 mL per bolus for a 70 kg person) for Definity®; 
15 µL/kg and 7.5 µL/kg, (1 mL and 0.5 mL per bolus for a 70 kg person) for Optison™ (dosage were 
determined according to literature). In each animal, injections at full and half the clinical dose were 
repeated twice, and injection order was randomized.  

Quantification of contrast enhancement was performed using VueBox® software (Bracco Suisse SA). 
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Results: 

Physicochemical characterization. The MB concentration of Definity® (120x108 MB/mL) is 
approximately 25 times higher than that of SonoVue®, and its mean MB diameter in number (DN) is 
smaller (DN of 1.2 µm and 1.9 µm for Definity® and SonoVue®, respectively). For Optison™, MB 
concentration is approximately twice that of SonoVue®, and its mean MB diameter is larger (DN of 
3.1 µm and 1.9 µm for Optison™ and SonoVue®, respectively). The fraction of MB with diameters 
larger than 10 µm is less than 1% for both SonoVue® and Definity® but it is 1.1% for Optison™ (all 
in accordance with the supplier leaflet).The MB volume concentrations (MVC), measured with the 
30-µm orifice aperture tube were 6.5, 44.0 and 35.2 µL of gas per mL for SonoVue®, Definity® and 
Optison™. When MVC was measured using the 100-µm orifice aperture tube, values of both 
SonoVue® and Optison™ were similar to those obtained with the 30-µm orifice. However, for 
Definity® MVC is 3 times higher due to the presence of MB with diameters larger than 20 µm.  

  

In vitro performance. Scattered echo signals were measured in the upper and lower ROI at the same 
time. For all three agents, scattered echo signals in the upper ROI (Figure 1B) increase proportionally 
with agent concentration (expressed in µL of encapsulated gas per mL) as indicated by a slope of 10 
dB/decade. In the lower ROI (Figure 1B), proportionality between MB scattering and agent 
concentration is visibly affected by attenuation at concentrations higher than 10-3 µL/mL. 

Both scattering and attenuation need to be considered when assessing the performance of UCA, since 
at higher concentrations imaging penetration may be limited and contrast enhancement may be 
affected by attenuation at larger depths. Figure 1C (left side) summarizes the results obtained in the 
upper ROI for all ultrasound systems and transducers used: note that all data were normalized to those 
of SonoVue®. The scattering of Definity® is similar or lower compared to that of SonoVue®. 
Compared to Optison™, SonoVue® scattering is substantially higher for all conditions used. As 
demonstrated in Figure 1B, in the lower ROI scattering is affected by attenuation. Therefore, an 
apparent scattering-to-attenuation ratio can be determined form data in this lower ROI; this ratio can 
also be considered as a measure of the performance of the agents. Figure 1C (right side) summarizes 
the results, normalized to those obtained with SonoVue® and shows that the performance of 
SonoVue® is similar or better  than that of Definity®, but it is superior compared to that of Optison™ 
for all transducers tested. 
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Figure 1: In vitro comparison of UCA imaging performance. A) Experimental setup; B) Scattered power as a function of 
agent concentration in the upper ROI (left) and lower ROI (right) obtained with LogiqE9 – 9L transducer. C) Normalized 
scattered power (left bar graph), based on the mean scattering for concentrations between 10-4 µL/mL and 10-3 µL/mL in 
the upper ROI. The right bar graph represents normalized performance index, which is based on an apparent scattering-to-
attenuation ratio determined in the lower ROI at the concentration of 10-3 µL/mL. Data are normalized to those of 
SonoVue®. 

 

In vivo performance. In vivo imaging performances of SonoVue® and Definity® were assessed in the 
liver and heart of pigs. Despite premedication, a substantial number of Optison™ MB can still be 
trapped within PIM limiting the trans-pulmonary passage of Optison™, and thus imaging 
performances of Optison™ were only compared in rabbits.  

In pig, SonoVue® and Definity® showed uniform contrast enhancement in the liver at their clinical 
dose allowing adequate visualization of the complete liver, and contrast enhancement persisted for at 
least 3 min. At half and full clinical dose, both agents also demonstrated adequate and uniform 
contrast enhancement within the liver parenchyma. Peak enhancement (PE) measured in the liver 
parenchyma, using VueBox® quantification software, was similar or slightly higher for SonoVue® 
compared to Definity® (Figure 2A). In general, PE at full clinical dose reached twice the PE at half 
the clinical dose, confirming proportionality with agent concentration as expected. 

Left ventricle (LV) endocardial border delineation could be assessed in pig with Definity® at  the 
clinical dose for up to 1 min after injection; SonoVue®, on the other hand, showed longer 
enhancement, and LV border delineation could be assessed up to 2 min after injection (Figure 2B). 
Contrast enhancement was quantified in the LV cavity for both agents at full and half the clinical 
dose, demonstrating that PE of SonoVue® was significantly higher compared to that of Definity®.  

upper ROI

lower ROI

A B

C
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Figure 2: In vivo comparison of UCA imaging performance. A) Quantitative analysis of SonoVue® and Definity® contrast 
enhancement within the pig liver using VueBox® quantification software. Imaging was performed with Toshiba - Aplio500 
(transducer 6C1) and GE - Logiq E9 (transducer C1-6). Data were normalized to the PE of SonoVue® at 17 µL/kg measured 
within the upper part of liver parenchyma. B) Typical images of contrast enhancement in the LV of the pig after injection of 
SonoVue® and Definity®. Contrast imaging was performed with GE - Logiq E9 (transducer M5S-D). PE was measured in the 
LV  for SonoVue® and Definity® at half and full clinical dose using VueBox®. Data were normalized to the PE of SonoVue® at 
17 µL/kg.  

 

In rabbit, contrast enhancement of Optison™ within the liver parenchyma is lower compared to that 
of SonoVue® at full and half the clinical dose. In particular, contrast enhancement of SonoVue® lasts 
longer than that of Optison™, which is important, e.g. for the assessment of the portal-venous and late 
phase. 

 

Conclusion:  

At their clinical dose, Definity® may contain substantially more MB larger than 20 µm compared to 
SonoVue® and Optison™. In pig, SonoVue® and Definity® showed similar contrast enhancement 
and duration of enhancement in liver. In the heart, both SonoVue® and Definity® produced efficient 
LV opacification, allowing endocardial border delineation particularly when using the highest clinical 
dose (i.e. 34 µL/kg and 3 µL/kg for SonoVue® and Definity®, respectively). Interestingly, 
quantitative analysis revealed a significantly higher enhancement for SonoVue® compared to 
Definity®, which is in agreement with in vitro results. Moreover, the duration of enhancement was 
longer with SonoVue® compared to that of Definity®. In rabbit, SonoVue® showed superior imaging 
performance compared to Optison™ which is in agreement with in vitro results. 

 

  

          

SonoVue
17 µL /kg
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34 µL /kg

Definity
1.5 µL /kg

Definity
3 µL /kg
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Figure 1 Schematic of transducer and alignment to flowing 
microbubbles in a vessel. Central null beam creates an Acoustic 

Trapping Force (ATF) 

Figure 2 Beam profile of two plane wave trapping beams 
with π phase shift at 30mm depth 

Figure 3 Beam profile of two plane wave trapping beams 
with π phase shift (apodization) at 30mm depth 

Figure 4 Beam profile of two plane wave trapping beams with π phase 
shift (apodization and lower pressure input beam) at 30mm depth 
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Acoustic trapping of microbubbles at clinically relevant 
flow rates 

 
Sevan Harput1, David Cowell1, Thomas Carpenter1, Ben Raiton1, James McLaughlan1,2, 

Steven Freear1 

 
1School of Electronics and Electrical Engineering, University of Leeds, UK. LS2 9JT 

2Division of Biomedical Imaging, University of Leeds, UK. LS2 9JT 

Introduction  

Considerable research effort is being devoted to the development of microbubbles with a therapeutic 
payload. To increase the efficacy of these agents, a number of strategies have been developed to 
improve localisation including targeting ligands, acoustic release, sonoporation [1] and magnetic 
targeting [2]. This study investigates an alternative approach using an array transducer for imaging, 
ultrasonically trapping, manipulating and increasing the population of microbubbles at a desired 
location in a vessel phantom [3, 4].  

Methods  
A 128 array element imaging transducer was configured with two sub apertures of 64 elements. This 
transducer was connected to the Leeds Ultrasound Array Research Platform (UARP) affording 
arbitrary excitation waveform control and ultra-fast image capture [5, 6 and 7]. To each aperture an 
ultrasound pulse sequence was applied but with opposite phase polarity. The beams destructively 
interfere along the central axis of the transducer, perpendicular to the vessel axis, creating a pressure 
null (figure 1). An acoustic trapping force (ATF) is resolved along the axis of the vessel and is 
directly proportional to the gradient of the pressure field. Two equal, out of phase, plane wave fields 
produce a beam profile as shown in figure 2. It can be seen there is a steep sided pressure gradient at 
0mm with resolving forces in opposite directions along the vessel axis creating a trapping zone. 
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However there is also an equally significant gradient at -20mm, stopping SonoVue microbubbles 
entering the trap. This is corrected by applying apodization at the outer edges of the array and 
therefore reducing the pressure gradient at -20 and +20mm (figure 3). To further facilitate 
microbubble entrance to the trap and allow for the pulsatile nature of flow, the input beam is further 
reduced through the application of pulse width modulation [8, 9]. This beam profile is shown in figure 
4 and resultant beam plot in figure 5.    

Results and Discussion 

Microbubble trap monitoring was performed with the same transducer utilizing high frame rate plane 
wave imaging (PWI). Trapping and imaging sequences required two different beam profiles and must 
be interlaced to achieve both. However with arterial blood flow rates in the region of 1m/s, time spent 
gathering an imaging frame must be kept to a minimum, otherwise the microbubbles will flow out of 
the trap region. With linear imaging and a typical frame rate of 25Hz, one frame requires 40ms to 
acquire. During this time, without the trapping beam, microbubbles can travel 40mm which is well 
outside the trapping region. With PWI a frame rate of 10kHz is achievable, each frame requiring 
100µs to acquire. During this time period without the trap, microbubbles can travel 100µm, which is 
still within the trapping region. High frame rate plane wave imaging (PWI) was used to visualise 
microbubbles flowing and trapped within the flow phantom. When the UARP was switched into dual 
trapping and imaging an interlaced sequence begins, switching between PWI and trapping at 10kHz. 
In either mode the whole 128 element array was employed, this ensures optimal trapping control and 
the highest quality images. Electronic manipulation and transportation of the trapped microbubbles 
was observed when the central null zone was electronically shifted, figure 6 illustrates trapped 
microbubbles, in a wall-less vessel phantom, transported to -7mm. Once the interleaved trapping 
sequence was removed and the transducer only emits an imaging sequence the trapped microbubbles 
disperse and normal contrast agent flow returns.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

      

 

 

Figure 5 Schematic showing final trapping beam design 
(apodization and asymmetric beam pressure) 

 

Figure 6 High Frame rate PWI interlaced with trapping sequence 
showing trapped microbubbles within an arterial phantom 

Trapped 
microbubbles 
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Conclusions 

This study shows the viability of trapping microbubbles in a tissue mimicking phantom with a linear 
array imaging transducer. A custom designed beam profile has been developed which can retain the 
microbubbles in the trapping zone and is resilient to pulsatile clinical flow rates. The trapped 
microbubbles can be simultaneously imaged using high frame rate plane wave imaging (PWI), 
interlaced with a trapping sequence. Finally the trapped microbubble population can be transported by 
electronically changing the trapping null zone of the transducer. For drug loaded microbubbles the 
study shows the potential to increase the volume of drug at a particular location. The drug volume can 
also be continually monitored using PWI. Further work will focus on destruction and imaging of the 
trapped microbubbles.  
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We developed polymer-entrapped perfluorocarbon (PFC) nanoparticles for 19F MRI applications, 

particularly cell tracking. The nanoparticles can be made with different polymers and different PFCs, 

and typically we also add a fluorescent dye. The diameter and fluorine content of the particles varies 

dependent on the polymer and formulation parameters used. Most often, we work with a perfluoro-15-

crown-5-ether entrapped in poly-lactic-co-glycolic acid (PLGA), and these particles can also be 

formulated at GMP-grade. The ultrasound contrast achieved by these nanoparticles varies with the 

polymer and the PFC used, and other factors. PFC emulsions and nanodroplets have been used 

previously to generate ultrasound contrast, albeit at relatively poor levels, and typically after 

vaporisation. However, we found that a formulation of PLGA and PFC results in particles which have 

relatively high ultrasound contrast, as well as excellent contrast with MRI. Furthermore, the contrast 

is stable to insonation for extended periods of time. We used these particles for applications including 

imaging migratory cells in mice, after labelling with the nanoparticles. A clinical trial with these 

nanoparticles for imaging therapeutic cells in melanoma patients using multimodal imaging is 

underway. 
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Ultrasonically-activated phase-shift perfluorocarbon droplets that are vaporized to form microbubbles 
by externally applied ultrasound have been proposed for many applications of diagnosis and therapy. 
However, translation into the clinic has been slow: with a history of over 20 years of published 
patents and research, first-in-human use has yet to be reported. Unlike microbubbles, which allowed 
for simple imaging characterization even during the earliest reports, the requirement of high control 
over pulse sequence design and generally in vivo high activation pressures often precludes basic 
investigation of nanoscale phase-shift droplets. Furthermore, introducing a ‘new drug’ into the 
relatively small clinical ultrasound contrast agent market requires, in addition to compelling 
applications, significant commercial investment to develop manufacturing protocols, characterize 
safety, and fund clinical trials. In this talk, we discuss recent efforts in our group to address these 
issues and expedite clinical translation by using microbubble condensation in combination with low 
boiling point perfluorocarbons to generate phase-shift droplets1.  

First, we show that basic image-guided characterization of contrast-enhancement, circulatory kinetics, 
and biodistribution of low boiling point droplets can be accomplished with commercially available 
small animal imaging scanners using standard imaging sequences2. Droplet vaporization in the 
kidney, liver, spleen, and in hindlimb tumour xenografts is evaluated in the context of droplet-aided 
anti-cancer drug delivery. Results show that these formulations are well tolerated at relatively high 
doses and clear from circulation over the course of 1-2 hours. Preliminary evidence suggests a higher 
concentration of droplets per tissue volume in the spleen compared to the liver after clearance from 
the circulation. 

We next highlight a potential shortcut to translation: that phase-shift droplets can be generated by 
microbubble condensation directly from commercially available clinical and pre-clinical 
microbubbles. This bypasses the need to develop new manufacturing processes and provides an initial 
safety record in humans and animals from the same constitutive components with which to compare. 
Proof-of-principle is given using droplets created from Definity (Lantheus Medical Imaging) and 
MicroMarker (VisualSonics/Bracco). Activation as a function of ambient temperature and ultrasound 
pressure is characterized acoustically in vitro on both clinical diagnostic scanners and small animal 
scanners, with preliminary in vivo demonstrations in the rabbit kidney and mouse liver. Results 
demonstrate the impact of perfluorocarbon choice on overall thermal stability, in agreement with 
recent reports3, and suggest specific clinical microbubbles that may be suitable to convert to phase-
shift droplets for applications in human imaging and therapy.  

 
1. Sheeran, P. S., Luois, S. H., Mullin, L. B., Matsunaga, T. O. & Dayton, P. A. Design of ultrasonically-

activatable nanoparticles using low boiling point perfluorocarbons. Biomaterials 33, 3262–3269 (2012). 
2. Sheeran, P. S. et al. Image-guided ultrasound characterization of volatile sub-micron phase-shift droplets 

in the 20-40 MHz frequency range. Ultrasound Med. Biol. In Press (2015). 
3. Mountford, P. A., Thomas, A. N. & Borden, M. A. Thermal Activation of Superheated Lipid-Coated 

Perfluorocarbon Drops. Langmuir 31, 4627–4634 (2015). 
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Ultrasound-stimulated microbubbles are clinically employed for diagnostic imaging and have been 
shown to be a feasible therapeutic strategy for localized drug and gene delivery applications.  
However, the mechanisms by which circulating microbubbles oscillating in the microvasculature 
promote extravascular transit of macromolecules and subsequent target cell uptake are poorly 
understood.  In order to investigate microbubble oscillation dynamics in relation to endothelium,  the 
UPMC-Cam has been recently developed at the University of Pittsburgh Medical Center- an ultrafast 
imaging system capable of recording 128 frames at up to 25 million frames per second, one of two in 
the world currently dedicated for biological ultrasound research.. 

 

We have been interested in the effects of ultrasound induced microbubble oscillation specifically on 
endothelial cells, since these cells are the initial point of contact of vibrating microbubbles and 
represent the first anatomic barrier to the transfer of macromolecular therapeutic payloads (e.g. 
therapeutic nucleic acids).  We have performed high speed imaging studies in which individual 
microbubbles lie adjacent to a monolayer of cultured human umbilical vein cells (HUVECS) and are 
exposed to short ultrasound pulses (1 MHz, 0.1-0.8 MPa) during simultaneous low frame rate 
fluorescence imaging of uptake of propidium iodide present in the medium (as an indicator of 
sonoporation).   These studies have revealed a maximum microbubble expansion threshold above 
which sonoporation occurs, likely related to the associated shear stresses exerted by a microbubble on 
the adjacent cell membrane.   

 

Additional complementary confocal microscopic studies of membrane-labeled HUVECS in the 
presence of extracellular propidium iodide have shown microbubble-induced pore formation 
extending through the entire cell thickness, pore healing in the z-plane, and variable persistence of the 
pore in the x-y plane, with retention of cellular viability.  Further, a single microbubble oscillation 
event can induce tight junction opening between nearby HUVECS.  These data suggest several 
physical mechanisms whereby ultrasound induced microbubble oscillations enhance endothelial 
permeability and facilitate non-endosomal uptake of therapeutic macromolecules, and that varied 
acoustic parameters can induce similar biophysical effects.  Such insights should inform strategies to 
optimize ultrasound mediated delivery of therapeutic loads. 
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Introduction 

A very basic dilemma is often encountered with drug molecules; upon systemic administration, they 
display an unacceptable safety profile at doses relevant for an effective treatment of the indicated 
pathology. For decades, the pharmaceutical industry has tried to solve this problem with various 
approaches designed for specific delivery or enhanced uptake of the drug in the targeted pathology 
(i.e. targeted drug delivery). If successful, such strategies may offer ways to increase the dose to the 
target and/or minimize systemic exposure, improving the therapeutic efficacy and reducing serious 
side effects. Even though huge resources have been spent over the last two decades in finding 
functional concepts for targeted drug delivery, there has been a very limited transition to clinical 
practice. In truth, the objective remains essentially unresolved in medical practice. 

The current paper proposes a novel approach to ultrasound mediated, targeted drug delivery; Acoustic 
Cluster Therapy (ACT) [1][2][3][4]. It also presents interim results from a first proof of concept study 
where ACT has been investigated for treatment of human prostate adenocarcinoma in mice, in 
combination with paclitaxel and nab-paclitaxel (Abraxane™).  

ACT Basic Concept 

In brief, the ACT formulation comprises mixing negatively charged microbubbles with positively 
charged microdroplets, with the ensuing formation of microbubble/microdroplet clusters from the 
electrostatic attraction between the two components. The ACT Cluster Dispersion for Injection may 
be co-administered with a regular medicament (e.g. chemotherapeutic) to induce locally enhanced 
uptake of the systemically injected drug. The clusters are small enough to be free flowing in the 
microvasculature after i.v. injection. When insonated with US (activated) within the targeted 
pathology, the microbubble transfers energy to the microdroplet and acts as a vaporisation ‘seed’ 
initiating vaporisation of the oil droplet. In this way, the cluster construct enables the vaporisation 
process to occur at much lower acoustic powers than in the absence of a microbubble; the compound 
may be activated by regular, low MI medical US insonation (e.g. 1-10 MHz, MI < 0.4). Upon US 
activation, the oil component of the microdroplets instantly vaporise and subsequent inwards diffusion 
of blood gases produce a 20-30 µm large bubble that transiently deposit in the local microvasculature, 
stopping the blood flow for some 5-10 minutes. From the transient occlusion of the vessel, immediate 
wash out is avoided and the drug is kept locally at high concentration for a significant period of time. 
Post activation, low frequency (e.g. 0.3-1 MHz), low MI US is applied to induce controlled volume 
oscillations of the large, deposited bubbles with ensuing biomechanical effects to allow for enhanced 
extravasation and distribution of drug molecules to the targeted tissue. The concept is visualized in 
Figure 1. 
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Figure 1 Schematic representation of Acoustic Cluster Therapy – ACT. 

 

Materials and Methods 

Animals and Tumor model 

 50-µL suspension containing 3x106 PC-3 prostate adenocarcinoma cells was slowly injected 
subcutaneously on the lateral aspect of one hind leg in Balb/c mice. Tumors were allowed to grow for 
3–6 wk until the diameter of the tumor was between 5 and 10 mm. 

Test items 

Details on the investigated ACT test item are provided in [1]. For the microbubble component, 
Sonazoid™ (GE Healthcare AS) [5] was utilised. The ACT Dispersion for Injection comprised 
Sonazoid™ reconstituted with 2 ml of an emulsion of perfluoromethyl-cyclopentane (PFMCP) 
microdroplets (3 µl/ml) stabilized with a distearoylphosphatidyl-choline (DSCP) phospholipid 
membrane with 3% (mol/mol) stearlyamine (SA), dispersed in 5 mM TRIS (2-Amino-2-
hydroxymethyl-propane-1,3-diol) buffer. 

Paclitaxel 6 mg/ml (Fresenius Kabi) and Abraxane™ 5 mg/ml (Celgene). 

Treatment regime 

The first study cohort comprised eight groups of animals, 3-5 in each, as detailed in Table 1. 
Treatment was given on days 0, 7, 14 and 21. Test items were injected i.v., drug immediately prior to 
ACT test item or Sonazoid™. For activation, the tumor was insonated for 45 s immediately after 
injection by regular diagnostic US using a clinical VScan™ system (GE Healthcare AS) with a 
transducer (Activation Tx, see Fig 1) center frequency of 2.25 MHz and at an estimated mechanical 
index (MI) of approximately 0.4 in the insonated tumor volume. After activation, the tumor tissue was 
insonated with low frequency US of 500 kHz at an estimated MI of 0.2 using a custom made 
transducer (Enhancement Tx, see Fig 1) (Imasonic SAS). ACT treatment was repeated three 
consecutive times at each cycle. Animals were monitored for body weight and tumour size by caliper 
twice weekly. 
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Table 1 – Study Design (N = number of animals in each group) 

Group (N) Test item US procedure 
Control (3) Saline 45s 2.25 MHz/MI 0.4 + 5min 

0.5 MHz/MI 0.2 
Paclitaxel (5) 12 mg Ptx/kg i.p. 45s 2.25 MHz/MI 0.4 + 5min 

0.5 MHz/MI 0.2 
Abraxane (4) 12 mg Ptx/kg i.v. 45s 2.25 MHz/MI 0.4 + 5min 

0.5 MHz/MI 0.2 
ACT (4) 3 x 5 mg pFMCP/kg i.v. 45s 2.25 MHz/MI 0.4 + 5min 

0.5 MHz/MI 0.2 
ACT + Paclitaxel (4) 12 mg Ptx/kg i.p.  + 3 x 5 mg pFMCP/kg i.v. 45s 2.25 MHz/MI 0.4 + 5min 

0.5 MHz/MI 0.2 
ACT + Abraxane (5) 12 mg Ptx/kg i.p.  + 3 x 5 mg pFMCP/kg i.v. 45s 2.25 MHz/MI 0.4 + 5min 

0.5 MHz/MI 0.2 
Sonazoid™ + Paclitaxel (5) 12 mg Ptx/kg i.p.  + 3 x 8 μl PFB/kg i.v 5min 45s 2.25 MHz/MI 0.4 
Sonazoid™ + Abraxane (5) 12 mg Ptx/kg i.p.  + 3 x 8 μl PFB/kg i.v 5min 45s 2.25 MHz/MI 0.4 

 

Results and Discussion 

As noted the results reported herein are interim; the study is performed in two, serial and identical 
cohorts and monitoring will continue until 90 days after study start. The results reported are from the 
first cohort up until 59 days. Results are visualized in Figure 2. 

Abraxane showed a marked effect on tumour growth rate after the second treatment cycle, all animals 
responding with remission back to initial tumour size after 28 to 42 days. After 35 days, two of four 
animals in this groups display significant regrowth. When combing ACT with Abraxane™, marked 
remission is observed after first treatment and the reduction in tumour volume persists until complete, 
stable remission for all animals after 59 days. At the end of the treatment period (21 days) the average 
tumour volumes were 959 ± 172 mm3,  251 ± 64 mm3 and 71 ± 69 mm3 for the control, Abraxane™ 
and Abraxane™ + ACT groups, respectively. Remarkably, the Abraxane™ + Sonazoid™ group 
showed a complete lack of response with an average tumour volume of 912 ± 306 mm3 at the end of 
the treatment period (21 days). This was despite the fact that, in an effort to optimize biomechanical 
effects induced by Sonazoid™ microbubbles, the US enhancement step for this group was performed 
by continuous insonation with 2.25 MHz and an MI of 0.4. It is, however, possible that this regimen 
induced some kind of shut down or disruption of the tumour vasculature, as reported elsewhere [6]. If 
so, this could prevent the drug from penetrating tumour tissue and explain the lack of response in this 
group. Studies are under way to elucidate possible causes for this observation. 

The ACT alone, paclitaxel and Sonazoid™ + paclitaxel groups did not show significant therapeutic 
effect vs. the saline control group. At a weekly dose of 12 mg/kg given i.p., the paclitaxel plasma 
concentration apparently does not reach therapeutic levels. However, when combining ACT with 
paclitaxel, all animals responded markedly to treatment, with significant remission observed after first 
treatment. At the end of the treatment period the average tumour volumes were 959 ± 172 mm3 and 
166 ± 211 mm3 for the control and paclitaxel + ACT groups, respectively. The observed remissions 
were stable for 14 to 28 days, when two of four animals started to display regrowth and were 
euthanized after 42 and 49 days. However, the two remaining animals in this group still show 
complete, stable remission after 59 days. 
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Conclusions 

Combination with Acoustic Cluster Therapy (ACT) has been shown to markedly increase the 
therapeutic efficacy of paclitaxel and nab-paclitaxel (Abraxane®) for treatment of human prostate 
adenocarcinoma in mice. 

 

 

 

Figure 2 – Results for tumour volume in mice with human prostate adenocarcinoma, treated at days 0, 7, 14 
and 21 as indicated in legends (PTX = paclitaxel, ABR = Abraxane®, ACT = Acoustic Cluster Therapy). Error bars 
designate standard error of the mean (SEM). 
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Sonoporation - the temporary permeabilisation of cell membranes following exposure to 
microbubbles and ultrasound - has been widely reported in the literature. Our understanding of the 
interaction between phospholipid-shelled microbubbles (MBs) and the cell membrane, however, is far 
from complete [1]. In this study we employed specially designed acoustofluidic systems and 
quantitative microscopy techniques to study this phenomenon with the following objectives: First, to 
investigate the effects of ultrasound and MBs on the arrangement of lipid molecules in cell 
membranes since this is the main determinant of membrane mechanical properties, protein dynamics, 
and permeability [2, 3]. Second, to investigate lipid transfer from the MB shell to the cellular 
membrane since this has previously been identified as a candidate mechanism for enhanced drug 
delivery with encapsulated MBs [4, 5].  

 

Spectral imaging using C-Laurdan [6], a polarity-sensitive probe, was performed to quantify  the 
packing or “order” of lipid molecules in A-549 cell membranes exposed to either a phosphate-
buffered saline (PBS) sham, ultrasound only (970 kHz, ~210 kPa, 60 s continuous wave), MBs only, 
or ultrasound and MBs. Both DSPC and DSPC-PEG40S (9:1 molar ratio) microbubble formulations 
were investigated. Lipid order, as indicated by C-Laurdan generalized polarization (GP, ranging from 
-1 to 1), increased significantly following exposure to DSPC microbubbles (ΔGP = +0.044) and 
decreased significantly following exposure to DSPC-PEG40S microbubbles (ΔGP = −0.051) (p < 
0.01 compared to PBS sham) (see Figure 1). Ultrasound did not significantly change the lipid order of 
A-549 cell membranes in comparison with exposure to MBs only (see Figure 1).  
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Figure 1.  Changes in lipid packing (expressed as ΔGP) of A-549 cell membranes exposed to different experimental 
conditions. * = Indicates significance (p < 0.01) compared to control by Kruskal Wallis ANOVA with Mann-
Whitney/Bonferroni-Holm post hoc. 

In a complementary experiment, A-549 cells were exposed to DiI-loaded MBs of both formulations 
with or without ultrasound exposure (see Figure 2a-b). Fluorescent colocalization of cell membranes 
with DiI, a dye with lipidic molecular dynamics, was used to evaluate molecular transfer from 
microbubble shells to cell membranes. For DSPC MBs, DiI transfer was substantial, whereas transfer 
from DSPC-PEG40S MBs was negligible. Following ultrasound exposure, extensive transfer was 
observed for both MB formulations.  
 

 
Figure 2.  (a) DiI-loaded DSPC-PEG40S microbubble (green) attached to an A-549 cell membrane (red). (b) Extensive DiI 
transfer to A-549 cells following ultrasound exposure of DiI-loaded DSPC-PEG40S microbubbles. (c) An example C-
Laurdan generalised polarization (GP) map and membrane segmentation of an A-549 cell. (d) A DOPC-GUV that has 
increased lipid order following ultrasound and DSPC-PEG40S microbubble exposure. In the final two images, red indicates 
high lipid order and blue indicates low lipid order. 
 

Finally, to better understand the mechanisms underlying the change in lipid order in cells, we 
employed DOPC giant unilamellar vesicles (GUVs) as a simplified model system (see Figure 2d). 
GUVs membrane properties were evaluated by spectral imaging, fluorescence lifetime imaging 
microscopy (FLIM), and fluorescence correlation spectroscopy (FCS). For these GUVs, the presence 
of DSPC-PEG40S MBs increased lipid order, an effect that was dramatically enhanced by ultrasound. 
By comparing these results with our findings in cells, we determined that, in A-549 cells, the increase 
in lipid order from DSPC MBs results from lipid transfer, and the decrease in lipid order from DSPC-
PEG40S MBs is a consequence of PEG40S.  

Together these results provide strong evidence for the hitherto hypothetical mechanism of MB shell-
to-cell membrane transfer, and suggest that MBs alter membrane properties in a formulation-
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dependent manner. A critical finding of this study is that the PEG used in many MB formulations, 
including clinically-available Definity® and SonoVue®, has a major impact on lipid order prior to 
ultrasound exposure. We hypothesise that both these mechanisms may play an important role in 
ultrasound-mediated bio-effects. 
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The amount of drug-loaded microbubbles for ultrasound triggered drug delivery applications is vastly 
expanding. Although several studies have proven the potential of drug-loaded microbubbles to 
enhance drug uptake, so far, very little is known on the biophysical microbubble-cell interactions 
resulting in drug delivery [1]. The relevant phenomena, however, involve a cascade of events: release 
of drugs during microbubble oscillations, subsequent drug transport and finally drug delivery to cells 
[2]. Therefore we used in this study three different imaging frame rates (2 frames per second, 1000 
frames per second and 10 million frames per second) to unravel the complete chain of events.  

In the first instance, we used real-time confocal microscopy to image nanoparticle-loaded 
microbbubles and cells during ultrasound radiation. Lipid microbubbles were loaded with fluorescent, 
100nm polystyrene beads as model nanoparticles via avidin-biotin interaction.These recordings 
revealed that nanoparticle-loaded microbubbles directly deposited the nanoparticles in patches onto 
the cell membrane, a process that we termed ‘sonoprinting’ (Figure 1 and 2). This phenomenon 
resulted in the delivery of large amounts of nanoparticles onto the cellular membrane cells and is 
suggested not to correlate with the creation of cell membrane pores and enhanced endocytosis, which 
have been reported before to be responsible for ultrasound controlled drug delivery in cells.  

The use of high-speed fluorescence imaging (Photron) and ultra-high-speed imaging (Brandaris128) 
to study nanoparticle release and transport at different acoustic settings revealed that at lower acoustic 
pressures, drug-loaded microbubbles transported the released drugs away from the cells by 
microstreaming. This was previously reported by Luan et al. and Lajoinie et al. [3,4]. In contrast, at 
higher acoustic pressures and longer ultrasound pulses, microbubbles were rapidly translating driven 
by secondary Bjerkness forces. As a result, the drugs released in the microbubble surroundings were 
dragged along with the travelling microbubble. Eventually this transport led to the deposition of the 
drugs in elongated patches onto the cell membrane (sonoprinting).  
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Figure 1. Sonoprinting by nanosphere-loaded microbubbles. Series of confocal images depicting three 
nanosphere-loaded microbubbles (arrows) that deliver their nanospheres to the cell membrane (sonoprinting) 
upon ultrasound exposure (t=0). Cell 1 shows influx of SYTOX® Blue (dashed arrow), indicating cell membrane 
poration, while this is not observed in cell 2. Cells were exposed to pulsed ultrasound with an acoustic 
pressure of 300 kPa (pulse length 10 cycles, PRP 0.01 s, duration 0.19 s). The cell membrane is labeled in red 
with CellMask™ Orange Plasma membrane Stain, while green fluorescent 100 nm nanospheres are attached to 
the microbubble shell. 

 
Figure 2. 3D image and corresponding Z-stacks of cell 1 in Figure 1, before (A) and after (B) ultrasound 
exposure. (left) 3D image of cell 1, (right) corresponding z-stacks at different focal depths. Microbubbles (A) 
and released nanospheres (B) are visible in the green channel and indicated with arrows. 
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Ultrasound-mediated drug delivery with microbubbles is increasingly being studied for targeted drug 

delivery to solid tumors. Clinical translation, however, has been slowed by the expense and technical 

challenges associated with in vivo mechanistic studies.  To address this issues, we used microfluidic 

“microvessels-on-a-chip” to establish physical (microbubble oscillation) and biological (cell 

targeting) parameters for microbubble/ultrasound-dependent delivery of liposomal-encapsulated-

doxorubicin (DOX-liposomes) to microvasculature in vitro.  Acoustic emission signals showed that 

microbubbles perfused through microvessels-on-a-chip undergo modest, stable oscillations under low 

acoustic power ultrasound. Notably, we observed no microvessel damage when oscillating 

microbubbles or untargeted DOX-liposomes are perfused.  In contrast, significant cytotoxicity is 

observed with perfused integrin-targeted DOX-liposomes, and this cytotoxic effect is significantly 

enhanced by ultrasound only when microbubbles are co-perfused. These results indicate DOX 

internalization that we observe is largely dependent on integrin receptor-mediated endocytosis, and 

this process is accelerated by stable-oscillating microbubbles. Our findings demonstrate potential 

utility for “microvessels-on-a-chip-model” in optimizing microvasculature-targeted drug delivery.  
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Cardiovascular disease is the number one cause of death worldwide and thrombo-occlusive disease is 

a leading cause of morbidity and mortality. Ultrasound has been developed as both a diagnostic tool 

and a potent promoter of beneficial bioeffects for the treatment of cardiovascular disease.  Ultrasound 

exposure can induce the release, delivery and enhanced efficacy of a thrombolytic drug (rt-PA) and 

bioactive gases from echogenic liposomes.  By encapsulating drugs into micron-sized and nano-sized 

liposomes, the therapeutic can be shielded from degradation within the vasculature until delivery is 

triggered by ultrasound exposure.  Insonification accelerates clot breakdown in combination with rt-

PA and ultrasound contrast agents, which nucleate sustained bubble activity, or stable cavitation.  

Mechanisms for ultrasound enhancement of thrombolysis, with a special emphasis on cavitation and 

radiation force, will be reviewed.  A non-invasive strategy for ultrasound-triggered local therapeutic 

gas delivery to treat ischemic injury, a sequela of thrombo-occlusive disease, is also under 

development.  The delivery of bioactive gases, such as xenon and nitric oxide, from echogenic 

liposomes to promote vasodilation and cytoprotection will be discussed.  
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Background 
 

Although ultrasound induced microbubble cavitation (UIMC) has been shown to dissolve 
intravascular and microvascular thrombi, the shear stress generated by cavitation has also altered 
endothelial function, which may result in different coronary artery (CA) vasomotor responses in 
different pathophysiologic settings. The purpose of this study was to determine regional CA responses 
to UIMC in three different pathophysiologic settings: normal conditions, regional endothelial 
dysfunction (ED), and regional ED with thrombus formation.  

Methods  

Intermittent high mechanical index (MI) impulses were applied with a diagnostic transthoracic 
ultrasound (TTU) transducer over the parasternal location. The high MI impulses were modified to be 
of longer pulse duration (1.7 MHz frequency, 1.3 MI, 20 µs pulse duration), and applied in six pigs in 
a five seconds on, five seconds off sequence during a 3% intravenous Definity infusion. CA diameters 
of the proximal, mid (endothelial injury site), and distal left anterior descending (LAD), and proximal 
right coronary artery (RCA) were measured before and after the high MI TTU applications under (A): 
normal conditions, (B): after a 20 mm long balloon injury (BI) was performed in the mid LAD, and 
(C):after BI and introduction of 1.0 ml arterial thrombus at the BI site. Each intermittent high MI 
ultrasound application lasted for 10 minutes.  

Results 

CA diameter increased in the proximal and mid LAD following UIMC under normal conditions 
(p=0.02), and following BI (p=0.02), while no changes occurred in the distal LAD. After adding 
thrombus to the BI site, UIMC did not change proximal LAD CA diameters, but there was a decrease 
in mid and distal LAD diameter following UIMC (p=0.008 compared to baseline and post BI diameter 
changes; ANOVA). The degree of vessel diameter constriction ranged from 2% to 17%. No change in 
RCA CA diameter occurred in any setting.  

Conclusion 

CA vasomotor responses are primarily vasodilator in response to UIMC, but vasoconstrictor 
responses may occur in the presence of ED and active thrombus formation. This may affect the 
success of longer pulse duration high MI ultrasound in restoring coronary and microvascular flow in 
acute coronary syndromes. 
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Shock wave lithotripsy (SWL) is a clinical procedure whereby shock waves, generated outside the 

body, are used to break-up kidney stones. First introduced in 1980 it revolutionized the treatment of 

renal calculi and at its peak about 85% of kidney stones in the Europe were treated by SWL.  It 

remains a major technique for treating stones today. Despite the wide spread use of SWL there is no 

agreement in the literature as to the mechanism, or mechanisms, by which shock waves fragment 

kidney stones.  In addition, it is now recognized that a clinical dose of shock waves will induce renal 

injury in most, if not all, treated kidneys. Both the significance of tissue damage, and the mechanisms 

that are responsible for the damage, are under dispute. This talk will address: how lithotripters 

generate shock waves, the mechanisms that likely play a role in stone fragmentation and tissue 

damage, the current state of lithotripsy and what its future may be. 
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Background 

Microembolization during percutaneous coronary intervention for acute myocardial infarction causes 
microvascular obstruction (MVO), independent of patency of the supplying epicardial artery. We 
have shown that sonoreperfusion (SRP) therapy using ultrasound (US) and microbubbles (MB) 
specifically relieves MVO and restores microvascular perfusion in vitro and in vivo [1, 2], using an 
experimental single element ultrasound transducer delivering long tone burst ultrasound (US). To 
move toward clinical translation, we tested the effectiveness of a custom modified Philips clinical US 
scanner, a platform with potential theranostic capability, to deliver the therapeutic ultrasound in an 
animal model of MVO. 

Methods 

We used our previously developed rat hindlimb model of MVO [2]. Perfusion imaging of the rat 
hindlimb muscle was performed using a clinical Sequoia ultrasound scanner in contrast mode (CPS, 7 
MHz, 0.2 MI) during jugular venous infusion of Definity (2 mL/hr). MVO was created by injecting 
microthrombi (< 200 µm) into the hindlimb muscle microvasculature.  Imaging was conducted at four 
time points: 1) baseline, 2) 10 minutes post-MVO, 3) post-treatment 1 (Tx1), and 4) post-treatment 2 
(Tx2). For both treatments, the therapeutic ultrasound was delivered using a modified Philips EPIQ 
system (S1-5 probe, STL mode, 1.6 MHz, 1.1 MPa, 1 ms pulse length, 0.33 Hz framerate) to provide 
therapeutic impulses to the MBs in the obstructed hindlimb microvasculature for 10 minutes. “No 
Treatment” rats were injected with microthrombi to achieve MVO, but did not receive US therapy. A 
separate group of rats was treated with SRP with a single element transducer (1 MHz, 1.5 MPa, 5 ms 
pulse length, 0.33 Hz PRF), where the US power in the treatment area is estimated to be 5 times 
higher than with the Philips system. Image intensities of the acquired perfusion cineloops were 
measured in regions of interest circumscribing the hindlimb microvasculature, and used to calculate 
microvascular blood volume (MBV). Data are expressed as mean ± standard deviation. Results were 
analyzed using 2-way ANOVA and pairwise comparisons were obtained using Tukey’s post-hoc 
testing.    

Results 

MBV for all groups were similar at baseline. Imaging 10 minutes after microthrombi injection showed 
markedly reduced MBV in all groups, indicating successful MVO. In the Philips group, MBV 
increased to 36% of baseline after Tx1 (6.4 ± 5.7 dB, p=0.07 vs MVO).  After Tx2, MBV increased to 
89% of baseline (15.8 ± 1.9 dB, p<0.05 vs MVO) and was similar to baseline (p=0.2).  In the “No 
Treatment” group, MBV remained reduced, respectively at 0.8 ± 1.3 dB (n.s. vs MVO) after Tx1 and 
4.6 ± 5.2 dB (n.s. vs MVO) after Tx2.    
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Using the single element therapy transducer, MBV were respectively 12.8 ± 7.1 dB (p<0.05 vs MVO) 
after Tx1 and 15.5 ± 7.6 dB (p<0.05 vs MVO) after Tx2. There was a trend toward a higher MBV in 
the Single Element group vs the Philips group after Tx1 (p=0.15). Both US configurations restored 
MBV after Tx2.   

Conclusions 

These results demonstrate the efficacy of a clinical system for SRP of MVO with theranostic 
capability.  Compared to the Single Element system, the Philips system did not achieve the same 
degree of reperfusion after Tx1, but after Tx2, equivalent reperfusion was attained.  This is likely due 
to a difference in total US energy and peak negative pressure delivered to the obstructed 
microvascular bed. Other differences, including US frequency, pulsing schemes and area covered by 
the beam cannot be excluded. This work represents progress toward clinical translation of this 
important therapeutic technique.   

 

   
 

Figure 1: Blood volume assessed by perfusion contrast imaging in rat hindlimb at baseline (BL), after 
microvascular obstruction (MVO), and after 2 successive 10 minute sessions of sonoreperfusion therapy (Tx1 
and Tx2) (* p<0.05, + p<0.05 vs MVO).   
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Introduction 

Over the years it has become clear that ultrasound, for both imaging as well as therapy, is a versatile 
tool that finds its applications in many different types of diseases and treatments. One of the fields in 
which ultrasound has been investigated rather recently, is cancer immunotherapy. This relatively new 
and emerging research field aims to harness the patient’s own immune system in the battle against 
cancer, by activating immune cells to target and destroy cancerous cells [1, 2]. As more and more 
immunotherapeutics are making it into the clinic, the number of reports on the use of ultrasound 
in/together with immunotherapy is also increasing.  

Ultrasound & adoptive immune cell therapies 

One way to boost a patient’s immune responses against a tumor, is by adoptively transferring 
activated, tumor-reactive immune effector cells, such as cytotoxic T cells (CTLs) and Natural Killer 
cells (NK cells) [3]. The successes obtained with these cellular therapies are largely determined by the 
ability of the injected cells to reach and penetrate the tumor. The ability of microbubbles and 
ultrasound to temporarily open up biological barriers such as the blood-brain-barrier have been 
applied to improve the therapeutic outcome of NK cell therapy in metastatic brain tumors [4]. Even in 
case of more accessible solid tumors, low dose focused ultrasound was shown to improve the 
infiltration of adoptively injected cells [5].  

HIFU and immune activation 

Another therapeutic moiety based on ultrasound is the application of high intensity focused ultrasound 
(HIFU) to either mechanically or thermally disrupt solid tumors. However, it seems like the effect of 
HIFU is not limited to mere killing of cancerous cells. Studies showed that upon HIFU application to 
various tumor types, there was an increase in the number of circulating immune cells, as well as more 
tumor-infiltrating immune cells, compared to controls [6-9]. This could be attributed to a.o. the 
release of various danger signals which are released from the HIFU-treated tumor cells, such as heat 
shock proteins and ATP, which attract and activate peripheral immune cells. This indicates that by 
optimizing the HIFU parameters, it might be possible to use HIFU to disrupt a tumor in such a way 
that it can – as a matter of speaking – be turned into an antitumor vaccine.  

Microbubble-mediated cancer vaccination 

Finally, ultrasound has been used together with microbubbles for vaccination purposes. As such, 
microbubbles have been loaded with messenger RNA (mRNA) encoding tumor antigens as well as 
immune adjuvants, for the ultrasound-triggered transfection of dendritic cells (DCs), the key initiators 
of immune responses. As a result, the sonoporated DCs become highly efficient in presenting the 
antigens and activating anti-tumor T cell responses. When these mRNA-sonoporated DCs were 
injected as vaccines in tumor-bearing mice, this resulted in significant reductions in tumor-outgrowth 
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and even complete tumor regression in 2/6 treated animals [10]. Moreover, these microbubbles were 
shown to rapidly and extensively drain to the lymph nodes upon subcutaneous injections in dogs, as 
shown by contrast-enhanced ultrasound imaging [11]. This makes these mRNA-loaded microbubbles 
interesting agents for future in vivo intranodal vaccination. Alternatively, protein-loaded 
microbubbles, without ultrasound, have also shown potential as vaccines against bacterial infections 
in vivo [12]. Upon subcutaneous vaccination, the authors reported durable immune responses 
involving the two main arms of the immune system: the B cell antibody responses as well as the T 
cell-mediated immunity.  

Conclusions 

Despite the recent interest in the effect of (various types of ultrasound) on immune cells, there is still a 
large unexplored area of the possible applications for ultrasound (with or without cavitation agents) in 
cancer immunotherapy. Based on the abovementioned promising reports, further investigation is 
definitely warranted to elucidate the mechanisms behind the observed effects, and to confirm the 
synergy between ultrasound-based therapies and (various) immunotherapeutics.  
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Ultrasound contrast agents (UCAs) have been used routinely in clinical diagnostics. The most used 

UCA is a saline suspension of lipid shells with a stabilizing hydrophobic gas core. However, focus on 

other UCAs have been also considered so far, including shells made of high molecular weight 

moieties. Polymer based shells1 provide a unique platform supporting multimodality2 (US, MRI for 

example) and multifunctionality3 (targeting, theranostics). The endurance of the polymer shells allows 

a long circulation life, although this feature can decrease the microbubble echogenicity. Bearing in 

mind such hurdles, this contribution will highlight the potentialities of polymer shelled microbubbles 

in supporting fast developing new methodologies such as photoacoustic imaging. It will also illustrate 

how “crosslinked polymer shells” concept can be advantageously used in the field of the “phase shift” 

microsystems.4 Insonification can transform microdroplets having crosslinked polymer shell into 

ultrasound active microbubbles via acoustic droplet vaporization (ADV). The viscoelasticity of the 

shell controls the expansion of the microbubble shell and is responsible for its return to the original 

droplet state in a time lapse of some minutes. The analysis of the time dependence of this retraction 

process provides an insight of the microrheology parameters of the polymer shell.5 
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Background and aims 

Obesity is associated with metabolic insulin resistance (characterized by impaired whole body glucose 
disposal (WBGD)), and an increased risk of type 2 diabetes (T2DM) and cardiovascular diseases 
(CVD). In skeletal muscle, insulin normally increases the number of perfused capillaries, enhancing 
its own delivery and that of glucose to myocytes. We hypothesize that impairments in insulin-induced 
muscle microvascular recruitment (MVR) may be responsible for the impaired WBGD in obese 
individuals. In addition, we investigate whether weight loss can restore MVR and whether this 
improves WBGD. 

 

Materials and methods 

In a randomized controlled trial with blinded analyses, 53 non-smoking, abdominally obese men 
(waist circumference 102-110 cm; aged 18-65; no CVD or T2DM) underwent either an 8-week 
weight loss program (6 weeks low calorie diet (LCD), 2 weeks weight stable) or maintained their 
usual diet for 8 weeks and were compared to 25 lean men (waist circumference <94 cm). During a 1 
mU/kg/min euglycaemic insulin clamp, we determined WBGD and MVR as the change in 
microvascular blood volume using real-time contrast-enhanced ultrasound in forearm skeletal muscle. 
Abdominally obese men were studied at baseline and after completion of their 8-week program, 
whereas lean men were studied at baseline only. 

 

Results 

All 25 lean men and 50 abdominally obese men completed the study. Baseline BMI was 23.3 ± 1.8 
kg/m2 in lean men, 30.0 ± 1.7 kg/m2 in the LCD group, and 29.9 ± 2.5 kg/m2 in the control group. 
LCD reduced BMI by 3.0 ± 0.8 kg/m2 (p<0.001), whereas BMI in controls did not change (+0.1 ± 0.4 
kg/m2). Baseline WBGD was 6.76 ± 1.79 mg/kg/min in lean men; in both the LCD group (4.06 ± 1.28 
mg/kg/min) and the control group (4.03 ± 1.39 mg/kg/min) WBGD was reduced (p<0.001 for both). 
LCD increased WBGD by 1.31 ± 1.19 mg/kg/min (p<0.001), whereas WBGD remained unaltered in 
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the control group (-0.05 ± 0.86 mg/kg/min; p=0.761). MVR at baseline was 44.4 ± 41.2 % in lean 
men; in both the LCD group (-5.6 ± 26.2 %) and the control group (0.7 ± 27.6 %) MVR was blunted 
(p<0.001 for both). LCD was able to restore part of this response, to 33.4 ± 39.6 % (p<0.001), 
whereas MVR remained unchanged in the control group  (-0.3 ± 28.2 %; p=0.952). At baseline, MVR 
was associated with both BMI (r=-0.414; p<0.001) and WBGD (r=0.577; p<0.001). In addition, MVR 
mediated (18.3 %) the association between BMI and WBGD, independent of other contributors to 
metabolic insulin resistance. Moreover, changes in MVR were associated with changes in WBGD 
(r=0.499; p<0.001). These changes in MVR independently mediated (26.3 %) the association between 
the weight loss intervention and improvements in WBGD. 

 

Conclusion 

We conclude that both MVR and WBGD are impaired in abdominally obese men. In addition, MVR 
independently mediates the association between BMI and WBGD. Moreover, we conclude that 
weight loss improves both MVR and WBGD. Additionally, the improvement in MVR independently 
mediates the association between the weight loss intervention and improvements in WBGD. These 
findings indicate that impaired insulin-induced muscle microvascular recruitment contributes to 
metabolic insulin resistance in obesity and that improving muscle microvascular recruitment through 
weight loss improves metabolic insulin resistance. Future therapies aimed at improving muscle 
microvascular recruitment can be measured using contrast-enhanced ultrasound and may reduce the 
disease burden associated with obesity.  
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Introduction & aim 

One in every four dogs will develop cancer during their life.1 Cancer is an important cause of canine 
death as nearly half of pet dogs over the age of 10 die from the consequences of cancer.1 

Interleukin 12 (IL-12) is an immunostimulatory cytokine, produced by antigen presenting cells, that 
has a key role in the regulation of inflammation by linking innate and adaptive immune responses. It 
has powerful antitumoral properties through immune stimulation and anti-angiogenesis. The 
inhibition of angiogenesis is obtained through the inhibition of new blood vessel formation by 
inducible protein 10.2 As a result, the production of factors that facilitate new blood vessel formation 
such as vascular endothelial growth factor (VEGF) and metalloproteinase-9 is decreased. 2 

Contrast-enhanced ultrasound (CEUS), using microbubble contrast agents, has recently been proposed 
as a new imaging modality to quantify tissue perfusion.3 It uses tiny, gas-filled microbubbles, 
stabilized by an outer shell, that are injected intravenously. Microbubbles remain strictly 
intravascular, with no interstitial diffusion or urine excretion.3 Therefore, they can be used to portray 
phenotypical as well as functional differences in tumor vascularity.  

The objective of this study was to describe whether CEUS can be used to detect the anti-angiogenic 
effects of IL-12 gene therapy in dogs with spontaneous malignant tumors.  

Material and Methods 

The study cohort consisted of 9 dogs, 5 castrated males and 4 spayed females of 8 different breeds 
(Golden Retrievers (n=2), Malinois, Bouvier, Maltese, Labrador Retriever, Bichon Frisé, French 
Bulldog, Bordeaux Dog). Their age ranged from 2.9 to 13.7 years (mean 9.5 years, SD 4.1). In all 
animals, screening for metastatic disease was accomplished by thoracic radiographs, abdominal 
ultrasonography and/or basic bloodwork. Other conventional therapies such as chemotherapy or 
radiation were not given prior to IL-12 gene therapy to the included patients, except in 2 dogs 
(radiotherapy and metronomic chemotherapy were discontinued 6 weeks and 1 month respectively 
prior to study entry in 1 dog and chemotherapy was discontinued 2 weeks prior to study entry in 
another dog), who did not complete the whole treatment cycle. 
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The IL-12 gene therapy treatment consisted out of three successive intratumoral injections (on day 1, 
8 and 15) of a good manufacturing practices grade pDNA encoding IL-12 (Figure 1). Per session 1 
mg of IL-12 plasmid, diluted with a saline solution to 1/6 of the tumor volume (with tumor volume = 
axbxcxπ/6), was intratumorally injected throughout the whole tumor mass. Subsequently, an 8-needle 
electrode connected to an electroporator (Agile Pulse generator, BTX® Harvard Apparatus) was 
inserted within 2 minutes after injection around the injection sites. Two pulses of 450 V/cm were 
given (pulse duration was 0.05 ms and the interval between the pulses was 0.2 ms). These 2 pulses 
were after 50 ms followed by 8 pulses of 100 V/cm (pulse duration was 10 ms and the interval 
between pulses was 20 ms). 

Contrast-enhanced US was performed using a linear transducer of 12-5 MHz on a dedicated machine 
(Philips iU22 xMATRIX, Philips Medical systems, Bothell, Washington, USA) with contrast-specific 
software. Microbubble contrast agent SonoVue (Bracco, Milan, Italy) was injected three times 
intravenously per treatment session as a 0.4 ml/10kg bolus followed by 1 ml of sterile saline flush 
(NaCl 0.9%). Ninety seconds digital video clips of the enhancement of the neoplastic tissue were 
obtained. The first injection with Sonovue was not used for further evaluation. The following 
characteristics were evaluated on CEUS images: Peak Enhancement (PE), Time To Peak (TTP), Rise 
Time (RT), mean Transit Time (mTTI), Fall Time (FT), Wash-in Rate (WiR), Wash-out Rate (WoR), 
Wash-in Perfusion Index (WiPi), Wash-in Area Under the Curve (WiAUC), Wash-out Area Under the 
Curve (WoAUC) on day 1, 8 and 35 (Figure 1).   

On top of CEUS, changes in angiogenesis were assessed for each patient by VEGF analysis of 
patient’s tumor tissue and serum (Canine VEGF Duoset ELISA Kit, R&D Systems, San Diego, USA) 
on days 1, 8 and 35 and days 1, 3, 8, 15 and 35 respectively (Figure 1). 

 
Figure 1: Schedule of IL-12 gene therapy, CEUS, blood collection and tumor biopsy. 
 
Results 

In total, 9 malignant tumors (schwannoma (2), fibrosarcoma, (2) (adeno)carcinoma (2), osteosarcoma, 
mastocytoma, squameus cell carcinoma) were evaluated in 9 dogs. CEUS showed that sarcoma’s were 
less well-vascularized compared to (adeno)carcinomas. However, a difference in flow pattern could 
be observed in all tumor types. A trend for decrease for WiR was present between days 1 and 8 (p= 
0.071) and a significant decrease for WiR was apparent between days 8 and 35 of treatment (p= 0.04). 

A significant decrease of WiAU was present 
between days 1 and 8 (p= 0.018) (Figure 2, 3 
and 4). Two dogs demonstrated a clear decrease 
of intratumoral VEGF and all dogs a slight 
decrease of serum VEGF (data not shown).  

Figure 2: Follow-up of tumor vascularization 
of a tumor treated with IL-12 gene therapy 
on day 1 (top) and 8 (bottom). The left 
plane of each image corresponds to the 
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CEUS-image of the tumor, the right plane to the ultrasound B-mode image. A decrease in 
contrast-uptake (represented by the amount of orange speckling) is discernable with the 
naked eye. 
 

                                 

Figure 3: CEUS time parameters. TTP: Time To Peak, RT: Rise Time, mTTI: mean Transit Time, FT: Fall 
Time. Mean values ± standard deviations are shown. * and ° indicate great and mild outliers 
respectively.  
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Figure 4: CEUS perfusion parameters. PE: Peak Enhancement, WiR: Wash-in Rate, WoR: Wash-out 
Rate, WiPi: Wash-in Perfusion Index, WiAU: Wash-in Area Under the Curve, WoAUC: Wash-out Area 
Under the Curve. Mean values ± standard deviations are shown. *above horizontal line indicates p < 
0.05. * and° indicate great and mild outliers respectively. 

 

Conclusions 

In this study we monitored the effect of intratumoral IL-12 gene therapy on tumor vasculature with 
CEUS and followed the amount of VEGF by ELISA in serum and in tumoral tissue. A remarkable 
decrease in intratumoral VEGF was present in 2 dogs, but no decreases in VEGF amounts could be 
detected in the other treated dogs. Nevertheless, the CEUS findings did demonstrate an anti-
angiogenic effect in all treated dogs. A significant decrease in blood volume and flow speed was 
present in all dogs after IL-12 gene therapy. Malignant and benign tumors are characterized by a rapid 
and slow increase of contrast uptake respectively.4 In similar terms, the observed decrease in blood 
flow speed could indicate a less aggressive behavior of the tumor after IL-12 treatment. Although the 
anti-angiogenic effects of IL-12 can be monitored in various ways (decrease in intratumoral VEGF 
and microvessel density5,6, apoptosis of endothelial cells7), CEUS provides an excellent non-invasive 
quantitative and qualitative alternative for biopsies. CEUS has proven to be a more sensitive 
technique for angiogenesis monitoring than immunohistopathology8, as small biopsies are not likely 
representative for the whole tumor.9 Moreover, histological follow-up entails invasive and repetitive 
biopsies within short time spans, which is not required for CEUS.8 Therefore, CEUS has potential as 
diagnostic tool for the differentiation between benign and malignant lesions and the follow-up of the 
efficacy of anti-angiogenic treatments.  
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Introduction 

Contrast-enhanced ultrasound (CEUS) measurements could aid in early recognition of renal 
hypoperfusion, which may prevent the development of acute kidney injury. In this study we 
performed CEUS imaging to investigate the dynamic changes of the time-intensity curves (TICs) in a 
pig model of hemorrhagic shock. We hypothesize that the inflow-slope of the TICs is lower is shock 
as a result of decreased renal blood flow. 

Materials & Methods 

Surgery was performed on eight female pigs (30 kg) to expose the right kidney. An ultrasonic flow 
probe was placed around the renal artery to measure renal blood flow (RBF), which is considered as 
the golden standard for measuring the blood flow entering the kidney. In addition to the RBF, lactate 
levels, mean arterial pressure (MAP), heart rate (HR), and cardiac output (CO) were monitored during 
the entire procedure. Hemorrhagic shock was induced by withdrawing blood until MAP reached a 
steady-state value < 50 mmHg and blood lactate levels > 3 mmol/L. The animal was kept in shock for 
at least 60 minutes.  

CEUS imaging was performed at baseline (t0), 15 min after blood withdrawal (t1 = early shock), and 
60 min later (t2 = late shock). At each of these time points a 1 mL bolus of microbubbles (C4F10 gas; 
lipid coating in mol%: 92.4 DSPC, 7.6 DSPE-PEG2000; made by Vialmix [1]) or Target-Ready 
MicroMarker (FUJIFILM VisualSonics Inc., Toronto, Ontario, Canada), was injected in the jugular 
vein followed by a 10 mL saline flush. The measurements were recorded using a Vevo2100 
ultrasound scanner, equipped with a MS250 transducer (VisualSonics, 18 MHz transmit frequency, 10 
frames per second, 10% power). Side-by-side B-mode and nonlinear contrast mode (amplitude 
modulation [2]) images were acquired using a wide beam-width in order to have a low and uniform 
transmit pressure over the imaging depth (~400 kPa, MI of 0.1). Immediately after injection of the 
microbubbles, the ventilation of the animal was paused to minimize movement due to breathing. Cine 
loops were stored and the TICs in a region of interest in the cortex were exported for further offline 
analysis using Matlab. After averaging over 15 frames the TICs for in-plane motion compensation, 
the inflow-slope (SL) or wash in rate was obtained. Others have shown that SL, for a given ultrasound 
contrast agent dose, is proportional to local blood flow rate [2] and that SL was mostly influenced by 
an increase in blood volume flow ratio [3]. 

  



41 
 

Results 

Due to hemorrhage, total blood volume decreased and consequently RBF decreased from 301 (287 – 
366) mL/min at baseline (t0) to 90 (59 – 141) mL/min in early shock (t1) and decreased further to 61 
(39 – 124) mL/min in late shock (t2), as expected (see Fig. 1). The median normalized SL increased 
19% in early shock (t1) and 76% from t1 to t2 (see Fig 1). The normalized SL showed a trend 
opposite to the RBF measured with the flow probe: whereas RBF decreased in shock, SL increased. 

 

 
 
Fig. 1. Flow measured at different locations in the kidney (n = 8). A) Renal blood flow (RBF) was 
measured using a flow probe that was placed around the renal artery of the right kidney. RBF decreased 
in shock. B) Inflow-slope (SL) of the time-intensity curves (TICs) at every time point. Before calculating 
the median, measurements were normalized to the baseline measurement of that pig. In contrast to the 
RBF, SL increased during shock. 
 

Conclusions 

In this study we showed the feasibility of CEUS to measure blood flow changes in the exposed renal 
cortex during hemorrhagic shock. Due to the induced hemorrhage, blood flow decreased and it was 
hypothesized that this would result in a slower contrast inflow in the renal cortex. However, a 
disparity was observed between the flow measured in the renal artery using a flow probe and the flow 
in the cortex derived from the inflow-slope of the TIC. One explanation for this disparity is that the 
flow probe measured the flow in a large artery, whereas the inflow-slope is measured in multiple 
smaller vessels and capillaries. Lindner et al. [4] showed in vivo that the velocity of microbubbles 
(Definity) in arterioles and venules is similar to that of red blood cells at the centerline of the vessel.  

However, MBs are smaller than red blood cells and may therefore also enter vessels where no red 
blood cells can enter. In these vessels only plasma is flowing, of which the velocity may be different 
than that of red blood cells. Alternatively, our results may reflect aspects of the hemodynamics of the 
kidney in hemorrhagic shock. Further research should focus on unraveling the underlying the origin of 
the increase in SL. 
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Extracorporeal acute cardiac pacing by high intensity focused ultrasound (HIFU) could be a disruptive 
technology in the field of cardiology. This suggested modality may be clinically applied for reducing 
morbidity and mortality amongst heart failure patients by offering preoperative screening before 
cardiac resynchronization therapy (CRT) where currently no noninvasive optimization method is 
available and the current CRT nonresponse rate is 20-40%; As well as offering a method of 
emergency medicine cardiac pacing that may prevent a sudden cardiac arrest from becoming sudden 
death. Although ultrasonic cardiac stimulation was first applied in 1929, the mechanisms of ultrasonic 
cardiac pacing are yet unknown. Our work aims to unveil the mechanisms of HIFU cardiac pacing, 
using a combined experimental and modeling approach. 

Recently, we published results demonstrating HIFU extra systole induction in whole anesthetized rats. 
Extrasystole induction was demonstrated temporally throughout the entire cardiac cycle beyond the 
absolute refectory period and spatially across the entire left ventricle. Passive Cavitation Detection 
(PCD) was applied in conjunction with US imaging on a gel phantom, and on rats. The gel phantom 
was sonicated with a HIFU pacing sequence, PCD positive cavitation indication was correlated with 
observed hyperechoic imaging. Similar PCD indications were recorded during in-vivo HIFU pacing, 
while hyperechoic imaging was not observed. Example PCD recordings results in vitro and in vivo 
are shown in panels A-E below. Analysis of these experimental results suggests membrane currents as 
the dominant cellular level mechanism and cavitation as the dominant ultrasound tissue interaction 
mechanism.  

The hypothesis we test here through modeling and simulation is that HIFU induced intramembrane 
cavitation could induce Premature Action Potentials (PAPs) in a model of a cardiomyocyte by altering 
the membrane capacitance. 

The Livshitz & Rudy guinea pig LV cardiomyocyte model and O’Hara et al. human LV 
cardiomyocyte model were adapted to include variable capacitance induced ionic currents and 
membrane voltage alterations. Numerical simulation in Matlab was applied to calculate the temporal 
membrane capacitance changes due to simulated HIFU insonation, and the resulting ion and 
membrane voltage dynamics. The simulated HIFU insonation reconstructed the minimal peak 
negative pressure that was observed to be required for HIFU pacing in rats. 

Numerical simulation results demonstrated HIFU PAP induction throughout the entire diastole. 
Membrane depolarization was gradual, and the ion dynamics composition was similar to that of 
normal sinus rhythm. The temporal offset between insonation onset and the resulting PAP replicated 
the in-vivo observations. Moreover, PAP induction was demonstrated to occur also during insonation. 
Highlights of the simulation result are shown in panels F-H in the figure below. 

The simulation results of a small animal model reproduced our in-vivo observations. This supports 
our hypothesis of the suggested dominant mechanisms. The simulation results of a human 
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cardiomyocyte model share similar characteristics and attributes to those of the small animal model, 
offering the prediction that HIFU pacing could be performed in humans with the same pacing patterns 
that were applied on whole anesthetized rats.  

The presented results offer new insights to the study of HIFU pacing and predict that HIFU pacing 
may be performed in human subjects without membrane disruption. 

 

 

Figure 1 Result highlights. Gel phantom Passive Cavitation Detection (PCD) and US imaging: (A) the gel phantom before 
insonation, the HIFU focus is marked by the cursor a previous insonation lesion is seen to the left of the focus. (B) 
Immediately after insonation is triggered a hyperechoic region is imaged at the HIFU focus (C) a PCD trace that was 
recorded during the insonation shown in panel B, the blue trace shows the input voltage of the HIFU’s 350 KHz amplifier 
channel, the red trace shows the PCD recorded signal, the positive PCD readouts are correlated with the input signal and the 
time of flight to the focus and back. (D) A short axis view of In vivo HIFU induced Premature Ventricular Contraction (PVC) as 
show on the imager ECG trace. (E) a PCD trace that was recorded during the insonation that produced the PVC shown in 
panel D, The color scheme is the same as in panel C, the PCD positive readouts are correlated similarly to the input signal 
and time of flight to the focus and back, yet lower intensity is recorded as would be expected due to a larger in-vivo 
attenuation in comparison to the attenuation in the gel phantom. Simulated ultrasonic pacing in a small animal model: 
Ultrasonic pacing at (F) 125ms (G) 200ms (H) 350ms, post an electrically paced action potential. Premature Action 
Potentials (PAPs) were paced throughout the entire diastole (evaluated by the temporal offset from the preceding AP peak 
of the membrane voltage trace). The applied acoustic pattern reconstructed the threshold pressure values at which extra-
systoles were induced by extracorporeal HIFU pacing in anesthetized rats. The membrane potential is shown in blue. A 
baseline sinus rhythm was produced by electrical stimulation at 2Hz, the electrical stimulation is noted by the down facing 
black bars at 0 and 500ms. Ultrasonic pacing was applied at different times during the diastole, the ultrasonic pacing is 
noted by the upward facing red bars.  
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Introduction 

Targeted contrast ultrasound imaging of tumor vasculature is actively investigated; microbubble 
contrast agents targeted to endothelial biomarkers are successfully applied in animal models [1,2,3]. 
Targeted microbubbles (e.g., BR55, specific for VEGF Receptor 2) have already reached clinical 
trials.  

At the same time, a universal method of targeting tumor vasculature independent of specific ligands 
may be desirable, for tumor tissue ultrasound imaging. We report the use of electrostatic interaction to 
achieve adherence of positively charged microbubbles to tumor vasculature and respective tumor 
delineation by contrast ultrasound imaging.  

Methods and Materials 

Microbubbles were prepared by sonication or by Vialmix amalgamation from C4F10 gas and stabilized 
with a lipid monolayer. Lipid composition was DSPC and PEG-stearate; it also included a positively 
charged lipid, distearoyl trimethylammoniumpropane (DSTAP)[4], which has been widely used for 
microbubble-ultrasound-assisted transfection; large doses of DSTAP-microbubbles have been injected 
in the experimental animals intravenously, without complications. Microbubble size was assessed by 
Coulter.  Zeta potential was assessed with a Malvern Zetasizer. As an in vivo imaging model, murine 
colon adenocarcinoma tumor was used. MC38 cells (generously provided by Dr. J. Schlom, NIH) 
were inoculated in the hind leg of C57BL/6 mice, and a subcutaneous tumor was generated. Contrast 
ultrasound imaging was performed under isoflurane anesthesia (Acuson Sequoia c512, 15L8 probe, 
CPS mode, 7 MHz, 1 Hz, MI 0.2). Transducer was positioned to monitor the tumor and contralateral 
leg muscle; contrast signal was monitored for 30 min following an intravenous bolus of 2.107 
microbubbles. Images were analyzed with ImageJ. 

Results 

Mean bubble diameter was ~1.6-2 um; 99.9% were <5 um, to prevent blocking blood flow in 
capillaries. Following intravenous bolus, control microbubbles, lacking positive charge, cleared 
bloodstream within ~10 min; they did not accumulate in the tumor or in the normal muscle 
(contralateral leg). In the absence of the positively charged lipid component, microbubbles were 
electrostatically neutral; as positively charged lipid was added as a microbubble shell component, 
positive zeta potential on the particles was observed. For microbubbles containing DSTAP, contrast 
signal was persistent for over 30 min after injection. As we increased the fraction of positively 
charged lipid in the bubble shell, adherent contrast signal in the tumor increased, but accumulation of 
DSTAP-microbubbles in normal muscle also increased. For bubbles with most positive charge we 
tested, DSTAP:DSPC molar ratio 1:4, at 10 min the contrast signal difference between the tumor and 
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muscle was not significant (p>0.3). At 30 min tumor/muscle contrast signal ratio was just 2.1. For 
DSTAP:DSPC 1:13, tumor/muscle signal ratio exceeded 3 only at 30 min. DSTAP:DSPC ratio 1:22  
was optimal for tumor targeting: at 10 min, tumor/muscle contrast ultrasound signal ratio was >7 
(p=0.00015); at 20 min,  >15 (p=0.0034); at 30 min, >16 (p=0.00011), sufficient for tumor 
delineation. 

Conclusions 

Positively charged microbubbles can selectively accumulate in the tumor vasculature. These 
microbubbles can provide target-to-muscle contrast ratio exceeding an order of magnitude. Therefore, 
positively charged microbubbles could become a universal ultrasound contrast agent for tumor 
imaging.  
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Background, Motivation and Objective 

We present the design of a multimodality contrast agent for ultrasound and photoacoustic imaging 
consisting of microbubbles coated with optically absorbing gold nanorods (AuMBs). We 
hypothesized that attaching nanorods to the microbubble shell would drive thermal expansion of the 
microbubble’s gaseous core and result in an amplified photoacoustic emission following excitation by 
nanosecond pulsed laser irradiation. Results of both in vivo and in vitro ultrasound/photoacoustic 
dual-modality imaging are presented. 

Methods 

Gold nanorods were attached to the microbubble shell using a gold-thiol bond. The behavior of single 
AuMBs following excitation by a single nanosecond-duration laser pulse was characterized by high-
speed video microscopy, analysis of the photoacoustic emission, and finite element numerical 
modeling. 

Results and Discussion 

We identified two-distinct AuMB responses to pulsed laser excitation. At low laser fluence (below 
approximately 5 mJ/cm2), microbubble wall motion was not detectable via high speed microscopy 
and photoacoustic emissions were relatively weak. At higher laser fluences, microbubble diameters 
expanded by several hundred nanometers and photoacoustic emissions were over 10-fold greater than 
photoacoustic emissions from comparable concentrations of freely dispersed gold nanorods. Rapid 
microbubble expansion was hypothesized to result from water vapor formation at the gold nanorod-
water interface. Thermal modeling of the gold nanorod/water/microbubble system confirmed that 
temperatures sufficient for water vaporization were reached at the nanorod surface (above 600 K). 
Finally, we demonstrated 9 dB photoacoustic contrast enhancement derived from the presence of 
AuMBs in the murine kidney. 
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Introduction  

Repeated injections of contrast agent are most often required. The first injection sometimes used to 
optimize image settings. Multiple lesions may be present, urging for several injections of contrast 
agent to be able to study all lesions. In the assessment of diffuse renal disorders, both kidneys should 
be imaged. Additionally, patient motion during the study, may induce the need for multiple injections 
of contrast agent. Several authors already mentioned that tissue enhancement after the first injection 
of microbubbles is subjectively less bright in comparison with subsequent contrast agent injections 
(Haers et al. 2013; Pey et al. 2011; Salwei et al. 2008). A study on CEUS of liver and aorta in human 
subjects confirmed this finding quantitatively (Skrok, 2007).  In contrast, no significant differences 
were found between the first and second injection of contrast agent in mice liver and tumor tissue (Rix 
et al. 2014). Thus far, it remains unclear if there are significant differences between the first and 
second injection of contrast agent.  Nevertheless, it is of major importance to know if differences are 
present between both injections as this could influence study results.  

Therefore, the purpose of this study was to compare several perfusion parameters between the first 
and second injection in the left feline kidney and spleen.  
 

Materials and methods 

The experiments where approved by the Local Ethical Committee of Ghent University (EC2014/38).  

Contrast-enhanced ultrasound of the left kidney and spleen was performed in 7 healthy purpose-bred 
laboratory cats. All cats were anesthetized with propofol (Propovet®, Abbott Lab), 6 mg/kg 
intravenous, maintained with additional boluses of 1 mg/kg on effect. 

A commercial contrast agent (Sonovue®, Bracco) was administered at 0,15 mL per bolus, 
immediately followed by a 1 mL saline bolus. The cats received 2 consecutive injections. In-between 
the injections, the microbubbles were destroyed by setting the acoustic power at the highest value and 
scanning the aorta, liver, and spleen for approximately 2 minutes. 

A linear array transducer of 5-7.5 MHz on a dedicated ultrasound machine (MyLab 30 CV, Esaote), 
equipped with CnTI-contrast tuned imaging technology, was used. Machine settings were kept 
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constant between the injections (mechanical index 0.09, gain setting was adapted to a value just 
suppressing signals before arrival of contrast agent).  

Quantitative analysis was performed using an off-line image analysis program (Image J). The curves 
were analyzed for blood flow parameters representing blood volume (baseline intensity (BI), peak 
intensity (PI), area-under-curve (AUC)) and blood velocity (arrival time (AT), time-to-peak (TTP), 
wash-in/out (Win/Wout)). Wash-out was not calculated for the spleen, as only the first part of the wash-
out occurred within the time the clip was captured (120s). Baseline intensity was defined as the 
intensity measured the first 3 seconds after contrast agent injection. Arrival time set at the point were 
the curve reached a value at least 5 mean pixel intensity values higher than BI. Wash-in was 
calculated from data points between 10% higher than BI and 90% of PI; wash-out from points 
between 90% of PI and T=120s (end of the study). Peak intensity and AUC were corrected for the BI.  
 

Results 

Area-under-the-curve was significantly (P < 0.05) higher for the second injection compared to the first 
injection for both the renal cortex and medulla. The PI was also higher for the second injection; this 
was only significant for the renal cortex. A trend was present for the renal medulla (P = 0.055). 
Additionally, for the renal cortex, the Win and Wout were less steep for the first injection compared to 
the second. No significant differences were present between the first and second injection for AT and 
TTP.   

 

Similarly, the PI and AUC in the splenic parenchyma were significantly higher for the second 
injection compared to the first.  

 

The BI was consistently comparable for the first and second injection.  
 

Perfusion 
parameter 

Renal cortex  Renal medulla  Spleen   

 1st injection 2nd injection 1st injection 2nd injection 1st injection 2nd injection 
BI 2.50 ± 0.35  2.96 ± 0.35  1.72 ± 0.14 1.74 ± 0.14 2.70 ± 0.39 3.13 ± 0.39 
PI 34.95± 4.58a 51.13± 4.58a 26.83 ± 3.97b 39.91 ± 3.97b 46.06 ± 4.70a 59.60 ± 4.70a 
AT 7.51 ± 0.61 6.86 ± 0.61 20.59 ± 1.47 18.29 ± 1.47 7.22 ± 0.55 7.38 ± 0.55 
TTP 41.75 ± 2.36 39.61 ± 2.36 43.61 ± 2.76 b 35.90 ± 2.76b 61.03 ± 1.29 62.91 ± 1.19 
Win 1.17 ± 0.19a 1.90 ± 0.19a 1.58 ± 0.32 b 2.37 ± 0.32b 1.74 ± 0.45 1.85 ± 0.45 
Wout -0.30 ± 0,04a -0.43 ± 0.04a -0.28 ± 0.04 -0.33 ± 0.04 - - 
AUC 2340.50 ± 

492.91a 
3769.82 ± 

492.91a 
1077.03 ±    
322.53a 

1983.53  ±    
322.53a 

3770.93  ±    
477.01a 

5235.02  ±    
477.01a 

Table 1. Means and Standard Errors of perfusion parameters calculated from the renal cortex, renal medulla and splenic 
parenchyma  in healthy cats, for the first and second injection of contrast agent.  

a value represents a significant (P<0.05) effect  

b value represents a tendency (0.10>P>0.05)  

(BI baseline intensity, PI peak intensity, AT arrival time, TTP time-to-peak, Win wash-in, Wout wash-out, AUC area-under-curve) 
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Figure 1. Mean time-intensity curves calculated from the renal cortex (A), renal medulla (B) and spleen (C) demonstrating the 
higher peak intensity, larger area-under-the-curve for the second injection of microbubbles.  

 

 

Discussion 

There are clear differences between the first and second injection. The most reproducible differences 
between the two injections are a higher PI and AUC for the second injection, seen in the renal cortex, 
renal medulla and splenic parenchyma. For the renal cortex, the wash-in and wash-out were also 
steeper.  

This is an agreement with results obtained in a study on human liver (Skrok, 2007) and corresponds 
well with findings in mice, where a tendency towards a higher PI after consecutive microbubble 
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injections was noted in tumors. In the later study, the opposite effect, i.e. a decreasing PI after 
consecutive injections, was observed in the liver (Rix et al. 2014).  

 

The reason for this increased enhancement after the second injection with microbubbles remains 
unclear. Multiple hypotheses rise. There were no significant differences in BI between the first and 
second injection, indicating that no residual microbubbles were remaining in tissue of interest. 
Nevertheless, it cannot be excluded that some contrast agent was still present in other organs and/or 
the circulation. Some residual microbubbles might also be present in the three-way stopcock or 
catheter.  

In mice, an increased heart rate has been after the first injection, possibly causing the bolus to be more 
concentrated, resulting in a higher PI (Rix et al. 2014). Also in mice, short-term accumulation of 
microbubbles in the liver sinusoids and spleen might induce a higher PI in other tissues (Rix et al. 
2014). Another explanation for the stronger enhancement after the second injection might be 
saturation of the lung macrophages by the microbubbles (Skrok, 2007). This would allow more 
microbubbles to pass the lung and finally reach the systemic circulation.  

 

In conclusion, clear differences are present between the first and second injection of contrast agent. 
Generally, less bright enhancement is achieved by the first injection. It is of major importance to be 
aware of this when performing quantifications of consecutive injections. It is recommended to 
exclude the first injection for quantification regarding the less favorable enhancement.   
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Background 

Ultrasound-stimulated microbubbles are emerging as novel target-specific non-viral gene/drug 
delivery vectors for the treatment of cancer and vascular disease, e.g. to deliver VEGF plasmid DNA 
to promote arteriogenesis.  The nature of the microbubble-target cell interactions that facilitate nucleic 
acid delivery across cell membranes, and hence strategies to optimize the efficiency of this platform, 
are poorly understood.  The objective of this study was to gain mechanistic insight into microbubble-
mediated increases in cell membrane permeability.        

Methods 

Individual phospholipid coated microbubbles were allowed to lay adjacent to cultured human 
umbilical vein endothelial cells (HUVEC) at 37C.  Propidium iodide (PI) was diluted into the media 
(125 µM) before US exposure to assess membrane permeability i.e. a sonoporation marker.  
Individual microbubble-cell pairs (n=351) were exposed to a single US pulse at 0.5, 1, or 2 MHz, with 
a duration of 4, 8 or 16 µs and pressures between 0.1-0.8 MPa. Simultaneous ultrafast microscopy 
(~11 Mfps) via the UPMC-Cam and standard (15 fps) epi-florescence imaging were performed in 
order to directly correlate individual microbubble oscillations with sonoporation dynamics.  A subset 
of microbubble-cell pairs was interrogated with 3D real-time confocal microscopy and the resulting 
pore features were visualized via a fluorescent cell membrane probe. 

Results 

The maximum absolute microbubble expansion and associated shear stress were strong threshold 
indicators of sonoporation.  For an 8 µs pulse, the oscillation (shear stress) threshold above which 
HUVECs porate was 3.9, 2.6, and 1.4 µm (7.8, 14.5, 22.7 kPa) at 0.5, 1 and 2 MHz respectively.  At a 
given US frequency, increases in pulse duration decreased the required excursion and shear stress.  
Real-time confocal microscopy highlights that microbubbles exposed to a single, 8 µs pulse can 
generate large, heterogeneous pore patterns that may re-seal out-of-plane, as measured by PI cessation 
despite persistent evidence of cell perforation (Fig. 1a&b), and that such a sonoporation event does 
not affect cell viability. 

Conclusions 

Sonoporation is related to absolute microbubble expansion and its associated shear stress and can 
occur with various US parameters and microbubble sizes.  Once sonoporation is achieved, membrane 
perforation areas are generated that may close via apical-to-basal membrane resealing.  This data has 
implications on intelligent ultrasound-microbubble design for their use as payload delivery vehicles, 
as well as in the elucidation of biophysical sonoporation mechanisms.  
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Figure 1:  Ultrasound-stimulated microbubble sonoporation.  An individual microbubble adjacent to a HUVEC was insonicated with a 
single, 1 MHz, 8 cycle pulse at 400 kPa.  The quantification of (a) PI uptake within the cell and (b) membrane pore area highlight that 
intracellular delivery has ceased despite the consistent presence of membrane perforation.  
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We previously established that composite droplets comprised of a nanoemulsion of water loaded with 
fluorescein and encapsulated in a perfluorohexane matrix (4 μm in diameter) could release their 
content by acoustic vaporization (Couture et al. Medical Physics, 2011 and 2012). As two-third of the 
droplets is payload, large doses of active agents could thus be potentially delivered. However, like 
other conventional delivery strategies, the carriers also accumulate in healthy organs and tend to 
release their content in a non-specific manner. For this reason, we recently introduced the concept of 
chemistry in-situ, whereby an active agent would be created at the ultrasound focus by inducing a 
chemical reaction after the release of the droplets’ content (Bezagu et al. J. Am. Chem. Soc., 2014). 

Such targeted chemistry could be applied to the localized in-vivo activation of a drug that would be 
either too toxic or unstable to be directly injected. In this perspective, we studied the in vitro localized 
release of a monomethylauristatin E (MMAE) prodrug and its subsequent activation by a specific 
enzyme, the β-glucuronidase, leading to the localized production of the parent MMAE. 

 

The demonstration was achieved by encapsulating a solution of MMAE-glu (MMAE’s glucuronide 
prodrug) at 0.1 mM into composite droplets of perfluorohexane, and releasing their content in a 96-
well plate containing adherent KB cancer cells. The β-glucuronidase, an endogenous enzyme 
specifically localized in the tumor extracellular microenvironment, was used in solution in the culture 
medium to activate the released prodrug. Four acoustic pulses of five cycles at 1.5 MHz were focused 
in each well using a single-element transducer. Cell proliferation was recorded after a 72 h incubation 
time using a XTT colorimetric assay. 

 

In the presence of the β-glucuronidase enzyme, in the following 72 h upon the release of the droplets, 
cell proliferation was as low as 21±2% when compared to the non-treated cells. In comparison, cell 
proliferation was comparable (91±6%) to non-treated cells when MMAE-glu was released in the 
absence of the enzyme, thus confirming the specific production of the cytotoxic MMAE drug when 
both reactants are allowed to be in contact. Moreover, it is worth noting that a 80% gain of 
cytotoxicity is observed when applying the acoustic pulses compared to the sole effect of the leakage. 
In summary, we managed to 1) initiate the in vitro conversion of a MMAE prodrug to the active drug 
by locally releasing it in a medium containing the β-glucuronidase, and 2) induce a significant toxicity 
on KB cancer cells. We expect that such targeted chemistry will lead to a new approach to 
chemotherapy. 
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Ultrasound Imaging (US) is one of the most widely used technologies in medicine. A recent extension 
of US imaging, i.e. the photoacoustic imaging (PAI), is emerging as a new diagnostic modality for 
small size animals combining enhanced resolution, real time analysis, and oxygen functional 
detection. In the perspective to enhance PAI diagnostic abilities and to translate this preclinical 
diagnostic approach into a clinical one, many particulate systems absorbing in the near infrared (NIR) 
spectral region, such as gold nanorods and fluorophores were developed in the recent years.[1,2] NIR is 
the spectral region emitting pulsed laser used in PAI because of the low absorbance of water and 
tissues. Graphene, a 2D honeycomb carbon material with unique optical and mechanical properties, 
has been used in biomedical applications including imaging and theranostics.[3] From visible to NIR 
spectral range, the pristine form of graphene exhibits a strong absorbance almost independent from 
the wavelength of the radiation. This feature makes graphene a more effective candidate with respect 
to other investigated systems. Herein, we present a new hybrid injectable contrast agent with high 
chemical versatility, for both US and PAI, based on poly(vinyl-alcohol) (PVA) air filled microbubbles 
(PVA MBs) as US efficient scatterer coupled with pristine mono- and few-layers graphene sheets 
with the aid of a surfactant[4,5] with two functionalities: one stabilizing graphene in aqueous medium 
and the other bearing a moiety which allows the tethering to PVA MB shells. The system is able to 
capture NIR radiation activating the graphene sheets by thermoelastic expansion and transfer the 
collected energy to the PVA MBs, which resonate in the ultrasound region. These hybrid MBs were 
characterized by Raman spectroscopy and electron microscopy, and their cytotoxicity was evaluated 
by incubation with NIH 3T3 fibroblasts. To assess the potential of the hybrid Graphene-PVA MBs in 
PAI, they were tested in vitro and in vivo. 

 
Figure1. a) Field emission scanning electron microscopy of Graphene-PVA MBs, arrows indicate 
graphene flakes on the shell; inset: MBs aqueous dispersion. b) in vitro phantom PA enhancement of 
Graphene-PVA MBs at 2.5 % (w/w) and 5% (w/w) 
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Background 

Tumor growth and development are supported by angiogenesis, i.e., the formation of a vascular 
network feeding the tumor and enabling metastatic spread [1]. Imaging of angiogenesis holds thus 
great potential for cancer detection and management. In dynamic contrast enhanced ultrasound (DCE-
US), contrast agents consisting of microbubbles (MBs) able to travel throughout the whole circulation 
are used to probe angiogenic tumor vasculature. Analysis of time-intensity curves (TICs) obtained at 
each pixel and reflecting MB concentration enables the assessment of the vascular changes occurring 
during cancer angiogenesis by perfusion and dispersion quantification [2, 3]. In recent years, in-vivo 
assessment of angiogenesis at the molecular level has also become possible thanks to the introduction 
of novel targeted ultrasound contrast agents (tUCAs) [4]. These consist of microbubbles that have 
been decorated with targeted ligands able to bind specifically molecular expressions of angiogenesis, 
thus causing selective enhancement especially in the late phase several minutes after injection.  

In this context, Bracco Suisse S.A. (Geneva, Switzerland) has recently developed the first clinically 
translatable tUCA, BR55, targeting the vascular endothelial growth factor receptor 2 (VEGFR2), 
which is over-expressed in angiogenic tumor vasculature in various organs (e.g., prostate, breast, 
ovaries, pancreas, colon, and rectum) [5]. Differentiation between free and bound MBs is essential to 
assess the degree of binding and thus to quantify angiogenesis. Conventionally, MB binding is 
assessed by looking at the late phase enhancement or at the differential targeted enhancement (dTE), 
i.e., the difference in acoustic intensity before and after a high-pressure pulse has been applied to 
destroy all the MBs in the acoustic field [6, 7]. However, these methods are not-quantitative, they 
require long acquisition times (10-30 min) and, in case of the dTE, the application of a destructive 
pulse raises concerns for damages to the endothelium [8].  

To overcome these limitations, here we propose a novel method for quantitative assessment of 
angiogenesis by modeling the MB binding kinetics during the tUCA first-pass. The feasibility of the 
method is investigated in three prostate tumor-bearing rats injected with BR55. Quantitative 
estimation and short acquisition makes this method particularly attractive for antiangiogenic therapy 
monitoring, in which several repeated measurements are compared. 

Methods 

First-pass binding model 

The total concentration of a tUCA in a pixel of tissue Ct(t) can be described as the weighted sum of 
the concentrations of free MBs, Cf(t), and bound microbubbles, Cb(t), as 

 ( ) ( ) ( ),t f f b bC t v C t v C t= +  (1) 

where vf and vb are the fractional volumes of free and bound MBs, respectively.  
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By describing the kinetics of the free MBs with the modified local density random walk (mLDRW) 
model [9], and under the assumptions of high flow and of negligible unbinding in the first pass of the 
contrast bolus, the first-pass binding (FPB) model is obtained as 

 

2 2
0 0

0 0

( ) ( )
2( ) 2( )1/2 1/2

0 1 00
( ) ( ) ( ) ,

2

t t t
t t t

t f BC t v t t e K t e d
κ µ κ t µ

t tκα t t
π

− − − − − −
− −− −

 
 = − + −
  

∫  (2) 

where α is multiplicative factor depending on the injected dose and the blood flow, µ is the mean 
transit time of free MBs, t0 is the theoretical injection time, κ is the dispersion parameter; and KB1 is 
the first pass binding rate. 

Data acquisition 

Three Copenhagen rats were injected with G Dunning R-3327 tumor cells to establish prostate 
adenocarcinoma in one side of the prostate. All animal procedures were approved by the Cantonal 
Veterinary Office in Geneva. 

Ultrasound molecular imaging was performed after injection of a 50-µL bolus of BR55 contrast agent 
with a Sequoia scanner (Siemens Medical Solutions, Mountain View, CA) in Cadence Pulse 
Sequencing (CPS) mode [10], with a 15L8 linear array probe working at 7 MHz. The temporal 
resolution was 1s for the first 53s of acquisition, and 15s for the remaining 12 minutes of recording. 
Imaging was performed at mechanical index MI=0.25 until about 10 minutes, when a high-pressure 
destructive burst (MI=1.9) was applied. After the burst, imaging at low MI was resumed for about 3 
minutes. 

Data analysis 

Parametric maps of the dispersion parameter κ and the first-pass binding rate KB1 were estimated by 
fitting each pixel TIC by the FPB model in (2). These were compared with the late-enhancement map, 
calculated as the gray-level (G.L.) value for t=500s, and the dTE map, obtained as the difference 
between the average gray-level value before (300 < t < 600 s) and after (660 < t < 750 s) the 
application of the destructive burst. 

Regions-of-interest (ROIs) marking benign and malignant tissue were obtained in each rat prostate. 
The ability of the estimated parameters of detecting cancer angiogenesis was investigated by testing 
the significance of the difference between the parameters’ values in the ROIs with a paired Student t-
test (level of significance α=0.05). 

Results 

Figure 1 shows the estimated parametric maps of the dispersion parameter, κ, and the first-pass 
binding rate map, KB1. These are compared with the dTE and late-enhancement maps. Table I reports 
the mean and standard deviation of the parameters’ values in the benign and malignant ROIs, and the 
p-value of the paired Student t-test performed on the parameters’ value difference between the ROIs. 

Table I. Parameters’ values in benign and malignant tissue 

 Benign Malignant p-value 

KB1 [min-1] 1.47±0.79 2.53±0.78 <<0.05 

κ [s-1] 1.31±0.92 2.10±1.30 <<0.05 

dTE [G.L.] 12.60±11.08 56.52±16.62 <<0.05 

Late-enhancement [G.L.] 41.07±14.53 83.83±19.52 <<0.05 
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Fig. 1 Parametric maps of (a) first-pass binding rate KB1, (b) dispersion κ, (c) late-enhancement, and (d) dTE. 

 

Conclusions 

In this work, a novel mathematical model describing the binding kinetics of the tUCA first pass was 
presented and tested on three prostate-tumor bearing rats injected with BR55. Parametric maps of the 
first-pass binding rate, KB1, and the dispersion parameter, κ, showed agreement with the late-
enhancement and dTE maps, and provided good discrimination between malignant and benign areas 
(p-value<<0.05), with shorter acquisition time (1 vs . ~10 min) and no need for a destructive pulse. In 
future work, further validation against immunohistological quantification of biomarker concentration 
will be performed to confirm the promising role of the proposed parameters for quantitative MB 
binding assessment in the context of cancer diagnostics and therapy monitoring. 
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Background 

Distal embolization of microthrombi during stenting for myocardial infarction (MI) causes 
microvascular obstruction (MVO). We have previously shown that sonoreperfusion (SRP), a 
microbubble (MB)-mediated ultrasonic (US) therapy, resolves MVO from venous microthrombi in 
vitro in saline. However, blood is more viscous than saline and arterial thrombi that embolize during 
stenting are mechanically distinct from venous clot.  Therefore, we tested the hypothesis that greater 
US energy is required for effective SRP during MVO created with arterial microthrombi with blood 
viscosity perfusate in an in vitro model of MVO. To gain mechanistic insight into the sonoreperfusion 
results, ultra-high speed microscopy of individual MB oscillations was performed. 

 

Methods 

Lipid MBs suspended in plasma with adjusted viscosity (1.1 or 4.0 cP) were passed through 4-mm 
tubing bearing a mesh with 40 µm pores at a rate of 1.5 ml/min to simulate a microvascular cross-
section; upstream pressure reflected thrombus burden. To simulate MVO, the mesh was occluded with 
microthrombi to increase upstream pressure to 40 ± 5 mmHg. Therapeutic long-tone-burst US (1 
MHz, 5 ms pulse duration, 0.33 Hz PRF) with peak negative acoustic pressures of 0.6 MPa, 1.0 MPa, 
and 1.5 MPa was delivered to the occluded area for 20 min. Upstream pressure was monitored 
continuously during US treatment to assess the efficacy of the SRP.  The slope of the pressure vs time 
curve over the initial 3 min was defined as the lytic rate.  Additionally, MB cavitation activity was 
recorded with a passive cavitation detector (PCD).  A subset of individual MBs was placed in either 
the low or high viscosity medium (n=111 at 1cP, n=109 at 4 cP) and imaged under ultra-high frame 
rate microscopy (~10.8 Mfps) during insonification with a single, 8-cycle, 1 MHz pulse at acoustic 
pressures of 0.5 MPa, 1.0 MPa and 1.5 MPa.  The percentage of fragmented MBs was determined for 
each acoustic pressure. 

 

Results 

MVO caused by arterial microthrombi at blood viscosity resulted in less upstream pressure drop with 
SRP therapy, compared to venous thrombi at plasma viscosity (Figure 1). Arterial microthrombi had 
lower lytic rate than venous microthrombi at both blood and plasma viscosity at each acoustic 
pressure tested, reaching statistical significance at P-=0.6 MPa in both blood and plasma viscosity, and 
at P-=1.5 MPa in blood viscosity. There was a trend toward reduced lytic rate with arterial 
microthrombi in both blood and plasma viscosity at 1.0 MPa, and in plasma viscosity at 1.5 MPa. 
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Figure 1. Pressure upstream of mesh occluded with either arterial (red) or 
venous thrombi (blue) at plasma viscosity (left column) or blood viscosity (right 
column) during SRP therapy (0.6, 1.0, 1.5 MPa acoustic pressure).  

 

PCD showed a decrease in inertial cavitation when viscosity was increased at each acoustic pressure 
tested, demonstrating that increased viscosity dampens the cavitation of MBs in response to US.  
Ultra-high frame rate recordings corroborate these results, revealing a larger fragmentation threshold 
for MBs in 4 cP fluid medium as compared to 1 cP fluid. Specifically, at pressures of 0.5 MPa, 1.0 
MPa and 1.5 MPa, all MBs in 1 cP fluid were shown to fragment over similar size ranges.  In 4 cP 
fluid medium, there was a marked reduction in the percentage of MBs demonstrating fragmentation at 
each acoustic pressure compared to MBs in the low viscosity fluid medium (3.1%, 21.9% and 70.9% 
of MBs, for 0.5, 1.0 and 1.5 MPa, respectively, p<0.002).    

 

Conclusions 

These data suggest that arterial thrombi require higher acoustic pressures than venous thrombi to 
achieve similar SRP efficacy, and that increased viscosity further increases US acoustic energy 
requirements by decreasing MB cavitation activity and MB fragmentation.  These findings could help 
guide the selection of acoustic parameters for optimization of SRP. 
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Gas microbubbles stabilised by a surfactant or polymer coating have been in clinical use as contrast 
agents for ultrasound imaging now for several decades. They are widely used in echocardiography 
and, increasingly, for quantitative studies of tissue perfusion.  It is the highly nonlinear response of 
microbubbles to ultrasound excitation that makes them such effective contrast agents. It is this 
property also, however, that leads to significantly nonlinear propagation through regions of tissue 
containing microbubbles and both to image artefacts and difficulties in obtaining accurate quantitative 
information. 

There are very few theoretical models describing the response of a contrast agent population that take 
into account both the nonlinear behaviour and multiple bubble interactions. Most quantitative imaging 
algorithms rely on empirically derived correction factors and assume backscatter and attenuation 
respond linearly with concentration. One fully nonlinear numerical approach in use was originally 
proposed by Hamilton & Blackstock [1],  and is based on a nonlinear wave equation derived by 
Commander & Prosperetti [2] which takes the form 

. 

 

Here,  p is the pressure, c0 and ρ0 are the wave speed and density of the surrounding fluid respectively, 
n(R0) d R0 is the concentration of bubbles present with initial radii between R0 and R0 +d R0  and the 
radii of such bubbles at time t is given by R(t, R0, x). 

 

Computational complexity arises when the medium contains a polydisperse bubble population 
because, to close the model above, a RPNNP -type ordinary differential equation (ODE) governing 
the bubble response must be computed for the current radius of each bubble size R0  present at each 
spatial location at every time step [1,2]. Sonovue, a commercial contrast agent, has a range of bubble 
sizes from less than 0.5 μm to 5 μm [3] and, at a ultrasound frequencies of clinical interest, these 
bubble types exhibit a variety of differing behaviours. This can mean that 30-40 ODEs need to be 
computed at every space and time step to determine the integral on the right hand side of the equation, 
which unfortunately makes the numerical model impractical for real-time clinical use.  

 

In 2007, an approximation was proposed by Hibbs et al [4] whereby the ODE of only a single bubble 
type was computed at every space-time point, with the initial bubble size at each point in space being 
chosen randomly at the start of the computation, according to a probability distribution dependent on 
the concentration n(R0) d R0. Such an approximation reduces the computation of the nonlinear wave 
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equation significantly, but it also raises some questions about the validity of such an approximation 
and how accurate this simpler computation might be under different conditions. 

 

In this talk, we present an analysis of the Hibbs approximation above in terms of the geophysical 
theories of layered media [5] and demonstrate that the accuracy of this approximation can vary greatly 
from very poor to acceptable depending on the grid spacing and how the bubble sizes are randomly 
chosen. Our analysis,in turn, indicates how a reasonable accurate approximation of this nature can be 
obtained and our modified approximation is tested by running an ensemble of 40 computations of the 
modified approximation, an ensemble of 40 computations of the original Hibbs approximation and 
then directly comparing them to the full computation of the wave equation (where all bubble sizes are 
computed at every space and every time step). Figure 1 shows the spread of the attenuation spectra 
from each ensemble for the original (v1) and for the modified (v3) approximations in the case of a 
Gaussian-enveloped incident pulse at two different incident frequencies propagating through a 
polydisperse bubble population. The spread is quite wide for the original approximation but is greatly 
improved with the approximation guided by the layer-theory analysis. Indeed the modified 
approximation appears able to capture the attenuation of the fundamental, second harmonic and 
subharmonic spectra within 4-5dB for 2MHz and to even greater accuracy for the higher incident 
frequency. 

 

Figure 1: Attenuation spectra of propagation through a Sonovue at 1e11 per m3 concentration with 
an eight-cycle Gaussian enveloped incident pulse of peak negative pressure 200kPa at frequency 
2MHz (top) and 7.5MHz (bottom). The blue line shows the initial pulse spectra, the black line the 
attenuated pulse spectra computed by the full computation at a distance of 2cm. The yellow shaded 
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area shows the maximum and minimum extent of 40 ensembles of the approximation originally 
proposed by Hibbs et al and the magenta shaded area shows 40 ensembles of the improved 
approximation based on a layered-theory analysis.  
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Introduction 

There is currently significant interest in cardiac imaging with ultrasound (US) and new ultrafast 
techniques for increased frame rate using diverging transmission (Papadacci et al., 2014) (Moore et 
al., 2015). However there has been to date no specific investigation reported, as far as we are aware, 
for Contrast Enhanced Ultrasound (CEUS) cardiac imaging using ultrafast ultrasound and diverging 
waves. Ultrafast imaging may improve perfusion imaging. The perfusion imaging of organs with 
Ultrasound Contrast Agents (UCAs) has been applied to various clinical applications. In the case of 
cardiac imaging, disruption replenishment is obtained by transmitting a burst of high-intensity to 
destroy UCAs, then measuring the replenishment of the UCAs in that region as a function of time. 
Several models have been proposed to quantify the disruption replenishment (Hudson, Karshafian and 
Burns, 2009). 

The aim of this study is to develop an ultrafast diverging wave imaging system using a cardiac probe 
and pulse inversion, and demonstrate its feasibility for heart perfusion applications. In the first 
instance the imaging is demonstrated on a simple test phantom in the laboratory. This simple, cheap 
and fast “DIY” set-up for testing cardiac CEUS imaging before going in-vivo also allows controlled 
repeatable experiments and testing beamforming strategies, motion correction, etc. 

Methods 

Ultrafast diverging transmission 

  
(a) (b) 

Figure 1: Log compressed pressure field with a 20 dB dynamic simulated by the Verasonics Platform for (a) focalization and 
(b) diverging transmissions. For the focalization imaging, several transmissions are required to obtain an image whereas for 
the diverging imaging, one transmission is enough.  

For linear arrays, plane wave transmission has been developed in order to reach thousands of frames 
per second. Plane wave compounding was proposed to improve image quality (Montaldo et al., 2009), 
which consist of transmitting steered plane waves which cover a sector angle. After post processing, 
the radio frequency images from the different transmissions are averaged thereby improving contrast, 
signal-to-noise ratio and resolution.  

mailto:mengxing.tang@imperial.ac.uk
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For cardiac application, diverging transmissions have been proposed by several groups using different 
approaches (Hasegawa and Kanai, 2011) (Papadacci et al., 2014) (Tong et al., 2012). A virtual point 
source is created behind the probe creating a diverging beam which enlarge the region illuminated. 
Moreover, as for plane wave imaging, several diverging waves are successively transmitted in order 
to improve the image quality. However the acoustic pressure decreases more with propagation 
distance than for plane wave.  

The classic focalization and diverging transmissions for cardiac applications are shown in Figure 1. 
Compared to the focalization transmission, the acoustic pressure of diverging imaging cover a larger 
region of interest. However its pressure is lower. For CEUS imaging, diverging imaging should be 
less sensible to movement than the focalization approach due to the higher frame rate. 

Perfusion 

In order to evaluate the diverging transmission for disruption replenishment of the myocardium, a real 
time disruption transmission was developed for the Verasonics Platform. The mechanical index (MI) 
is determined using a Precision Acoustic 0.2mm needle hydrophone and an oscilloscope. A focused 
long burst in the central frequency of the P4-1 phased array probe was used for bubble disruption. 
This transmission is compared to a short diverging pulse which is used during imaging of the 
replenishment. The transmission parameters are given in Table 1 and the received pulses are shown in 
Figure 2. The MI for both signals is 0.04 and 0.58 in water for the diverging and focalization 
transmission, respectively.  

  
(a) (b) 

Figure 2: Signals received at 80 mm for (a) diverging and (b) focalization transmission. The diverging transmission was a 1-
cycle (Verasonics definition) 1.5 Mhz sinusoidal signal and the focalization transmission is a 21-cycle 2.5 MHz sinusoidal 

signal. 

Beating phantom set-up and Tissue Mimicking Material (TMM) preparation 

A Tissue Mimicking Material (TMM) solution with 0.3% agar concentration was prepared by 
modifying a liquid phantom recipe (Madsen, Frank and Dong, 1998) in order to get a flexible 
phantom. 

The beating phantom is formed using two balloons on top of each other held around a lid with a water 
entry and exit point connected to the pumping system shown in Figure 3.a. The region between the 
two balloons is filled with TMM. The inside of the inner balloon, which is pre-filled from the syringe 
in Figure 3.b, is the section that is part of the water circulation loop with a piston pump and thus 
allows the beating movement, Figure 3.c. The tap is also used in order to inject UCAs. 
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(a) (b) (c) 

Figure 3: Beating phantom composed of (a) two balloons with tissue mimicking material between balloons, (b) tap in order 
to pre-fill balloon and introduce UCAs and (c)  experimental set-up schematic showing the piston pump driven closed flow 
system that expands and contracts the beating phantom. The tube between the two balloons allows to add TMM. 

Experiments 

The ultrafast PI diverging perfusion was evaluated using the beating phantom described in Figure 3.c. 
PI consists of a successive positive and negative pulse transmission for each steered angle. In 
reception or during the beam forming, the backscattering echoes of the two transmissions for the same 
angle are averaged in order to filter the harmonic signal. The pump piston used during experiments is 
a Harvard Apparatus pulsatile blood pump for rabbits allowing heartbeat rates of 60-180bpm. A 
concentration of 0.4 ml/L of Sonovue UCAs was injected through the syringe, Figure 3.b. The 
acquisitions were performed using the Verasonics research Platform and a P4-1 phased probe. The 
transmission parameters are given in Table 1 and the Figure 4 shows the perfusion of the beating 
phantom at different time as well as the replenishment time-intensity curve. The frame rate chosen is 
3 times higher than the harmonic imaging with standard echographic scanner. Moreover, using this 
frame rate and saving 500 frames, it is possible to have 4 full beats. 

 Number of angles Focus Angle range Frequency  Cycles Frames Frame rate 
Diverging (pre-Flash) 11 (x2 PI)  30° 1.5 MHz 1 4 107.7 Hz 

Focalization 128 80 mm 40° 2.5 MHz 21 2 18.5 Hz 
Diverging (post-Flash) 11 (x2 PI)  30° 1.5 MHz 1 500 107.7 Hz 
Table 1: Transmission parameters for the diverging pre-Flash, the microbubble destruction with focalization and the 

diverging post-flash. 

Results 

In the Figure 4.a, using PI diverging transmissions with a MI of 0.04 shows that before the destruction 
there are UCAs inside the balloon and some free gas in the surrounding water. Figure 4.b is the first 
frame of the UCA destruction. The focused long burst with a MI of 0.58 has created bright signals 
from the UCAs in the balloon and also the free gas bubbles in the surrounding water during the 
disruption. In the first frame after the UCAs destruction, Figure 4.c, there are no UCAs left in the 
balloon and most of the free gas in the water has also been destroyed. After a few seconds, the balloon 
again fills with UCAs as demonstrated by Figure 4.d.  

The replenishment time-intensity curve in Fig. 4.e has a similar shape as perfusion usually obtained 
for the myocardium. It was fitted with the Hudson reperfusion model (Hudson, Karshafian and Burns, 
2009). Moreover, starting at 2.5s post UCA-destruction it is possible to see clearly the beating pattern 
in backscatter intensity induced by the pump as shown in Fig. 5. This periodic variation in intensity is 
also present in real myocardia (heart beating) (Averkiou et al., 2003). 
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 4: Perfusion image and graphic analysis. (a) PI diverging image before the disruption, (b) focalization image of the 
disruption (Time = 0), (c) 1st PI diverging image of the replenishment (Time = 0.0093s), (d) 300th PI diverging image of the 
replenishment (Time = 2.7855s) and (e) replenishment time-intensity curves in the beating phantom.  

Discussion/Conclusion 

This paper reports the development of a CEUS system for imaging perfusion using diverging 
transmissions and pulse inversion and initial evaluation on a simple beating phantom in the 
laboratory. It shows the possibility to use the Verasonics Platform to transmit a long burst signal with 
a high MI in order to destroy UCAs and then to transmit PI diverging waves for perfusion analysis. 
The replenishment time-intensity curves obtained has a similar profile as myocardial perfusion.  

Another way to improve the perfusion precision is the frame rate. It may be possible to improve the 
frame rate by reducing the number of transmitted angles (11 here) at the cost of reduces the image 
quality. An optimisation of the angle transmission and motion correction for misalignment between PI 
transmissions may allow a higher frame rate with a good image quality, a first investigation of which 
is shown by Figure 5. 
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(a) (b) (c) 

Figure 5: PI diverging images of beating phatom using (a) 31, (b) 11 and (c) 3 angles during beamforming. 

PI diverging transmission has been evaluated in experiments using the same beating phantom. 31 
steered angles have been transmitted with an angle range of 30° (-15° to 15° each 1°). During beam 
forming, different angle compounding have been used in order to evaluate their impact on the image 
quality. Comparing 31 with 11 angles, Figure 5.(a-b), the images look similar with a frame rate 
improvement of 3 folds for 11 angles. However, using 3 angles, it is difficult to differentiate the 
microbubbles. This first investigation shows the importance of the choice of angle transmissions with 
respect to the heart application, high frame rate or image quality objective, although further 
optimisation should be conducted a more realistic heart phantom or in vivo. 
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Background, Motivation and Objective 

The behaviour of microbubbles is affected by wall proximity or confinement in vessels, although 
there is a lack of in-depth understanding of this effect and its implications in contrast-enhanced 
ultrasound perfusion imaging and microbubble-mediated therapy. Existing number of mathematical 
models look at microbubble behaviour near a wall or in the presence of geometrical confinement 
[1,2]. Experimentally, measurements have also been made in vessels of different sizes on individual 
microbubbles. However the existing measurements which are optical for the most part suffer from the 
difficulty of finding microvessels of different sizes made of the same material [3,4]. Furthermore, the 
response of microbubble populations in these vessels has not been extensively studied. We report the 
acoustic quantification of the response of microbubble populations in microvessels of different sizes 
(50µm, 100µm, 200µm) in a custom designed branched PDMS microvascular phantom.  

Statement of Contribution/Methods 

Figure 1 shows the branching structure of the polydimethylsiloxane (PDMS) microvasculature 
phantom. PDMS was chosen because its elastic modulus can be controlled through its composition to 
reflect that of soft tissue. All the vessel branches have the same height of 50 microns but different 
widths. The biggest branch is 400 μm in width and branches out into two 200μm ones, each connected 
to two 100 μm vessels that each lead into two final 50μm branches. A microbubble solution with a 
physiologically relevant flow rate filled the phantom and the acoustic response was collected using 
pulse-inversion imaging with a phased array probe with a central frequency of 2MHz and a 
mechanical index of 0.15. The scattered amplitude of microbubble was calculated based on the 
averaged pixel intensity from the chosen region of interest divided by the known number of 
microbubble (concentration × volume) in the same region to obtain a scattering per microbubble 
measure.  

mailto:mengxing.tang@imperial.ac.uk
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Results/Discussion 

The scattered amplitude of microbubbles in 50µm, 100µm and 200µm vessels were normalised to that 
measured on free microbubbles (in a beaker without geometry confinement) and were plotted as a 
function vessel size (Figure 2.blue). The scattered pressure response from microbubbles increased as 
the microvasculature size increases. This positive increasing trend shows a good agreement with an 
independent simulation result (Figure2.red) using mathematical modelling [5] with the same geometry 
as the microvasculature phantom and weighting average response from different size of microbubbles 
(same size distribution as experiment).   The results show about a 40% decrease in average bubble 
population scattering amplitude when the vessel size decreases from 200 microns to 50 microns.  It 
should be noted that this decrease could be underestimated as only one dimension of the vessel size 
was varied in this study.  

 

In conclusion, a custom designed microvascular phantom has been developed and acoustic 
quantification of microbubble populations has shown a significant reduction of averaged microbubble 
population scattering as the vessel size decreases.  
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Figure1. Schematic representation of the 
branched PDMS microvasculature tissue 
mimicking phantom (not to scale).  

 

Figure2. Normalised scattered amplitude of 
microbubbles in different size vessels.  Blue: 
experimental data; red:  simulated data.  
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Kidney stone disease is a growing US and worldwide health issue.[1-3] Abdominal computed 
tomography (CT), the most common initial imaging test to diagnose the presence of kidney stones is 
expensive and uses ionizing radiation, increasing long term cancer risk and limiting pediatric and 
repeated use.  Ultrasound is an alternative initial imaging technique having a much lower cost, no 
radiation and much wider availability, but as currently applied suffers a lower and variable sensitivity 
(78-90%) and specificity (31-100%) of stone detection compared to CT. [4]  

A key reason for the lower sensitivity and specificity in the ultrasound detection of kidney stones 
relative to CT is that conventional ultrasound imaging modes have been used.  The conspicuity of 
kidney stones from surrounding renal structures with ultrasound can be problematic especially for 
smaller stones.    

A broadband Doppler signal specific to kidney stones, commonly referred to as the twinkling artifact, 
has been observed since the 1990’s.(Fig 1) [5]   

 

 

Fig 1 

While the source of this Doppler signal from kidney stones has been debated, the artifact has still been 
used to improve the ultrasound detection and classification of stones.[6]  However, the twinkling 
artifact is not reliably visualized with conventional color Doppler.  Improved understanding of the 
source of these transient broadband Doppler signals could improve the sensitivity and specificity of 
ultrasound in the detection of kidney stones and thus reduce the need for CT.  Our group has observed 
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growing evidence the twinkling signal is possibly due to small submicron bubbles trapped in the 
crevices of the stone surface.[7,8]  One of the key observations was from continually scanning an ex-
vivo stone in a hydraulic pressure chamber.(Fig 2)[7] 

 

 

Fig 2 

 

                  a) Before overpressure     b) During overpressure        c) After overpressure 

Fig 3 

 

Overpressure of the chamber removed the twinkling artifact, which then returned after the 
overpressure was removed. 

The following observations have been made with regard to the Doppler twinkling artifact on kidney 
stones: 

1. Overpressure reduces the twinkling artifact. 
2. Under-pressure increases the twinkling artifact. 
3. Increased intake of carbon dioxide of a porcine model with implanted stones has suppressed 

the twinkling artifact. 
4. Transient Doppler signals similar to those observed from the disruption of microbubbles used 

in ultrasound contrast agents. 
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Lipid coated microbubbles (MBs) have proven to be reliable vehicles for drug delivery [1]. Their 
ultrasound properties (US) provide them with the ability to retain drugs until a destruction pulse is 
applied, therefore allowing for spatial and temporal control over drug release. Conveniently, these US 
properties can simultaneously be used for diagnostic purposes, turning MBs loaded with drugs into 
theranostic agents. The implementation of microfluidics for MB production allowed for fine control 
over the sizes of the MBs, and also facilitated the construction of more complex, drug loaded MB 
structures. Improvements made towards the production of high concentrations of therapeutic MBs, as 
well as the reduction of production times, makes them attractive, inexpensive candidates for the 
delivery of numerous drugs.  Notably, there are a high percentage of new pharmaceuticals that show 
poor water solubility or are hydrophobic.  This leads to problems for their delivery in vivo, from 
reduced efficacy to toxicity. Given that a number of these drugs have shown promising results against 
malignancies in vitro, there is an urgency to develop robust methods to deliver them in vivo.  

 

We are developing hybrid MB-Nanodroplet architectures as a new route for hydrophobic drug 
delivery. Lipid Oil Nano-Droplets (LONDs) are attolitre oil volumes stabilised with a lipid monolayer 
that are capable of storing hydrophobic drug molecules and protecting them from the aqueous 
environment of the body, thus maintaining drug functionality and reducing aggregation. MB-LONDs 
architectures retain the ultrasound properties of the MBs, but also incorporate the drug delivery 
benefits of the LONDs. Functionalization of the LONDs shell with neutravidin allows the formation 
of the architectures via the biotin-neutravidin linker chemistry. MB-LONDs are assembled in a 
microfluidic device in a two-step process, in which MBs are first formed in the spray [2] regime and 
LONDs are incorporated to the solution further downstream. Current work is investigating MB 
destruction via a high energy US pulse to assist the spatial release of LONDs from the MB surface. 
We expect that the energy released during this process will also improve cellular uptake of the drug 
cargo by causing localised sonoporation effects in cell walls. 

mailto:py11vme@leeds.ac.uk
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Figure 1: (Left) Schematic of MB-LOND architecture. Neutravidin functionalization of the LONDs surface allows them to bind to MBs. (Right) 
Fluorescence imaging of MB-LONDs. The red halo around the MBs corresponds to attached LONDs whose shells contain fluorescently tagged 

phospholipids 

 

1.  A. Kheirolomoom, et al. (2007) J. Controlled Release, 118 (3), 275-284 
2. S. A. Peyman, et al. (2012) Lab Chip, 12 (21), 4544–4552 
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Ultrasound in combination with microbubbles has emerged as a promising method to accelerate the 
breakdown of blood clots compared to conventional pharmaceutical treatments [1]. However, its 
clinical translation is still limited in part by inefficient microbubble delivery to the thrombus [2]. 
Notably, formation of laminar vortices and abrupt reduction of blood flow within occluded vessels [3] 
make it difficult to deliver sufficient numbers of microbubbles to the target vascular region.   

 

In this study, we investigated whether magnetic targeting can overcome the limitations imposed by 
the fluid dynamic conditions and improve microbubble delivery in an occluded vessel. Specifically 
we examined the effect of a magnetic field on the distribution of magnetic microbubbles in a model of 
a microarterial bifurcation with an occluded branch, using both computational and experimental 
methods.  

 

Two-dimensional (2D) numerical modelling was performed using Comsol Multiphysics® (Comsol 
Ltd, UK) in order to determine: (i) the fluid dynamic field in the blood vessel with inlet velocities 
ranging from 1 to 100 mm.s-1 and (ii) the flow behaviour of microbubbles of varying sizes. In vitro 
experiments were carried out in a PDMS-glass microfluidic device coupled with an inverted 
microscope (at 40x magnification). Experimental characterisation of the fluid flow field was 
performed using 2-µm diameter FITC-labelled polystyrene beads. Lipid-shelled microbubbles loaded 
with 10-nm iron oxide nanoparticles were labelled with DiI for visualisation and tracking. The 
magnetic field was applied using a single 12.7 mm cubic permanent magnet element (N52 grade 
NdFeB, with a magnetization value of 1.09x106 A/m). 

 

Formation of laminar vortices within the fluid cavity formed by a complete vascular occlusion (i.e., a 
thrombus) was observed. In the absence of a magnetic field, the microbubbles remain trapped in the 
vortex within 250 µm from the opening of the occluded branch. Importantly, microbubbles did not 
reach the clot under these conditions. The number of microbubbles trapped within the vortex 
decreased as the inlet velocity increased, but was independent of microbubble size in the clinically-
relevant 0.6 to 5 µm diameter range. 

 

Application of the magnetic field enabled delivery of microbubbles to the clot and the number of 
microbubbles delivered increased with bubble size and with decreasing inlet velocity. There was a 
good agreement between in vitro and in silico observations.   
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Figure 1: Vortex formation in 
the occluded micro-arterial 
bifurcation model. 
Fluorescent microbeads were 
employed to visualise the 
flow field 

In this example, the inlet 
velocity is 10 mm/s.  

Figure 2: Magnetic microbubble trajectories in the bifurcation 

a) without a magnetic field and b) with a magnetic field, determined from numerical simulations. 

In this example, the trajectories of 300 microbubbles were simulated over 150 seconds after injection at the inlet. The 
microbubbles had a diameter of 2.4 µm and the mean inlet velocity was set to 10 mm/s. The colour scale represents 
microbubble velocity. The dots represent individual microbubbles, the lines represent their trajectories. 

a) 

 

b) 
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One of the assets of crosslinked polymer shelled microbubbles (MBs) as potential ultrasound contrast 
agent (UCA) is the robustness of the shell, combined with the versatility in modifying the surface with 
ligands and/or drugs. The stiffness of the shell is usually paid with a decreased echogenicity and a 
trade off should be searched to accomplish polymer based UCAs with good acoustic and surface 
performances. A major feature of polymer crosslinked based MBs is their stability. Despite the long 
shelf-life, subtle modifications occur in the MBs shells reflecting shifts in the acoustic and mechanical 
properties. 

A correlation between the mechanical, acoustic behaviour and structural features is framed within the 
ageing process of the shell. In this framework, our work is primarily focused on understanding the 
effect of ageing on the mechanical parameters (i.e. resonance frequencies, Young modulus etc.) of 
crosslinked polyvinyl alcohol (PVA) shelled MBs, a basic platform for some of the most intriguing 
diagnostic tools based on ultrasound [1].  

In this perspective, we carried out acoustic attenuation and AFM combined tests on MBs with 
different ageing. At first, we studied the frequency dependence of the attenuation of the ultrasonic 
waves (Fig.1, left panel) propagating through a suspension of fixed concentrations of several millions 
of PVA MBs, at different aging time, from zero to three months. We then combined the acoustic 
results with a more comprehensive topographical surface and nanomechanical AFM analysis of single 
MBs (Fig.1, right panel) extracted from the same ensemble. 

We found that the increase of the MBs ageing corresponds to an increase of the resonance frequency 
together with a broadening of the profile of ultrasound attenuation of the bubbles, although the overall 
shape of MBs remains preserved over several months. In this contribution the changes will be 
discussed in terms of thickness, roughness and stiffening of the PVA MB shell, according to both the 
comparative theoretical attenuation spectra calculated from the Church model and the response to 
nanomechanical stimuli.  

 

 

 

 

 

Fig. 1. Representative responses to acoustic vibration (left) and to nanomechanical stimulus (right) of PVA-shelled MBs 
followed at different ageing time by ultrasonic attenuation and AFM measurements, respectively. 

Reference 
1. F. Cavalieri, A. El Hamassi, E. Chiessi, G. Paradossi “Stable Polymeric Microballoons as Multifunctional 
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Gas-filled microbubbles stabilised by a surfactant or polymer coating are routinely used in medical imaging as 

ultrasound (US) contrast agents, being capable of enhancing ultrasound backscatter from blood by several orders 

of magnitude. The microbubble core usually consists of a high molecular weight gas (i.e., perfluorocarbon or 

sulphur hexafluoride) to enhance sample stability both in vivo and during handling or storage [1]. In clinical 

formulations, the outer coating is usually constituted of saturated phospholipids or denatured albumin. Moreover, 

the microbubble shell can be employed as a scaffold for transporting biologically active compounds or targeting 

agents in the haematic circulation, which has opened the way for the use of microbubble as a vehicle in therapeutic 

applications such as drug delivery or gene therapy. 

The acoustic response and therefore the clinical utility of microbubbles are profoundly influenced by their physical 

characteristics, including size, size distribution, and mechanical/rheological properties of the coating layer [2]. 

These have been observed to depend on the chemical formulation of the microbubble shell and on the production 

technique [3].  

A variety of different methods have been developed for batch production of microbubbles, including sonication, 

high shear emulsification, membrane emulsification, and coaxial electrohydrodynamic atomisation [4]. Sonication 

is the most commonly employed method in both academic and industrial laboratories, and involves dispersing gas 

or liquid in a suspension of a coating material using high intensity ultrasound [4]. The size distribution of 

microbubbles obtained from sonication is however relatively broad, which makes it necessary to perform 

additional, time-consuming post-production procedures (i.e., fractionation or filtration) in order to remove any 

large bubbles which could cause vascular occlusion after intravenous injection. Furthermore, the lack of process 

automation makes this technique highly operator dependent and difficult to reproduce faithfully over multiple 

iterations.   

More recently, microfluidic-based techniques have been proposed as an alternative to batch methods for producing 

relatively monodisperse microbubbles [5-10]. A typical microfluidic device consists of a cross-flow (i.e., flow 

focusing) or T-junction architecture, in which gas and fluid streams are forced to flow into a confined 

microenvironment where break-up of the gas stream into individual microbubbles occurs. Depending on the 

geometrical properties of the microenvironment and the fluid dynamic field, different microbubble production 

regimes have been demonstrated. However, the narrower size distribution is frequently accompanied by low 

production rates, the need for chemical additives to adjust fluid viscosity and surface tension, and in some cases 

lower microbubble stability [3]. These factors have hindered the adoption of microfluidics as a viable technology 

for industrial production of microbubbles for clinical usage. 

In order to overcome these limitations, we developed a two-step microfluidic-based device capable of rapidly 

producing microbubbles with clinically relevant mean size, composition, concentration and stability.  

Syringe pumps (World Precision Instruments Inc., Florida, USA) were employed to control the fluid flow through 

the microfluidic device, whilst the nitrogen gas employed for microbubble production was provided by a 

pressurised cylinder, and the pressure measured using a digital manometer (2023P Digitron, Elektron Technology, 

Cambridge, UK). The fluid phase corresponded to a suspension of 1,2-Distearoyl-sn-glycero-3-phosphocholine 

(DSPC, from Avanti Polar Lipids, Alabama, USA) and  polyoxyethylene (40) stearate (PEG40, from Sigma 



Aldrich, Gillingham, UK), at a molar ratio of 9:1, in phosphate buffered saline (PBS, from Thermo Fisher 

Scientific Inc., Massachusetts, USA). 

Microbubble size, concentration and stability were measured from microscope images acquired using a Leica 

DM500 microscope (Leica Microsystems GmbH, Wetzlar, Germany) coupled with a CCD camera 

(MicroPublisher 3.3 RTV, QImaging, Surrey, Canada). Microbubble response to ultrasound excitation was instead 

determined using a high-throughput co-axial flow focusing apparatus combining optical and acoustic detection 

[11]. A representative microbubble size distribution plot is reported in Figure 1 (total number of bubbles = 11904), 

showing the absence of larger microbubbles typical of conventional batch sonication approaches. Notably, the 

dimensional properties are comparable to those of lipid-shelled microbubbles currently used in the clinic (i.e., 

SonoVue®).  

 

Figure 1. Representative size distribution plot of microbubbles obtained using the developed 

microfluidic system (total number of bubbles = 11904). The mean microbubble diameter is equal to 

1.45±0.77 µm, and microbubble concentration is equal to 2.17×108 microbubbles/mL. 

Table 1. Minimum obtainable Mean Diameter (± Standard Deviation, in µm) and corresponding 

Production Rate (in bubbles/sec) respectively for different microfluidic-based microbubble production 

techniques, compared to the method described in the present study (highlighted in red).  

* Please note that at the optimised operating conditions this device can produce 1.6×106 bubbles/sec, 

with a mean microbubble diameter of ~1.7 µm. 

  



Operation Principle 
Mean Diameter ± SD 

(µm) 

Production Rate 

(bubbles/sec) 

Microfluidic device 1.45 ± 0.76 2.1×10
6

 

Micro-spray [5]* 1.7 ± 0.07 ~1.0×10
5

 

Flow focusing I [6] ~ 5.0 ± 0.1 1.0×10
6

 

Flow focusing II [9] ~5.0 ~1.5×10
5

 

Sonication-Microfluidics [7] ~10.0 NA 

T-junction [10] ~4.5 7.5×10
3

 

 

Figure 2. Examples of microfluidic microbubble radial responses, driven at 3.5 MHz, pulse length of 5 

cycles and peak negative pressures of a) 11 kPa and b) 115 kPa. 

In Table 1 are reported the minimum obtainable mean diameter and corresponding production rate for 

microbubbles generated using different microfluidic-based techniques, compared to the method described in the 

present study. Notably, compared to state-of-the art microfluidic-based technologies (i.e., usually based on flow-

focusing or T-Junction architectures), our system produces microbubbles having both clinically-relevant size (i.e., 

~1.5 µm mean diameter, compared to 1.58 µm for SonoVue® [12]) and concentration (i.e., ~2.5×108 

microbubbles/mL, compared to ~4.1×108 microbubbles/mL for SonoVue® [12]). The throughput (i.e., number 



of microbubbles generated per unit time) is also higher than conventional microfluidic approaches (i.e., up to 

~2×106 microbubbles/sec). Compared to other microscale systems our system provides superior performance (in 

terms of microbubble size and concentration) and, importantly, does not require exogenous particles (i.e., 

cavitation nuclei) which could limit the range of applicable microbubble formulations and may compromise the 

clinical usability of the finished product.  

Figure 2 shows typical radial responses measured using laser scattering at a driving frequency of 3.5 MHz, pulse 

length of 5 cycles and driving peak negative pressures of 11 kPa and 115 kPa. The expected compression and 

expansion dominated behaviour is observed, as well as sudden reductions in size at the higher pressure. 

In summary, the microbubble production method described in the present study provides the following advantages 

compared to the other technological approaches: 

(i) Large microfluidic channels, resulting in faster priming, higher operating flow rates, and reduced 

likelihood of channel clogging. The latter results in a significant increase in device lifetime, and 

therefore reduced cost; 

(ii) Device fabrication is performed using a low-cost and facile replica moulding technique, which makes 

it attractive for a wide range of laboratory settings; 

(iii) High-throughput microbubble production, at concentration, composition and mean size comparable 

to those of clinical formulations; 

(iv) Direct microbubble production (i.e., no need for additional post-production steps); 

(v) Chemical additives or exogenous cavitation nuclei are not required to facilitate or trigger 

microbubble formation; 

(vi) Higher control over the properties of the physical environment compared to batch sonication, 

potentially allowing for improved reproducibility between experiments and narrower microbubble 

size distributions;   
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Background and Aim 

Lactadherin is an endogenous protein which serves as a mediator between the phosphatidylserine 
(PS)-expressing apoptotic cells and integrin αvβ3-expressing macrophages. Recently, we reported the 
feasibility of integrin αvβ3-targeted bubbles preparation based on the PS-containing clinically 
available ultrasound contrast agent (Sonazoid) and lactadherin. However, the specificity of binding 
between Sonazoid and lactadherin was still unknown. In this study, we examined whether Sonazoid 
binds with other protein, which has a similar chemical property to lactadherin. 

Methods 

Angiopoietin-like 5 (ANGPTL5), which has a similar molecular weight and isoelectric point to 
lactadherin, but has no binding site for PS, was utilized to clarify the specificity of binding with 
Sonazoid (Table). Sonazoid was incubated with R- phycoerythrin (PE) labeled-ANGPTL5 or 
lactadherin for 10 minutes at room temperature. After washes and centrifugations, bubbles were 
analyzed by FACSCalibur. Sonazoid incubated with PE-dye was served as control. 

Results 

By incubating with PE labeled-lactadherin, the fluorescence intensity of Sonazoid was markedly 
increased (Sonazoid: 2.78±0.04 vs. Lactadherin: 191.77±35.87) (Figure 1). On the other hand, the 
fluorescence intensity of Sonazoid after incubating with PE labeled-ANGPTL5 was significantly 
lower than that after incubating with PE-lactadherin (ANGPTL5: 47.07±2.07). Additionally, the 
fluorescence intensity of Sonazoid after incubating with PE-ANGPTL5 was almost identical to that of 
control (PE-dye: 45.20±0.53). 

Conclusion 

Our study demonstrated that the lactadherin specifically detected the PS on the surface of Sonazoid. 
In the near future, the development of simplified method to achieve the lactadherin-bearing Sonazoid 
only by mixing them would be of benefit for the clinical translation of lactadherin-bearing Sonazoid. 
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Table. Chemical properties of Lactadherin and ANGPTL5 

 Lactadherin ANGPTL5 

Predicted Molecular Weight 41.6kDa 42.3kDa 

Isoelectric point 6.7 6.7 
 

 

 

 
 

Figure 1. A) Representative FACS histograms of Sonazoid with or without conjugation with 

PE-labelled protein. B) Summary of quantitative data of FACS analysis. 
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Polymer-shelled nanobubbles (NBs) are  versatile multifunctional nanocarriers for the delivery of 

gases, drugs and genes. The application of US to NBs may increase the therapeutic index of drugs 

favoring their administration by sonophoresis and their ‘on demand’ release in the target tissues. NBs 

can be loaded with either hydrophilic or lipophilic drugs and different technological approaches have 

been proposed to associate molecules within the bubble structures. A common strategy consists of 

association of charged drugs with the shell via electrostatic interaction, when anionic/cationic lipids or 

polymers are present. 

Polyelectrolyte multi-layered coatings could be used to increase the amount of charged drug 

incorporated in the NBs and to enhance the in vivo half-lifetime of the system. Here, NBs were 

formulated using perfluoropentane as inner core component and dextran sulfate and hyaluronic acid 

for the shell. Doxorubicin, a positive charged anticancer drug,  was chosen as model. The layer-by-

layer self-assembly technique was used to adsorb sequentially the two oppositely charged 

polyelectrolytes on the bubble surface. Doxorubicin was included in negative charged layer of the 

shell to obtain the drug-loaded NBs. 

Different NBs formulations, either blank or drug-loaded, were in vitro characterized by size, surface 

charge determination and morphology analyses, using transmission electron microscopy (TEM). Drug 

loading and encapsulation efficiency were determined through HPLC analyses. Moreover, in vitro 

drug release kinetics was investigated in the presence and in the absence of ultrasound. 

Finally, multilayer shelled NBs could be a promising strategy to enhance drug loading and improve 

their stability in circulation. 
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Introduction 

Netrin-1 is a ligand of dependence receptors inducing survival in presence of ligand and apoptosis in 
absence of ligand. In breast cancer, overexpression and secretion of netrin-1 enables apoptosis 
evasion. Hence, a netrin-1/receptor-disrupting therapy has been developed to reactivate apoptosis 
signaling. But patient response is dependent on the intra-tumoral netrin-1 expression level and 
distribution creating the need for a reliable diagnostic tool for patient stratification. Ultrasound (US) 
microbubble (MB) contrast agents can be targeted to proteins that are presented on the vascular 
endothelium. Thus, MB present an excellent potential tool for the detection of tumoral netrin-1 using 
so-called US molecular imaging. The objective of the present study is the in vitro validation of MB 
targeting netrin-1 protein under stresses resembling those of physiological conditions: presence of 
plasma, shear stress, temperature. 

Method 

US MB contrast agents (Vevo MicroMarker Target-Ready, VisualSonics) are composed of a gas core 
stabilized by a lipid monolayer containing avidin. Anti-netrin-1 antibody (Ab) (Netris-Pharma) was 
biotinylated and coupled to the MB surface via avidin-biotin chemistry. MB were characterized for 
surface charge (Zeta Sizer), size distribution and concentration (Malassez counting chamber, Leitz 
Laborlux S, Matlab). MB binding specificity was evaluated on cells (HeLa cells transfected with 
sleeping beauty system for overexpression of netrin-1 and UNC5B) and protein (netrin-1-Fc; R&D 
Systems), in presence and absence of plasma (Innovative Research), at different shear stresses 
(parallel plate flow chamber) and temperatures using light microscopy (Leitz LaborluxS and Nikon 
Eclipse Ti-S). For control of netrin-1 expression on cells, flow cytometry was used (BD 
FACSCalibur). MB echogenicity was studied using a gel phantom and a Vantage Verasonics imaging 
system. 

Results 

On average, 4.7 biotin molecules were added per Ab and 10 µg/mL of Ab were coupled to 1.6 x 109 
MB without leaving free Ab in solution. Static binding assays showed specific binding of MB diluted 
in both 0.9% of NaCl and 50% of plasma. Although absolute numbers of bound MB were lower in the 
presence of plasma, the signal-to-noise ratio was higher in this condition. The reduced number of 
attached MB was associated with the degradation of MB diluted in plasma. Dynamic binding of anti-
netrin-1-MB at physiological shear stresses of 1 and 2 dynes/cm² was specific and increased with 
ongoing inflow of MB. The HeLa model cell line presented netrin-1 on the cell surface in presence 
and absence of its dependence receptor UNC5B, although the netrin-1 signal was strongly reduced in 
the latter condition. Binding on cells was specific and the density of bound MB correlated with netrin-
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1 expression as quantified by flow cytometry. MB showed a good signal-to-noise ratio in US contrast 
imaging. 

Conclusion 

In our study, anti-netrin-1 MB were functional in in vitro binding assays reflecting in vivo 
physiological conditions. Binding capacity and specificity were considered satisfactory to enter the 
second phase of the project: a pre-clinical study to evaluate the feasibility of US molecular imaging of 
netrin-1 overexpression in a breast cancer animal model. In contrast to previous studies, this US 
molecular imaging approach targets a diffusible protein secreted by the tumor tissue and not by the 
tumor microenvironment. The translation of our in vitro findings into an in vivo study will promote 
the application of US molecular imaging to a broader field of targetable proteins. 
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Objectives 

Contrast enhanced ultrasound (CEUS) using microbubble contrast agents has shown great promise in 
visualising and quantifying active vascular density. Most existing approaches for perfusion 
quantification using CEUS are calculated based on image-intensity, and are susceptible to 
confounding factors and imaging artefact [1-4]. Poor reproducibility is a key challenge to clinical 
translation. In this study a new automated temporal and spatial signal analysis approach is developed 
for reproducible microbubble segmentation and quantification. 

Materials and Methods 

This is evaluated in vitro on phantoms and in vivo in lower limbs of healthy volunteers before and 
after physical exercise. In this approach perfusion is quantified based on the relative areas 
microbubbles occupy instead of their image intensity. Temporal features of the CEUS image 
sequences are used to identify pixels that contain microbubble signals. A microbubble track density 
(MTD) measure, the ratio of the segmented microbubble area over the whole tissue area, is calculated 
as a surrogate for active capillary density. 

Results 

In vitro results show a good correlation (r2 = 0.89) between the calculated MTD measure and the 
known bubble concentration. For in vivo results, the segmentation results and destruction and 
replenishment analysis of subject 1 before and after exercise on day 2 is displayed in Figure 1. Also, 
Figure 2A shows the average microbubble track density of all subjects on day 2 and Figure 2B shows 
the average blood flow of all subjects on day 2. Moreover, Table 1 shows the percentage change of 
first day scan vs second day scan by Microbubble track density quantification. A significant increase 
(129% in average) in the MTD measure is found in lower limbs of healthy volunteers after exercise, 
with excellent repeatability over a series of days (ICC = 0.96). This compares to the existing state-of-
art approach of destruction and replenishment analysis on the same subjects (ICC <= 0.78). 

mailto:mengxing.tang@imperial.ac.uk


90 
 

  
(A) before exercise 

  
(B) after exercise 

Figure 1: The CEUS segmentation results of a human subject taken from gastrocnemius 
before (A) and after (B) exercise 

 
 

 

(A) 

Figure 2: Microbubble track density quantification by our microbubble detection algorithm 

showing a significant difference before and after exercise. (n=4) 

 

Table 1: The percentage change of first day scan vs second day scan by Microbubble track density 
quantification, generating an intra-class correlation coefficient (ICC) of 0.96 (p< 0.01) 

 Day 1 Day 2 
Subject 1 51.34 % 43.55% 
Subject 2 232.20% 177.27% 
Subject 3 171.33% 163.90% 
Subject 4 97.91% 92.69% 
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Conclusions 

The proposed new approach demonstrates great potential as an accurate and highly repeatable clinical 
tool for quantification of active vascular density. 
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Introduction 

Ultrasound contrast agents, microbubbles (MBs), exposed to ultrasound can significantly enhance cell 
membrane permeability by mechanisms attributed to transient pore formation and/ or endocytosis [1]. 
This can be exploited for therapeutic biocompound delivery or extraction from cells. Our previous 
studies have shown that electroporation can be successfully used for calcein extraction from calcein-
preloaded cells. Moreover, it was proved that by controlling electric field parameters high calcein 
release efficiency could be achieved while maintaining high cell viability [2]. Thus, the aim of this 
study was to relate calcein release efficiency from calcein-preloaded cells to MB cavitation activities 
in the intensive and temporal dimensions of the acoustic field by simultaneously monitoring scattered 
and attenuated US signals. 

Materials and methods 

Sonoporation experiments were performed using Chinese hamster ovary cells, preloaded with calcein-
AM. Calcein release was evaluated using spectrofluorimetry. Cell viability was evaluated using cell 
clonogenic assay. US excitation waveform was 1 MHz central frequency, 1 kHz pulse repetition 
frequency, 10 % duty cycle (100 µs on, 900 µs off), 0 - 380 kPa peak negative (PNP) acoustic 
pressures, 0 - 2 s exposure duration. The experimental parameters were set according to pre-
performed optimisation leading to cell reversible permeabilisation. Passive cavitation detection 
system was used to record MB scattering and attenuation signals. Root mean square (RMS) was 
calculated in 1.5 – 1.75 and 0.9 – 1.1 MHz frequency ranges for subesquent differerential RMS and 
attenuation quatifications by subtracting –MB group from +MB and calculating logarithmic ratio of 
+MB to –MB, respectively. Differential RMS was used to calculate sonoporation metric, inertial 
cavitation dose (ICD). Attenuation was used to predict the time needed to achieve complete MB 
sonodestruction. 

Results and discussion 

Differential ICD vs. calcein fluorescence graph (Fig. 1) shows that the amount of released calcein has 
linear part in 0 - 0.18 V × s ICD range (Fig. 1 insert), then slowly enters saturation.  

  



93 
 

 

 
 

Fig. 1. Calcein fluorescence and cell viability dependence on ICD 

Similarly cell viability was decreasing linearly up to 0.18 V × s and had strong significant correlation. 
At Further ICD increase cell viability entered saturation as well. 

RMS and attenuation curves in timescale show the approximate simultaniety of differential RMS 
decrease to 0 V and attenuation increase to 0 dB indicate that the major cavitation activity had already 
occurred with complete MB sonodestruction achieved (Fig. 2). 

Time-scale sonoporation experiments were performed at 380 kPa acoustic pressure. (Fig. 2). As it can 
be seen from differential RMS and attenuation curves, main cavitation activity and MB 
sonodestruction occurrs up to ~1.25 s. During this period calcein release and cell viability reached 
plateau levels. Moreover, this data shows the difference between sonoporation and elctroportion as 
increased electric field pulse number induces calcein release and cell viability [2]. This difference 
arises because sonoporation is mostly dependent on MB behaviour not only on the acoustic field 
properties. 

 
Fig. 2. Temporal dynamics of attenuation, differential RMS, calcein fluorescence and cell viability 



94 
 

The results of this study show that the efficiency of the extraction of calcein molecules from cells as 
well as cell viability decrease are associated to MB cavitation activity and can be accurately predicted 
using inertial cavitation dose. In addition to this, neither additional calcein release nor cell viability 
decrease were observed after complete MB sonodestruction was achieved. This indicates the optimal 
exposure duration for maximal sonoextraction efficiency to coincide with the time needed to achieve 
complete MB sonodestruction. These results demonstrate the importance of MB inertial cavitation in 
sonoextraction. To our knowledge, this work is the first with the scope to: 1) investigate small 
molecule extraction from cells using sonoporation and 2) relate extraction processes to the physical 
aspects of MB cavitation.  
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Introduction 

Cavitation of ultrasound contrast agents can be used to enhance therapeutic effects by increasing the 
membrane permeability. Next to microbubbles, polymer microparticles can also induce these 
cavitation effects [1]. One of the advantages of these agents is their increased stability. Next to that, 
light absorbing dyes can be embedded into their shell, which opens up possibilities for photoacoustic 
imaging. We have previously shown that single polymeric capsules can be triggered by a laser, 
resulting in a cavitation bubble [2]. In the present study we used two types of light-absorbing 
polymeric microcapsules: one type is loaded with a high boiling point oil (hexadecane) and the second 
type contains a low boiling point oil (perfluoropentane, PFP) [3]. We studied the effects of the laser-
induced cavitation bubbles generated by these agents on human endothelial cells to evaluate their 
potential for imaging and therapeutic applications.  

 

Materials & Methods 

Hexadecane-loaded polymethylmethacrylate (PMMA-hexadecane, Sudan Red) microcapsules and 
poly(lactic-coglycolicacid) Resomer RG502 (Resomer-PFP, Sudan Red) microcapsules were prepared 
by an emulsion solvent evaporation technique, using microsieve emulsification [4]. 

Human umbilical vascular endothelial cells (HUVECs) were cultured on one side of an OptiCell. 
Forty minutes prior to the experiment, the cells were incubated with calcein-AM (final concentration 
of 0.4 μg/mL) for labeling live cells. Then Hoechst (5 μg/mL) was added to stain all cell nuclei, 
propidium iodide (PI, 25 μg/mL) was added to measure disruption of the cell membrane (i.e., 
poration), and Resomer-PFP capsules or PMMA-hexadecane capsules were added to the OptiCell. 
The OptiCell was placed in a 37 0C water bath with the cells on top for the floating PMMA-
hexadecane capsules, whereas the cells were on the bottom for the sinking Resomer-PFP capsules. 
Upon laser-activation (8 ns, 532 nm, pulsed laser, Quantel Evergreen 150 mJ), the Brandaris 128 
ultrahigh-speed camera [5] recorded the cavitation events at 10 Mfps, whereas a Photron SA2 color 
high-speed camera was simultaneously used for imaging PI uptake. The ultrasound signals produced 
by the cavitation bubbles were measured using a single-element focused 1-MHz transducer (C302, 
Panametrics). Snapshots of calcein-AM and Hoechst staining were taken before laser activation and 
after the recording of PI. Analysis of the data was performed in Matlab. 
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Results & Discussion 

After laser activation, the PMMA-hexadecane capsules produced two different types of bubbles: 
cavitation bubbles located outside the capsule, and ‘internal’ bubbles which remain confined within 
the capsule (Fig. 1A). When an internal bubble is produced, the PMMA coating does not break open, 
as previously reported [3]. The internal bubble dynamics were nonviolent and did not lead to 
significant poration as PI uptake was negligible, but their acoustic signal could be detected. The 
ultrahigh-speed Brandaris recordings showed that single capsules had a higher probability of 
producing internal bubbles than capsule clusters, which implies that lower concentrations of bubbles 
could be beneficial for imaging purposes.  

The oscillation of the PMMA-hexadecane cavitation bubbles stopped after the laser had been turned 
off and these bubbles disappeared within microseconds. Time-intensity curves of PI uptake showed 
almost five times more poration for large bubbles (35 – 45 µm in diameter) than for the smaller 
bubbles (5 – 15 µm in diameter). In addition, when the cavitation bubbles were in contact with a cell, 
the signal of the calcein after activation was lower than before due to calcein efflux, as reported by 
Fan et al. [6]. In contrast, after activation of the Resomer-PFP capsules, the oscillation of the bubbles 
sustained after the laser had been turned off and they remained on top of the cells where they kept on 
growing. These growing bubbles did not float up, which suggests that they had adhered to the 
underlying cell layer. When the PFP bubbles were close to a cell the calcein signal completely 
vanished. This suggests destruction of the cell membrane and even the nuclear membrane.  

Based on PI influx and calcein efflux, PMMA-hexadecane cavitation bubbles porated ~50% more 
cells than the Resomer-PFP bubbles at equal bubble size (5 – 30 µm in diameter). The PMMA-
hexadecane cavitation bubbles vaporize the surrounding water, which is in direct contact with the cell 
membrane. These cavitation bubbles are therefore more violent than the Resomer-PFP bubbles that 
only vaporize the low boiling point oil in their core [3]. Another explanation can be found in the 
activation energy of the capsules; to generate a water vapor bubble a higher energy is required than to 
vaporize a PFP bubble of the same size [3]. In addition, more heat deposition in the system results in a 
higher thermal shock, which may induce more poration and thus PI uptake.  

 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. A) Still frames of bright field Brandaris 
recordings of PMMA-hexadecane capsules 
after laser activation and B) Resomer-PFP 
capsules just following laser activation. 
Calcein-AM live stain of HUVECs C) before 
and D) after laser activation of Resomer-PFP 
capsules. The white ellipses illustrate the 
region in which the calcein signal vanished 
due to the bubble shown in B). The size bar 
indicates 10 μm. 
A B 
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Conclusion 

In this study we investigated the cavitation effects of laser-activated polymeric microcapsules on 
human endothelial cells. Single floating PMMA-hexadecane capsules produced internal bubbles that 
did not induce poration, but did produce a measurable acoustic signal. The PMMA-hexadecane 
capsules may therefore offer opportunities for imaging. However, the concentration of capsules and 
the laser intensity should be low enough to ensure that only internal bubbles are produced. The 
vaporization of the Resomer-PFP capsules is too violent for imaging, but can be used for therapeutic 
effects where cell death is desired, such as tumor treatment.  
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Introduction 

The limitations of conventional microbubbles for enhancing drug delivery in combination with 
ultrasound (US) include low drug carrying capacity (on the bubble surface), small and brief local dose 
enhancement (the released drug flows downstream) and limited ability to interact with the vascular 
endothelium to increase permeation (due to small surface area). Here we present studies using a novel 
acoustic cluster therapy (ACT) agent, designed to overcome these disadvantages, consisting of a 
dispersion of positively charged oil microdroplets (which could carry a dissolved drug within its 
volume rather than on its surface)  electrostatically bound to negatively charged microbubbles. When 
ACT is delivered intravenously and exposed to relatively low acoustic pressures, bubble-to-droplet 
energy transfer ‘activates’ (vaporises) the droplets to produce large (>20 µm) bubbles which occlude 
microvessels to briefly (< 15 minutes) trap released or co-injected drug. Finally, drug delivery is 
completed in a delivery enhancement phase, which uses a low frequency acoustic field to gently 
resonate the activated bubbles and increase vascular permeability by generating shear forces at the 
bubble-endothelium interface. Further details of the concept may be found in [1], [2] and [3], and in a 
companion paper at this conference [4]. 

 

To effectively deploy ACT, imaging methods are needed to (a) monitor accumulation of non-
activated agent for dosimetry, (b) confirm and quantify activation and its spatial distribution, and (c) 
monitor delivery and duration of the delivery. Here we present results of in vivo pre-clinical imaging 
experiments designed to better understand the ACT agent behaviour for the first two of these imaging 
requirements. These results enabled the design of further experiments to study the improvement of 
substance delivery, in this case a fluorescent dye, using co-injected and activated ACT. The latter 
experiments employed the same enhanced permeation and retention (EPR) infrared (IR) dye, namely 
800CW PEG (LI-COR Biosciences), as employed in a previous study of the effectiveness of ACT [5], 
but were carried out independently in a different laboratory using a different tumour model, different 
US imaging and treatment configuration and different US equipment. Such independent verification is 
an important part of thorough scientific research. 

 

Materials and Methods 

Imaging and activation of ACT were achieved with a Toshiba Aplio XG standard clinical US scanner 
and a 1204BT linear array capable of simultaneous interleaved, non-linear contrast mode and 
fundamental mode imaging at 8 MHz. Delivery enhancement employed a 300 kHz single element 
focused transducer mounted beside the imaging array in an open polyethylene water bath above the 
animal and directed at the tumour, with acoustic coupling gel between the water bath and the animal. 
Athymic mice were used, each bearing an SLC-B (a sub-line of SK-OV3, ovarian carcinoma) 
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subcutaneous human tumour xenograft on the lower right flank. This arrangement, which mimicked a 
potential clinical set-up, differed completely from the system used previously [5], where a tumour-
bearing hind limb of the animal was immersed into a sound tank and imaged with a high frequency 
preclinical scanner. Here, raw radiofrequency (RF) data and video image sequences were acquired, 
for both fundamental and non-linear contrast modes, before, during and up to 15 minutes after 
intravenous contrast injection.  

 

Initial studies confirmed that non-activated ACT agent could be imaged at low mechanical index (MI) 
using the nonlinear contrast-specific mode. Then, by increasing the MI, the agent was activated. 
Above an MI of 0.1, stationary echoes were observed to appear in fundamental US images of the 
tumour, which previously had shown little or no contrast enhancement, consistent with the production 
of large trapped bubbles. To test the hypothesis that these stationary echoes are uniquely associated 
with ACT activation, echo time-intensity curve (TIC) properties were measured of Sonazoid™ 
microbubbles [6] and ACT (clusters) using simultaneous nonlinear contrast and fundamental modes 
for a range of MI values up to 0.4. An image sequence processing method was developed to segment 
stationary from moving echoes using thresholded images of echo temporal correlation computed after 
respiratory motion compensation using speckle tracking. This allowed novel TICs to be generated for 
tumour regions of interest (ROI) separately for mobile and stationary components of both types of 
agent.  

 

Having confirmed ACT activation in vivo, studies of the delivery of IR dye CW800 to tumour tissue 
were conducted with the same SK-OV3, human ovarian carcinoma xenografts, equipment and 
experimental arrangement as described above. Repeated measurements were made using an IVIS™ 
Spectrum CT of dye epifluorescence in the tumour ROI compared to a background ROI (contralateral 
thigh of the mouse) following tail vein injection of 100 µl (2 nmol), with or without the injection of 
ACT agent following dye injection. ROI’s were drawn with the aid of X-ray CT images co-registered 
with the epifluorescence images. ACT was administered in 50 µl doses, with 5 minute intervals 
between doses, and activated at the tumour site for 45 s immediately after injection using the Toshiba 
Aplio™ at 8 MHz in interleaved (10 frames/s) non-linear contrast mode and fundamental B-mode, 
MI = 0.4. Each administration of activated ACT was followed by insonification for delivery 
enhancement for 45 s using 300 kHz, 2-cycle pulses of US, pulse repetition frequency of 2 kHz and 
MI = 0.12.  

 

Results and Discussion 

Stationary echoes uniquely accumulated in tumours following ACT injection and US activation, but 
were not detected when imaging Sonazoid™ microbubble injections at any MI (e.g. Figure 1). The 
peak number of stationary activated ACT bubbles increased as a function of MI from MI = 0.1 to 0.4.  
Stationary echoes were observed consistently and with good signal level in fundamental imaging 
mode but not in nonlinear contrast mode, providing further evidence that they were due to large 
bubbles rather than microbubbles. Clear differences were observed in the temporal dynamics of 
Sonazoid™, ACT, and ACT moving and stationary components, as a function of MI. The peak for 
Sonazoid™ mobile contrast accumulation in tumours was 5 to 10s post-injection, compared with 30s 
to 2 minutes for activated ACT. Sonazoid™ washed out within 6 minutes but the segmented 
stationary ACT component failed to wash out during the observation time, further confirming that the 
bubble echoes were stationary. 
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ACT was seen to significantly enhance the uptake of CW800, as measured by fluorescence in the 
tumour relative to background, even though this dye is designed for use as an EPR agent (Figure 2). 
The level of enhancement using ACT seen here was comparable to that observed elsewhere [5] with 
the same IR dye but using a different tumour model and experimental arrangement. 

 

 

 

Figure 1. Example frames from image sequences at MI = 0.4, overlaid with contrast echoes segmented 
as stationary (red). Left: pre-injection. Middle: 10 s after injection. Right: 120 s after injection. Top: 
ACT. Bottom: Sonazoid™. 

 
 

 

Figure 2. IR dye uptake enhancement using ACT. Tumour : background epifluorescence is compared for 
CW800 dye alone and CW800 dye followed by activated ACT agent and delivery enhancement with 
pulsed 300 kHz US, MI = 0.12. (Means, ± 1 st.dev., for 3 mice, each cohort.) 
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ACT 
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Conclusions 

All observations during the activation and imaging dynamics studies were consistent with the 
hypothesis that stationary echoes observed in fundamental mode imaging provide a reliable signature 
for uniquely identifying activated ACT bubbles in vivo. Confirmation was provided of the ability of 
ACT to significantly enhance uptake of an IR dye, demonstrating reproducibility of the observations 
between laboratories and using different tumour models and experimental arrangements. The novel 
methods developed to automatically segment stationary from moving bubble echoes in the presence of 
respiratory motion, and their use in time-intensity curve analysis of mobile and stationary vascular 
contrast agents, may be of value in other fields such as the study of molecularly targeted 
microbubbles. 
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BACKGROUND 

Dynamic contrast-enhanced ultrasound (DCEUS) imaging enables the estimation of blood flow and 
perfusion in tissue, allowing for early detection and treatment monitoring in different cancers. 
However, current analysis of DCEUS scans is limited, due to motion artifacts induced by respiratory 
movements. Therefore, motion compensation is necessary for reliable analysis of DCEUS scans. 
Although B-mode based image registration can partially compensate for in-plane movement, frames 
acquired outside of the main imaging plane contain non-relevant information and should be excluded. 
However, currently, since common DCEUS processing methods are not designed for processing non-
uniformly sampled data, clips that contain considerable motion artifacts are discarded. Here, we 
present a method that facilitates the estimation high resolution perfusion parametric maps even when 
a significant percentage of the frames are excluded due substantial respiratory motion artifacts.  

METHODS 

In-plane movements were compensated for by rigid registration, applied to anatomic B-mode clips. 
Out-of-plane frames were automatically detected using a clustering algorithm. The log-transformed 
single-pixel DCEUS time-traces were processed within the framework of reconstruction of non-
uniformly sampled signals in shift-invariant (SI) spaces [1]. The Gaussian kernel, being compactly 
supported and a popular generator for SI spaces, was used. This kernel can represent a broad range of 
time-intensity curve shapes, encountered in DCEUS imaging. An iterative algorithm was used for the 
estimation of the SI representation coefficients. In order to enhance the signal-to-noise (SNR) of the 
data, a log-normal model was fitted to the estimated signals with and without spatial averaging. The 
proposed method was validated in a series of numerical simulations and in vivo bolus injection scans. 
An orthotropic mouse model of hepatocellular carcinoma (HCC, n=22) was used to test the algorithm 
under substantial motion artifacts. Scans were made before and during treatment with sorafenib, an 
anti-angiogenic drug. 

RESULTS AND DISCUSSION 

In silico - The width of the selected Gaussian kernel was narrow enough to enable proper depiction of 
the fast contrast agent wash-in, but still sufficiently broad to remove the speckle noise from the data. 
The simulated log-normal perfusion curves (without noise) were represented with R2=0.99, and the 
normalized root mean square error (NRMSE) was also 0.99. The proposed method was able to 
estimate the noisy simulated time-intensity curves with mean NRMSE of 0.14 at 25 frames per 
second. When 50% of the samples were removed, the NRMSE increased by only 0.05, to 0.19. The 
processed HCC scans included up to 55% out-of-plane frames. However, all of the scans were 
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analyzed successfully and none of the scans was entirely discarded. In the in vivo experimental data, 
local parametric curve fitting with small averaging filters (e.g. 3x3 pixels) had significantly lower 
MSE compared to large averaging filters (≥ 10x10 pixels, p < 0.005). A significant reduction in the 
mean PE signal was observed in the treated group. In contrast to the spatially homogeneous PE maps 
of the tumors in the control group, the PE maps of the treated tumors were very non-uniform (Fig. 1, 
C and D respectively). This trend continued, and after 5 weeks of treatment, well resolved blood 
vessels were observed inside the treated tumors (Fig. 1, E). Analysis of tumor sections immunostained 
for CD31, showed that sorafenib treatment resulted in a significant 78.6% reduction in microvessel 
density (Fig. 2). A non-significant increase in tumor necrosis (from 4 to 12% of the total tumor area) 
was observed. Results from both the ultrasound data and histology suggest that following sorafanib 
induced pruning of small vessels, the remaining vasculature, spread throughout the HCC tumors, 
continue to support these tumors. 

CONCLUSION 

The proposed method enabled high-resolution quantification of scans containing substantial motion 
artifacts, thus extending the usability of DCEUS imaging. The high-resolution parametric maps that 
were obtained enabled the visualization of morphological changes in tumors, and revealed important 
information on the outcome of the antiangiogenic treatments. DCEUS imaging allowed for high-
resolution monitoring of drug induced changes in the tumors, with close correlations to standard 
histology measurements. 
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Figure 1: HCC Parametric Maps – Sorafenib Treatment 

 

 

Figure 2: HCC Microvessel Density. Here ‘N’ represents a necrotic region and ‘H’ an area of hemorrhage (blood pool). 
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Introduction  

Subharmonic (SH) signals, backscattered from gas-filled microbubbles can be used to improve the 
detection and specificity of contrast-enhanced ultrasound imaging. This enhancement is due to 
significant differences between SH signals emanating from microbubbles as compared to tissue [1], 
[2]. However, SH emissions are characterised by variable and time-dependent generation which has 
not been elucidated [3]. Deciphering microbubble features that influence the onset of SH emissions is 
needed not only to better develop new microbubble compositions, but also to develop dedicated SH 
imaging modes. In this study, we investigated the impact of microbubble gaseous composition on the 
SH response of phospholipid contrast agents.  

Material and Methods 

Four phospholipids contrast agents with different gas compositions were studied: Sonovue (SF6), BR 
14 (C4F10), BG 7725 (C4F10) and Definity (C3F8). Agents were activated according to the 
manufacturer’s instructions, were dispersed in air-stabilised PBS and promptly characterised. Bulk 
dispersions of the contrast agents were acoustically excited at intervals of 180 seconds for a time 
period of 90 minutes using a focused transducer at a driving frequency of 10 MHz (450 kPa; 50 
cycles; 500 ms). The scattered signal was acquired using a focally matched transducer at 5 MHz to 
acquire subharmonic signals. All 4 agents were characterized with their original gas and then re-
characterized following substitution of the original gas with air, SF6 or C4F10.  

Results 

Figure 1 shows the temporal evolution of the fundamental (10 MHz) and SH (5 MHz) emissions of 
BR 14, BG 7725, Definity and Sonovue microbubbles. A measureable change in the intensity of SH 
emissions was recorded followed by a progressive increase in SH emissions of the order 10-15 dB. 
Microbubbles with SF6 gas (Sonovue) exhibited negligible delay in the onset of SH emissions. On the 
contrary, BR 14, BG 7725 and Definity which are agents with C3F8 and C4F10 gases exhibited a delay 
in the onset of SH emissions. Substitution of SF6 and C4F10 with air (before reconstitution) showed 
absence of the earlier observed delay (Figure 2). Significantly, substitution of SF6 for C4F10 revealed a 
delay in the onset of SH emissions, while substitution of C4F10 for SF6 eliminated the earlier observed 
delay (Figure 2); clearly suggesting that the type of gas contained in the microbubble influenced SH 
emissions in a time-dependent manner. However, the substitution of the gas did not affect the trend 
and the amplitude of the fundamental response. 
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Figure 1: Subharmonic and fundamental evolution over 90 minutes from BR 14, BG 7725, 
Definity and Sonovue microbubbles.   

 

 

 

 

 

 

 

 

Figure 2: Subharmonic and fundamental evolution over 90 minutes from BR 14 when C4F10 is 
substituted with air (A) and SF6 (B), from BG 7725 when C4F10 is substituted with Air (C) and 
from Sonovue when SF6 is substituted with C4F10 (D). 

 

Discussion and Conclusion 

We have shown that agents filled with gaseous SF6 exhibit a negligible delay (< 180 seconds) in the 
evolution and onset of SH emissions while agents filled with C3F8 and C4F10 showed a delay of 
360±30 seconds and 1800±600 seconds, respectively. In contrast, complete saturation of the agents 
with air exhibited no delay in the corresponding SH emissions, presumably because substitution of 
SF6, C3F8, C4F10 gases with air leads to improved microbubble compressibility. To corroborate our 
hypothesis, we substituted SF6 for C4F10 and successfully changed the SH behavior of the resultant 
agents. Since the agents are dispersed in air-saturated PBS, these results suggest that the diffusivity of 
the gas within the agent is correlated with the onset and time-dependent evolution of SH emissions. 
This is clearly demonstrated by the progressive decrease in the diffusion coefficients of the 
corresponding gas compositions of 2.05×10-9 m2 s-1 > 1.2×10-9 m2 s-1 >7.45×10-10 m2 s-1 > 6.9×10-10 m2 

s-1, as we move from air, SF6, C3F8 and C4F10, respectively. The same trend is again noticeable in the 
Ostwald coefficients of 5.4×10-3 > 5.2×10-4 > 2.02×10-4 as we move from SF6, C3F8 and C4F10, 
respectively [4]. Similar results obtained at different frequencies and acoustic pressures will be 
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presented as well. This study highlighted the role of the gas composition in the onset and evolution of 
SH emission for phospholipid microbubbles, a finding that has important implications for future 
diagnostic exploitation of SH imaging. 
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OBJECTIVE 

The use of microbubbles in focused ultrasound therapies has catalysed the introduction of a diverse 
range of non-invasive technologies. Microbubbles are used in sonoporation to deliver drugs into cells, 
in sonothrombolysis to dissolve blood clots, and in blood-brain barrier opening to deliver drugs into 
the brain. In contrast with the short pulses used in ultrasound imaging, therapeutic pulses can be very 
long (>10,000 cycles) leading to a rapid and continuous reorganisation of the microbubble distribution 
due to primary and secondary acoustic radiation force effects. Current methods for monitoring this 
movement have been limited to position by passive acoustic mapping and cavitation mode by spectral 
analysis. Here, we introduce a new feature that can be monitored in real-time: microbubble velocity. 

METHODS 

Previous studies have shown that echoes from short imaging pulses had a Doppler shift that was 
produced by the movement of microbubbles. Here, we analysed the Doppler shift during long 
therapeutic ultrasound pulses using a passive cavitation detector. A population of microbubbles 
(5×104 - 5×107 microbubbles/ml) was embedded in a vessel (inner diameter: 4mm) and sonicated 
using a 0.5MHz focused ultrasound transducer (peak-rarefactional pressure: 147-366kPa, pulse 
length: 50,000 cycles or 100ms) within a water tank. Microbubble acoustic emissions were captured 
during ultrasound exposure with a coaxially aligned 7.5MHz passive cavitation detector and were 
spectrally analysed to detect the Doppler shift for multiple harmonics above the 10th harmonic (i.e., 
superharmonics). We also evaluated the superharmonic Doppler effect in silico through computational 
modelling of microbubbles translating under the influence of the primary Bjerknes force. 

RESULTS 

A Doppler shift was observed on the order of 
tens of kHz with respect to the primary 
superharmonic peak. This is due to the axial 
movement of the microbubbles. The position, 
amplitude and width of the Doppler peaks 
depended on the acoustic pressure (figure 1) 
and the microbubble concentration. Higher 
pressures increased the effective velocity of the 
microbubbles up to 3m/s, prior to the onset of 
broadband emission, which is an indicator for 
high magnitude inertial cavitation. Although the 
reorganisation of microbubble distribution was 
shown to persist for the entire sonication 
period in dense populations, it was constrained 

Figure 1: Microbubble superharmonic Doppler frequency shift across the 
acoustic pressures (10th harmonic). The position, amplitude, and width of 
the Doppler peak changed with pressure, indicating different microbubble 
kinetics within the sonicated area.  
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in the first few milliseconds in lower concentrations. Computational modelling confirmed that 
microbubbles sonicated with long-pulse and low-frequency therapeutic ultrasound can yield 
frequency shifts on the order of tens of kHz, due to their translational movement in the direction of the 
ultrasound propagation.  

CONCLUSIONS 

In conclusion, superharmonic microbubble Doppler effects can provide a quantitative measure of 
velocities of a sonicated microbubble population and could be used for monitoring ultrasound therapy 
in real-time. 
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Microbubbles are currently used as contrast agents in combination with ultrasound and are proposed 

for drug delivery applications. A development of a new drug carrier requires identification of 

microbubble formation process and basic physical properties of the system. A new physico-chemical 

approach to characterization of phospholipid microbubbles was found. Dynamic light scattering 

method and maximum bubble pressure tensiometry was used for study of colloidal properties of 

phospholipids aggregates in relation to the microbubble applications. Size distribution and surface 

activity of SonoVue® contrast agent and analogous phospholipid system were studied for evaluation 

of an effect of a system composition on final properties and stability of the system.  

It was found that surface properties of phospholipid systems are significant for microbubble formation 

and stability of contrast agents and that preparation method influences size distributions of the system 

in contrast with surface tension of the system. Prepared systems are more polydisperse in comparison 

with SonoVue® agent. Roles of individual components of SonoVue® agent were characterized. We 

present results of a study of colloidal properties of ultrasound contrast agents. Selected techniques and 

characterization methods are very useful for study of surface properties and formation process of 

ultrasound contrast agents.  
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Background 

The cluster bubble dynamics is of particular interest for ultrasound applications because the bubbles 
in a cluster present complex collective behavior due to strong nonlinear interactions. Although the 
radial dynamics of a cluster has been addressed for many years, global dynamics such as deformation 
and translational motion of a bubble cluster is still inadequate. We conducted optical observation 
using a high-speed video camera in order to investigate the translational stability of a collapsing 
bubble cluster driven in a vibrating water vessel. We restrict our interest to the attractive force 
between hemi-spherical bubble clusters attracted to a wall and observe the translational motion of the 
cluster due to the secondary Bjerknes force from its mirror image clusters. 

Material and Methods 

A rectangular acrylic vessel (inside dimension: 40×40×100 mm, thickness: 5 mm) filled with tap 
water of 90 mm height is fixed on a vibration generator (EMIC, 513-BS/Z08). A vacuum pump is 
connected to the vessel through a valve in order to reduce the hydrostatic pressure in the vessel to near 
that of vapor pressure. This allows large pressure amplitude to be developed in the liquid at low 
driving amplitude and frequency of hundreds of Hz. The recording system consists of a high-speed 
video camera (Photron, FASTCAM SA-5), a distortion-less macro lens and LED backlight. A mille-
meter sized gas bubble as a cavitation nucleus is injected by a needle through a silicon plug of 5 mm 
diameter located at 30 mm above the vessel bottom and 20 mm away from the side wall. As the 
driving acceleration is exerted on the water vessel, pressure gradient is generated in the vertical 
direction, and the cavitation nucleus undergoes violent collapse to evolve to a collapsing bubble 
cluster.  

Results 

Image sequence of a typical collapsing bubble of initial radius 1.02 mm is shown in Fig. 1. The cluster 
departs from the silicone plug and violently collapses as a result of large amplitude oscillation, 
producing a number of fission fragments which coalescence again during the next expansion phase. 
The driving frequency is 300 Hz and the pressure amplitude is about 1.1 kPa at the center of the 
cluster. The recorded images are analyzed using MATLAB (R2014b, Mathworks Inc.) based on the 
binarization to a 8-bit grayscale image using a thresholding technique. The positions of the cluster 
centroid, (𝑋,𝑌) corresponding to horizontal and vertical direction, respectively, and area of the 
bounding box, 𝐴box which encloses the contour of the cluster with the minimum area are obtained for 
the recorded image sequences and plotted in Fig. 2. Here, we defined the area-equivalent mean radius 
as 𝑅m = �𝐴box/𝜋. Strongly nonlinear oscillation with the maximum radius of about 3.77 mm which 
is about 3.7 times larger than the initial bubble nucleus is experienced. We also found that for this 
case the period of the mean radius curve is twice the driving period. Therefore, the primary resonance 
frequency of the collapsing bubble can be estimated to be around 150 Hz. As the separation distance 
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between the cluster and the side wall decreases, the oscillation amplitude gradually decays and the 
velocity in the 𝑋 direction gradually accelerates due to the secondary Bjerknes force exerted from its 
mirror image. (Fig. 2(b)) 

 

 

Figure 1: The recorded image sequence of a collapsing bubble cluster. The bounding box obtained from 
image processing is also shown by a red rectangle at the first image. The driving frequency is 300 Hz, and 
the pressure amplitude is about 1.1 kPa at the position of the cluster. The frame rate of the camera is set to 
7000 fps, and every 3 frames are shown from left to right.  

 

Figure 2: Time histories of (a) Area-equivalent mean radius, 𝑹𝐦 = �𝑨𝐛𝐛𝐛/𝝅 and the aspect ratio of the bounding box 
where 𝑨𝐛𝐛𝐛 is the area of the bounding-box calculated in the image processing based on the binarization of a 8 bit grayscale 
thresholding technique and (b) Temporal positions of the cluster center. Time is set to zero when the cluster gets completely 
detached from the wall. The cluster is attracted to the acrylic wall located at 𝑿 = 𝟐𝟐 𝐦𝐦 due to the secondary Bjerknes 
force exerted from the mirror image cluster. 

  

(b) 

(a) 



113 
 

Acoustic characterization of a novel cell culture platform  
for ultrasound-mediated drug delivery  

 
Inés Beekers1,2, Shreyas B. Raghunathan3, Tom van Rooij2, Verya Daeichin2, Nico de 

Jong2,3, Klazina Kooiman2, Sebastiaan J. Trietsch1 

 
1Mimetas B.V., Leiden, the Netherlands 

2Department of Biomedical Engineering, Thorax Center, Erasmus MC, Rotterdam, the Netherlands 
3Laboratory of Acoustical Wavefield Imaging, Department of Imaging Physics, Faculty of Applied 

Sciences, Delft University of Technology, Delft, the Netherlands 
 

Introduction 

Ultrasound insonification of gas filled microbubbles can be used to locally enhance drug delivery, as 
the oscillating microbubbles increase the endothelial permeability of the vascularization, i.e. 
sonoporation [2]. To better understand the underlying mechanisms of sonoporation, the ideal in vitro 
endothelial cell model consists of an optimal environment for 3D cell culture, flow, and cell-to-cell 
interactions. Therefore, we propose to use the OrganoPlate™ (Mimetas BV, Leiden): an elaborate 
microfluidic channel structure (Fig. 1) incorporated into a standard 384-well microtiter plate [3]. 
However, as the OrganoPlate™ has never been used for studies involving ultrasound, its acoustic 
properties are unknown. Since microbubble behavior highly depends on the acoustic pressure and 
frequency, the ultrasound transmission through the microchannels needs to be fully characterized. 
Here, we study the feasibility of using OrganoPlates™ for in vitro ultrasound-mediated drug delivery 
research in terms of modeling the acoustic pressure and frequency transmission, experimentally 
validating the model, and studying the distribution of microbubbles inside the OrganoPlate™.  

 

Materials and methods  

The propagation of acoustic pressure through an OrganoPlate™ was modeled with a finite element 
tool known as PZFlex [4]. We developed a 2D model of the microchannels, for both a channel width 
of 200 and 400 μm (Fig. 2). The ultrasound insonification was simulated by a 45° incident plane wave 
excitation from the bottom of the channels. The input function is a 10-cycle sine wave burst at a 
frequency of 1 MHz. In addition, ultrasound reflection and hydrophone transmission measurements 

Figure 1: Bottom of the OrganoPlate™ [1] revealing the microchannel structure. The top view sketch shows the three 
adjacent lanes, two for medium perfusion and one containing gel, allowing for culture on soft boundaries. The side view 
sketch shows the gel meniscus formed in the medium channels. The bottom right illustration shows the desired in vitro setup 
with cultured endothelial cells and a flow of microbubbles and therapeutic agent in one of the medium channels. 
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were performed on an OrganoPlate™ to experimentally verify the acoustic wave transmission 
modeled using PZFlex. Finally, we introduced fluorescently labeled (DiI) microbubbles with a C4F10 
gas core and a DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine) based shell [5] in the 
OrganoPlate™, next to a channel filled with gel.  

 

Results 

The modeled transmission showed a more homogeneous pressure field in the case of a channel width 
of 400 μm (Fig. 3A). In addition, when comparing the two medium channels, the smallest variation in 
pressure was observed at the side of insonification. Also, we found a preserved frequency content 
after transmission into the microchannels. Although small inhomogeneities developed at the 
boundaries, the frequency remained uniform within the medium channels (Fig. 3B). Further, modeled 
amplitudes of transmission and reflection of the OrganoPlate™ were substantiated by experimental 
results. Finally, the microbubbles were successfully introduced into the OrganoPlate™. As expected, 
fluorescent imaging revealed that the bubbles floated to the highest point in the channel due to 
buoyancy (Fig. 4). 

 

Figure 2: Sketch of the 2D model of the OrganoPlate™ insonified at 45°. The microchannels are bound by plastic walls and 
incorporated between two glass plates. The entire OrganoPlate™ was submersed in water. The x-axis is defined such that 
x=0 corresponds to the boundary of the plastic wall on the left and x=1 to the boundary on the right. 
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Figure 3: The modeled propagation of the acoustic pressure wave through an OrganoPlate™ having a channel width of 200 
or 400 μm. A) Transmission, defined as the maximum amplitude relative to the incident pressure. B) Frequency at which 
most of the pressure was transmitted. Both quantities are represented as a function of the horizontal position inside the 
channels (see Fig. 2 for the x-axis definition). The dotted lines are the boundaries between the channels. 
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Conclusions 

The homogeneous acoustic pressure and frequency in the OrganoPlate™ demonstrates its potential to 
create an ideal in vitro model for ultrasound-mediated drug delivery. Our experimentally validated 
finite element model showed that the design with channels of 400 μm resulted in the most 
homogeneous pressure and frequency transmission. Moreover, it revealed optimal uniformity in the 
medium channel on the side of insonification. Therefore, we would recommend using that specific 
channel for cell culture, and the perfusion and insonification of microbubbles. We also observed that 
microbubbles in an OrganoPlate™ float up to one side of the medium channel. To achieve a more 
homogeneous distribution over the endothelial layer, we suggest using targeted microbubbles. Their 
binding capability to endothelial cells will prevent them from floating up, additionally rotating the 
OrganoPlate™ during the binding process will ensure a more homogeneous distribution. 
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Figure 4: A) Fluorescent image showing two channels (horizontally), the top channel contained the gel and the bottom 
channel was filled with microbubbles. The microbubbles floated to the side away from the gel channel. B) Sketches 
corresponding to the fluorescent image. The microbubbles float to the highest point in the medium-filled channel. 
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Poly(vinyl alcohol) based microbubbles (PVA-MBs) can be considered a platform for searching new 
roads toward a multifunctional contrast agent. 

In this contribution, we focus on an early detection of the intravascular marker of atherosclerosis by 
coupling αICAM-1 antibody on the surface modified PVA-MBs. Targeted microbubbles will allow 
molecular imaging of the diseased endothelium by locally visualizing the protein expression over the 
time and following the outcome of the therapeutic treatment. 

PVA shell has a longer stability than the lipid microbubbles.1 The endurance of polymer crosslinked 
microbubbles to high mechanical index (nearly three times more than lipid MBs), without bursting, 
provides potentially higher quality images and time-lasting echographic observation. Surprisingly, 
PVA-MBs display an echogenicity comparable to the lipid ones, probably due to the plasticizing 
action of water in the hydrated polymer network constituting the shell.2 Decoration of MB surface is 
quite handy as long as the chemistry used for the coupling with functional molecules is carried out in 
aqueous media.3  

Here, we present a concept of surface derivatization which can be modified and customized according 
to the addressed pathology. The strategy used for antibody tethering consists in the use of biotin-
streptavidin-biotin as strong non covalent assembly between the PVA-MB and the αICAM-1 antibody 
or the non specific isotype.  

The targeting efficiency was evaluated on mouse b.END5 brain endothelioma cells (ECs) and 
leukemic monocyte macrophage (Mϕ) RAW264.7 cells inflamed for 18 hours using TNFα and 
lipopolysaccharides, respectively. In vitro analysis by confocal microscopy and cytofluorimetry 
(Fig.1) shows that both in static and dynamic conditions, αICAM-1 and fluorescent labeled MBs can 
effectively discriminate between non-inflamed and inflamed ECs and monocyte/macrophages.  

In vivo tests on CD-1 mice with inflammation-induced footpad were also carried out and results will 
be highlighted in the poster. 

 
1. F. Cavalieri, A. El Hamassi, E. Chiessi, G. Paradossi. Stable Polymeric Microballoons as Multifunctional 

Device for Biomedical Uses: Synthesis and Characterization. Langmuir, 21(19), 8758-8764 (2005) 
2. D. Grishenkov, L. Kari, L.-Å. Brodin, T.B. Brismar and G. Paradossi. In vitro contrast-enhanced 

ultrasound measurements of capillary microcirculation: Comparison between polymer- and phospholipid-
shelled microbubbles. Ultrasonics, 51(1), 40-48 (2011) 

3. F. Cavalieri, A. El Hamassi, E. Chiessi, G. Paradossi, R. Villa, N. Zaffaroni. Tethering Functional Ligands 
onto Shell of Ultrasound Active Polymeric Microbubbles. Biomacromolecules, 7, 604-611 (2006) 
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Figure1. Left: merged (transmission and confocal imaging) micrographs of inflamed 

ECs (A) and Mϕ (B) with fluorescein (green) labeled anti ICAM-1 MBs. Right: 

cytofluorimetry analysis of inflamed cells treated with no MBs (black lines), isotype 

MBs (green line) and αICAM-1 MBs (pink lines). 
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Introduction 

High Intensity Focused Ultrasound (HIFU) is gaining more popularity as a tumour ablation technique 
in the clinic, where it has been used to treat a variety of solid malignant tumors. HIFU has the 
advantages of being non-invasive, with low post-treatment complications. However, the small focal 
volume results in a long treatment time which is a major problem. There have been several reports on 
the use of microbubbles in reducing the treatment time or increasing the lesion area. The downside of 
microbubbles is that they could result in cavitation effects, making it difficult to control the ablation 
area. Here, we present the effect of non-microbubble agents on MRI-guided HIFU thermal ablation.  

Methods 

Here, perfluoro-15-crown-5-ether was entrapped in 200 nm particles consisting of poly-lactic-co-
glycolic acid (PLGA) or polyethylene glycol-PLGA (PEG-PLGA). The particles were then 
homogenously distributed in a gel phantom. Ablations were carried out on a gel phantom either with 
or without particles, using 3 different ablation settings. To study the particle stability, particles were 
incubated in a thermo-block for 2 hours at 70°C. The results of particle stability were confirmed using 
dynamic light scattering, electron microscopy and 19F NMR. 

Results 

We show the effect of polymer-entrapped liquid perfluorocarbons on the temperature change and the 
size of the ablation. PLGA particles resulted in a maximal temperature change of around 30°C over 
controls without the presence of particles. The size of the ablation was larger in gel with particles as 
compared to empty control. The results of stability test show no change in particle diameter or 
fluorine content. 

Conclusions 

Particles used in this study were originally designed for 19F MRI and will be tested in the clinic for 
cell imaging in 2016. The advantage of our polymeric particles is that they are more stable than 
microbubbles and they may give the ability to control the ablation area. The preliminary results 
indicate that a HIFU treatment can be improved by the presence of polymeric particles in the ablated 
area.  
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The objective of this study is to explore the trajectory motion of polymer-shelled microbubbles by the 

radiation force in standing wave acoustic fields. The experimental set-up consists of microfluidic chip 

coupled to a piezoelectric crystal (PZT) having a resonance frequency of about 2.8 MHz. The 

microfluidic channel includes a rectangular chamber with the width, w, corresponding to one 

wavelength. This in turn corresponds to one full wave ultrasound standing wave pattern with two 

pressure nodes at 4
w  and 4

3w , and three anti-nodes at 0, 2
w , and w  respectively. The peak-to-

peak amplitude of electrical potential over the PZT was varied between 1 and 10 Volts. From 

Gorkov’s potential equation, the acoustic contrast factor, Φ, for the polymer-shelled microbubbles 

was calculated to about -100. Experimental results demonstrate that the polymer-shelled microbubbles 

are translated and accumulated at the pressure anti-nodal planes. First the primary radiation forces 

dragged polymer-shelled microbubbles into close proximity to each other at the pressure anti-nodal 

planes, then the secondary radiation force causing them to aggregate at different clusters along the 

channel. Experiments were performed at flow varied from 0 to 100 ul/min. Worth noting that the 

relocation time for polymer-shelled microbubbles is 40 times shorter than for solid polyamide 

microbeads of the same size. Furthermore, the polymer-shelled microbubbles can be actuated even at 

a driving voltage (which is proportional to radiation force) as low as 1 Volt, which is not the case for 

solid microbeads. In a conclusion, the polymer-shelled microbubbles demonstrate the behavior 

attributed to the negative acoustic contrast factor particles and thus can be trapped at the anti-nodal 

plane. This phenomenon could be utilized to explore in future applications, such as bio-assay, bio-

affinity, and cell interaction studies in vitro in controlled environment.  
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Figure 1. Schematic representation of experimental setup that consists of the silicon/glass microchip connected to PZT 
transducer mounted under the microscope and the CCD camera. 

 

 
Figure 2. The microscopic images of 5 µm solid polyamide microbeads (represented in black dots) at different time intervals. 

Microbeads are positioned at pressure nodes. 

 

 
Figure 3. The microscopic images of polymer-shelled microbubbles (represented in black dots) at different time intervals. 

Microbubbles are positioned at pressure antinodes. 
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Figure 4. Microscopic images of combined polymer-shelled microbubbles and microbeads suspension in the microchip (a) 
before and (b) after subjected to standing wave acoustic fields. 
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Acoustic radiation force (ARF) was introduced in 1997 as a method to ‘palpate’ tissue and measure its 
elasticity. When the same stress was applied, soft tissue deformed more than stiffer tissue. ARF in 
elasticity imaging has rapidly evolved over the last two decades and is now the most prolifically used 
noninvasive stress source for measuring elasticity (e.g., acoustic radiation force impulse imaging and 
shear wave elasticity imaging). Despite this success, the resolution and sensitivity of ARF-based 
methods are fundamentally limited by the size and magnitude of the palpation volume, which is on the 
order of tens of millimetres cubed. We propose here, a novel stress source that uses acoustically-
responsive particles (e.g., microbubbles) driven by ultrasound (US) to palpate tissue deep in our body. 
In contrast to ARF-based palpation, acoustic particle palpation (APP) can displace at a smaller 
resolution and higher magnitude. We will demonstrate the feasibility of APP as a stress source and 
present initial findings for the first contrast-enhanced ultrasound elastography technique. 

We administered lipid-shelled microbubbles (MBs) (mean diameter: 1.3±0.8 µm) into a wall-less 0.8-
mm-in-diameter tunnel of a tissue-mimicking material (1.2%, 5%, 7.5%, 10% gelatin) so that they 
were compartmentally separate from the surrounding tissue. US pulses (fc: 1, 3, 5 MHz) forced the 
MB against the tissue wall to cause a transient deformation, which was observed with high-speed 
optical microscopy. A range of acoustic pressures was evaluated for different concentrations of MBs 
(1X, 10X clinical dose) while optical observations were recorded before, during, and after sonication 
with and without MBs present. 

Without the presence of MBs in the tunnel, no tissue deformation was observed. However, when MBs 
were administered, a net displacement of MBs was observed in the direction of wave propagation 
(figure), which ultimately caused the tissue to deform in the same direction. The deformation 
magnitude increased with peak-rarefactional pressure and MB concentration. We also observed shear 
waves propagating away from the region of palpation at a velocity of 0.39±0.03 m/s for a 2.5% 
gelatin phantom and 0.71±0.07 m/s for a 5% gelatin phantom. This resulted in an estimated Young’s 
modulus of 0.46±0.06 kPa and 1.54±0.32 kPa for the 2.5% and 5% gelatin phantoms, which was in 
good agreement with values found in the literature. Clinically relevant US and MB parameters were 
used and our future work will incorporate APP into elasticity imaging systems by palpating (impulse, 
quasi-static, harmonic) and imaging deformations on- and off-site (impulse, shear wave imaging). To 
our knowledge, APP is the first stress source that uses clinically relevant acoustic particles to measure 
tissue elasticity and could be the first contrast-enhanced ultrasound elasticity imaging method. 
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Figure. Feasibility of Acoustic Particle Palpation. A wall-less vessel phantom (1.2% gelatin) 
contained (a, b, c) water only or (d, e, f) microbubbles. The images are zoomed into the focal volume 
(a, d) before, (b, e) during, and (c, f) after ultrasound exposure (fc: 5MHz, Pneg: 400kPa). US 
propagated left to right and produced (b) no displacement with ultrasound alone, and (e) a large 
displacement with microbubbles. 
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The lymphatic system is the route of metastatic spread for all of the deadliest forms of cancer. 
Accurate assessment of lymphatic flow pathways from tumour regions is crucial for prognosis. In 
breast cancer patients, sentinel lymph node (SLN) excision biopsy is the traditional procedure for 
axillary staging. However, about 35% of patients show nodal metastasis and require additional 
surgery after excision biopsy. Recent studies suggest that lymphatic vessels and SLNs could be 
dynamically visualized using microbubble contrast agents for preoperative biopsy of SNL in breast 
cancer patients [1]. By performing ultrasound-guided biopsies only patients with SNL metastasis 
proceed to axillary lymph node dissection and unnecessary SNL excision biopsies are prevented. 
More work is required to improve ultrasound mapping of tumor lymphatic drainage to facilitate 
preoperative lymph node assessment and surgical planning. 

The ability to determine vessel size from acoustic response of microbubbles in ultrasound imaging 
can significantly improve the diagnostic power of such imaging techniques [2]. In addition to 
detecting lymphatic vessels that lead to lymph nodes, identifying vessel size specific behaviours is 
useful for detecting microvasculature of tumors as well as small blood vessels around arterial plaques. 
We have developed a novel microfluidic platform with a branched network of microchannels of 
different sizes, built within a layer of PolyDimethylSiloxane (PDMS) with elastic properties close to 
soft tissue. Importantly, this system enables us to exclusively identify the effect of channel size on 
acoustic behaviour as a single microbubble solution is pushed through the microchannel network, 
while material properties remain unchanged. Previous measurements of microvessels of different 
sizes focused on single vessels and did not have control over material properties [3,4]. Thus, the 
microfluidic system described here provides us with the required tool to expand our understanding of 
microbubble populations’ response in microvascular networks. 

We designed and constructed a microfluidic mold containing a symmetric bifurcating 
network (Fig. 1) using soft lithography technique. The inlet channel is 400 μm wide; the 
channel width is halved after each branching point, resulting in 200, 100, and 50 μm channel 
sizes. The feature height is 50 um throughout the network. To capture the physiological 
elastic properties, we used a combination of Sylgard 184 and Sylgard 527 (Dow corning) to 
create PDMS substrates for fabrication of the microfluidic device [5]. Sylgard 184 was 
prepared with 10:1 ratio of base to curing agent, and Sylgard 527 with 1:1 ratio of part A and 
B (according to manufacturer’s instructions). Each Sylgard was thoroughly mixed and let to 
de-bubble in a desiccator for 15-20 minutes until bubble free. To create the final blend, pure 
Sylgards, prepared as described above, were mixed with the desired mass ratio followed by 
an additional de-bubbling step.  

Among several mass ratios tested, we found that a 1:4 ratio of Sylgard 184:527 provided the 
optimal functionality (in terms of imaging and mechanical properties for fabrication of the 
device) with Young’s modulus of around 250 kPa. The final blend was poured in a 12 mm 
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petri dish with the microfluidic mold placed and secured at the bottom, to create 4 mm thick 
PDMS substrates with the branched microchannel structure. The PDMS solution was left in 
the oven at 65 °C to cure for 24h. After removal from the oven, PDMS layer was carefully 
detached from the mold and inlet and outlet reservoirs were pierced through the substrate. To 
make the second piece for the microfluidic device, the same PDMS mixture (prepared as 
described above) was poured in an empty 12 mm petri dish. After curing in the oven at 65 °C 
for 50 minutes, the detached and cured substrate was carefully positioned on the partially 
cured piece and let to fully cure in the oven for an additional 24h at 65 °C. The 50-minute 
period was found to be the sufficient time required for the two PDMS pieces to fully attach 
without blocking the channels (Fig. 2).  

Pulse-inversion imaging with a phased array probe with a central frequency of 2MHz and a 
mechanical index of 0.15 was used to collect acoustic response of microbubbles. 
Microbubble solution filled the microfluidic system at a physiologically relevant flow rate 
using a syringe pump. The number of microbubbles was calculated from the known 
concentration and volume (concentration × volume). The scattered amplitude of microbubble 
(scattering per microbubble measure) in a region of interest was calculated by dividing the 
average pixel intensity and number of microbubbles in that region. Preliminary results 
indicated that the scattered pressure response from microbubbles is dependent on the channel 
size and considerably decreases in smaller microchannels (about 40% decrease from 200 μm 
to 50 μm vessel) [6].  

 

 

 

 

 

 

 

 

 

 

 

  

  

Figure1. Schematic representation of the 
bifurcating network of microchannels.  

 

Figure2. Image of the microfluidic platform, 
with a view of branched channels formed 
between the two PDMS pieces.  
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Contrast-enhanced ultrasound (CEUS), based on the acoustic response of encapsulated microbubbles, 
is now in clinical usage in many countries. Targeted CEUS (molecular imaging), utilising selective 
binding of microbubble conjugated ligands to receptors expressed in regions of abnormal or diseased 
tissue, is under preclinical investigation. This approach is also being investigated for targeted delivery 
of therapeutics loaded on microbubble surfaces. CEUS exploits the enhanced echogenicity of 
microbubbles with respect to surrounding tissue to generate high contrast sonograms. However, the 
acoustic response of microbubbles to insonation across a range of frequencies can be used to gain 
additional information relevant to the properties of both the microbubbles themselves and the 
surrounding liquid medium. This spectral information potentially allows new CEUS imaging 
modalities to be developed. 

 

The method of acoustic resonance interference spectroscopy (ARIS) is described for estimation of 
encapsulated microbubble and surrounding liquid properties1. A modified ‘Rayleigh-Plesset’-like 
non-linear equation is used to model the radial oscillation of the wall of an encapsulated microbubble 
loaded with attached mass, subject to excitation by an acoustic source. Perturbation theory is used to 
derive approximate analytical solutions for bubble radius small-amplitude response in terms of 
harmonic oscillations. The perturbation method approximate solution for acoustic pressure generated 
by the bubble at a hypothetical receiver in an incompressible liquid is found as a function of the 
frequency of acoustic excitation. Analytical solutions for the frequencies of the fundamental 
resonance maximum, source – bubble response interference minimum and second harmonic 
resonance maximum in total pressure power at the receiver are found as a function of the properties of 
the bubble, liquid medium, acoustic source and system geometry. Unique solutions to the inverse 
problem for estimation of system properties such as microbubble equilibrium radius, attached mass 
and encapsulating layer dilatational viscosity; and liquid medium viscosity and density are found in 
terms of the frequencies of these acoustic spectroscopic features.  

 

This paper will describe some details of the ARIS technique as relevant to medical microbubbles. The 
theoretical ARIS signatures of several commercially available ultrasound contrast agents (UCAs) are 
demonstrated. The possibility of using commercially available UCAs as diagnostic tools for 
estimating the rheological properties of biological liquids is explored. The potential sensitivity of the 
method for detection of the progressive delivery of therapeutic agents loaded on microbubbles is also 
discussed. 

 

 
1 Spencer, S.J. , Journal of the Acoustical Society of America 2015, 137(5), 2623-2641. 
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The utility of microbubble agents in a variety of diagnostic and therapeutic ultrasound techniques has 

been widely demonstrated, most notably in Contrast Enhanced Ultrasound (CEUS) imaging. There 

remains, however, considerable scope for optimisation, in particular in the development of 

quantitative imaging techniques e.g. for perfusion imaging and treatment monitoring.  

 A major challenge lies in the current lack of understanding and hence predictability of the response of 

microbubbles to ultrasound excitation. Whilst vital insights have been gained from characterisation 

techniques such as ultra high speed imaging, these methods are limited by the need to confine 

microbubbles against a rigid surface and their complexity which limits the number of bubbles that can 

be analysed in a single experiment. The authors have previously presented a new experimental 

technique1 that is able to overcome these limitations and perform high throughput measurements of 

single microbubbles hydrodynamically isolated from physical boundaries using light scattering. The 

aim of this study was to apply the technique to characterise the response of large samples of a clinical 

contrast agent, SonoVue®, under different ultrasound conditions. 

The responses of several thousand microbubbles were recorded for each set of conditions. Examples 

of the radial responses of isolated microbubbles obtained are shown in figure 1a.  There were a 

number of interesting findings: 

(i) The measurements confirmed that for all sizes of microbubble there is considerable variation in 

response which complementary measurements of microbubble surface properties indicates is likely to 

be due to a lack of uniformity in microbubble coating.  

(ii) At peak negative driving pressures of 50kPa or above there was found to be a proportional 

relationship between driving pressure and the scattered acoustic power from the microbubbles with no 

observable resonance effects when the response of the population was examined as a whole. 

 

 

                                                           
1 Rademeyer, P., Carugo, D., Lee, J.Y. and Stride, E., Microfluidic system for high throughput characterisation 
of echogenic particles, Lab on a Chip, 2015,15, 417-428 
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Figure 1. a) Example radial responses of SonoVue microbubbles measured using light scattering, b) 
there is a trade off between back scattered pressure and microbubble stability and c) median 
expansion ratio for various microbubble compositions demonstrates significant effect of adding 
nano-particles during fabrication. 
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(ii) Non-linear responses were observed as compression and expansion dominated behaviours at 

pressures as low as 6 kPa and there was a transition from compression to expansion dominated 

behaviour as the peak negative driving pressure increases from 50 kPa upto 100 kPa (figure 1b). 

(iii) Up to peak negative pressures of 100 kPa the expansion ratio (Rmax/Ro) was found to be 

proportional to initial microbubble radius, but above this pressure it became inversely proportional. 

(iv) Evidence of lipid shedding was observed as a change in microbubble size after ultrasound 

excitation (figure 1c) and there was found to be a linear relationship between peak negative pressure 

and decrease in size; with the effect increasing with the number of cycles in the driving ultrasound 

pulse. 

(v) ‘Inertial Cavitation’ defined as a microbubble expanding twice its initial radius was found to occur 

at peak negative pressures of ~100 kPa for the majority of microbubbles at all frequencies tested 

(figure 1b). Above this threshold microbubbles smaller than 4.5 µm show higher expansion ratios than 

those larger than 4.5 µm which is the opposite trend to below this pressure. This was found to agree 

well with theoretical predictions. 

The implications of these findings for the design and optimisation of contrast imaging strategies and 

potential bioeffects will be discussed. 
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Our ability to remotely probe soft tissue in the human body is a focus for medical imaging research. 
Improved imaging quality and higher sensitivity leading to an earlier diagnosis are our best chance in 
fighting a number of diseases such as cancer. Ultrasound imaging has been established as a safe and 
affordable technique to probe structures deep into tissue with a high resolution but at relatively low 
contrast. Although bound by a more superficial penetration, light presents a very specific interaction 
with matter. In order to allow the simultaneous use of both acoustical and optical modalities, we 
present a micron-sized agent consisting of a gas core encapsulated by a lipid layer, itself loaded with a 
dye.  The resulting laser light absorption can then be used to thermally drive the bubble at its 
resonance in the MHz range. The agents can be driven in a pulsed excitation scheme, as well as 
amplitude modulated by an AOM continuous wave laser. We developed a full theoretical description 
of these new agents as well as an experimental proof of concept showing quantitative agreement. 

  

A. Schematic representing the proposed agent: a bubble coated with an absorbing oil layer.  

B. Example response of a single bubble to a pulsed laser. C. Theoretical resonance curves of bubbles 
coated with an oil layer of variable thickness. The bubble is driven using a 1MHz modulated CW 
laser. 
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Objective:  

To evaluate dynamic contrast enhanced ultrasound (DCEUS) as a tool for measuring blood flow in the 
macro- and micro-circulation of an ex-vivo machine-perfused pig liver. Confirm the ability of 
DCUES to accurately detect induced flow rate changes so that it could be then used as a clinical tool 
for monitoring flow changes in liver tumors. 

Materials and Methods:  

Three fully functioning, machine-perfused pig livers were used in the present study. Flow changes 
were induced by the pump of the machine perfusion system and they naturally propagated to the liver 
macro- and micro-vasculature.  The induced flow changes were of clinical relevance (150-400 ml/min 
for the hepatic artery and 400-1400 ml/min for the portal vein) and similar to those taking place 
during tumor growth or during therapeutic procedures targeting tumor angiogenesis. From DCEUS 
image loops after bolus injections in either the hepatic artery or the portal vein, time-intensity curves 
were formed and the Local Density Random Walk indicator dilution model was fitted on the data. 
From the fitted model various quantification parameters [rise time (RT), mean transit time (MTT), 
area under the curve (AUC) and peak intensity (PI)] were extracted in order to evaluate whether the 
induced flow changes were reflected in these parameters. The quantification parameters are related to 
flow with known indicator dilution relationships.  

Results:  

A linear relationship between the image intensity and the microbubble concentration was confirmed 
first (R2=0.8-0.93 for PV injections and R2=0.72-0.93 for HA injections), while time parameters (rise 
time and mean transit time) were found to be independent of concentration. This result enables the use 
of indicator dilution methods for measuring flow in the liver vasculature. The induced flow changes 
which propagated from the larger vessels to the parenchyma and the hepatic vein tree were 
successfully reflected in the quantification parameters extracted from the indicator dilution model. 
Specifically, RT, MTT and area AUC correlated with flow rate changes (curve fits with 
0.81<R2<0.93 for HA and PV main vessels, R2=0.91 for HV, and R2=0.66 for parenchyma) while 
the PI stayed constant. The above results are in agreement with the indicator dilution relationships. 
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Conclusion:  

Ex-vivo machine perfused pig liver is an excellent test-bed for DCEUS quantification approaches for 
measuring flow changes in the macro- and micro-circulation and it allows for the study of the hepatic 
vascular networks. Bubble concentration does not affect time quantification parameters and thus 
variations in the amount of injected microbubbles in the clinic will not affect the quantification 
results. DCEUS quantification parameters (RT, MTT, and AUC) can measure relative flow changes 
of about 20% and above in the liver vasculature. DCEUS quantification is a promising tool for real-
time monitoring of therapeutic applications which target the vascular network of tumors. 
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In Western countries, Prostate Cancer (PCa) is the most common form of cancer in men, accounting 
for 26% of new cancer cases and 9% of cancer-related deaths; yet the available diagnostic options are 
limited by the lack of reliable imaging solutions [1]. Dynamic Contrast-Enhanced UltraSound (DCE-
US) is a diagnostic tool that is suitable for analysis of the vascularization, by imaging an 
intravenously-injected bolus of ultrasound contrast agents. The localization of angiogenic 
vascularization associated with cancer growth is of particular interest for the diagnosis of aggressive 
cancer [2]. Recently, methods for the analysis of the bolus convective-dispersion process have shown 
promise to localize angiogenesis. These are implemented by fitting the modified local density random 
walk model to time-intensity curves (TICs) measured at each pixel [3], or by estimating the similarity 
between neighboring TICs [4-6]. Several similarity measures have been adopted ranging from spectral 
coherence [4-5], to temporal correlation [6], up to nonlinear measures such as mutual information [7]. 
More recently, extension to 3D has also been shown, enabling the analysis of the full prostate volume 
by the injection of a single bolus of ultrasound contrast agents [8]. 

By all these methods, independent estimation of dispersion was not possible due to the ambiguity 
between convection and dispersion. Here a new method is presented that provides the separate 
estimation of convection and dispersion by identification of the local (linear) dilution system. To this 
end, model-based parameter estimation is employed. The method also permits generating maps of the 
Péclet number (Pe), a physics parameter characterizing the dilution system [9]. Clinical evaluation 
using data recorded from 25 patients (61 planes) at the Academic Medical Center, University of 
Amsterdam (the Netherlands), shows that the proposed method can be applied effectively to DCE-US, 
and is able to locally characterize the hemodynamics, yielding promising results for prostate cancer 
localization. Comparison of the resulting Pe maps with the histological results following radical 
prostatectomy showed an area under the ROC curve of 0.84, superior to all the other methods. 

In addition, use and modeling of ultrasound contrast agents that are targeted to angiogenic expressions 
(BR55, Bracco Suisse), such as the vascular endothelial growth factor receptor 2 (VEGF-R2), are 
tested in rat models of human prostate cancer. A convective-dispersion model is used to describe the 
kinetics of circulating bubbles while a single-compartment model is used to describe bubble 
binding/unbinding kinetics. Identification of the proposed analytical model enables the assessment of 
both vascular and molecular features, determined by the dispersion and binding kinetics of the agent, 
showing promise for future applications aimed at PCa localization. In general, the proposed methods 
for angiogenesis imaging are not specific to prostate cancer only, and future extension to other types 
of cancer can also be envisaged. 
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Introduction 

As cancer needs nutrients and oxygen to grow and spread, it triggers angiogenesis and 
neovascularization. Consequently, there is growing interest in developing imaging modalities able to 
detect, localize, and visualize these processes. To this end, dynamic contrast-enhanced ultrasound 
(DCE-US) represents a valuable option. Unfortunately, performing handheld DCE-US is challenging 
for the breast as, unlike X-ray CT or MRI, DCE-US imaging of the breast is highly operator 
dependent. 

Based on our recent discovery of a new marker for ultrasound contrast agents (UCAs) [1-2], we are 
currently developing a novel imaging technique named cumulative phased delay imaging (CPDI). 
CPDI could potentially lead to the development of three-dimensional contrast-enhanced ultrasound 
computed tomography (3D CEUS-CT), providing a radiation-free imaging modality that enables 
visualization of the whole breast vascular architecture in 3D. Such an imaging modality would open 
new horizons for the detection and localization of breast cancer.  

Method 

A (positive) cumulative phase delay (CPD) between the second harmonic (2H) and fundamental (F0) 
component is observable for ultrasound (US) propagating through UCA. This delay is dependent on 
agent concentration, propagation path length through UCA, pressure field amplitude, and insonating 
frequency. Most importantly, this delay is absent in tissue, and clearly observable at frequencies (2.5 
MHz) and pressure regimes (0.05 < MI < 0.2) of interest for clinical application [1-2]. Consequently, 
variations in the total time delay between 2H and F0 can be exploited to image and detect UCAs.  

Results 

Numerical and in-vitro studies confirmed the applicability of CPDI for contrast specific US imaging 
[2-3], with CPDI showing superior capabilities in detecting and localizing UCA, as compared to 
speed-of-sound and dispersion-based US tomography [3-4]. Furthermore, phantom experiments 
showed how cavities of different size (filled with UCA and surrounded by tissue-mimicking material), 
which were down to 1 mm in diameter, could clearly be detected [3] (see Figure 1).  CPD image 
values relate to the measured delay, which is here expressed in cycles/m. 
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Conclusion and Discussion 

CPDI may find relevant application to the development of contrast enhanced ultrasound tomography 
of the breast aimed at angiogenesis imaging for cancer detection and localization. To this end, 
investigating the performance of CPDI in estimating UCA flow dynamics and imaging more complex 
and heterogeneous targets will be the focus of future work. 
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Figure 1: CPD images of a tissue-mimicking phantom containing a 7-mm cavity filled with (A) only saline and (B) SonoVue®. (C) 
Speed of sound tomographic image as obtained for the same intra-cavity UCA concentration. Contrast to tissue ratio (CTR) values 
are also shown. CPD images of tissue-mimicking phantoms containing (D) three cavities (measuring from 1 to 5 mm in diameter) 
and (E) a single 7-mm cavity filled with SonoVue® [3].  
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Figure 1. Six-day old chicken embryo 
extracted from the egg shell. CAM – 
chorioallantoic membrane, EB – embryo 
body, VV – vitelline vein. Scale bar: 1 cm. 

The chicken embryo chorioallantoic membrane model for 
studying microbubbles in vivo  
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To study microbubble behavior for ultrasound imaging and drug delivery, a simple, cheap, and 
relevant model is desired. All the existing models can be divided into three big groups: in vitro, ex 
vivo, and in vivo. To optically study microbubble behavior in vivo several models are available such 
as the mouse or rat cremaster muscle, rat mesentry, hamster cheek pouch, dorsal skin-fold chamber [1, 
2], and chicken embryo chorioallantoic membrane (CAM) model [3]. The CAM model has several 
advantages over the other in vivo models as it is cheap, does not fall under strict animal experiment 
legislation regulations if used before day 14 after fertilization, and CAM vessel endothelial cells 
uniformly express the important angiogenic marker αvβ3-integrin [4]. These features make the CAM 
model very well suited to study ultrasound imaging, ultrasound molecular imaging, and targeted 
microbubble-mediated drug delivery of angiogenesis, relevant to both tumors and atherosclerosis. 

Over the last three years we have successfully used the 
CAM of 5 to 6-day old chicken embryo’s to characterize 
microbubble behavior [5], image the microsvasculature 
using IVUS [6], sonoporate endothelial cells [7], and 
manipulate StemBells, i.e. stem cells encased by 
microbubbles, towards the vessel wall [8]. 
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Introduction 

Angiogenesis is a critical feature of plaque development in atherosclerosis and might play a key role 
in both the initiation and later rupture of plaques. The precursory molecular or cellular events that 
initiate plaque growth and that ultimately contribute to plaque instability, however, cannot be detected 
directly with any current diagnostic modality. This study is designed to investigate the feasibility for 
micro-ultrasound molecular imaging of endothelial αvβ3 expression in vitro and in vivo using the αvβ3-
targeted ultrasound contrast agents (UCA). Meanwhile, we observed symptom implying plaque 
disruption during micro-ultrasound molecular imaging of a 50-week old ApoE-/- transgenic 33 g mail 
mouse1. Plaque disruption mechanism, in which a structural defect occurs in a thin fibrous cap 
overlying an inflamed atherosclerotic lesion, is of major interest for researchers and development of 
therapy in the field of atherosclerosis. While human plaques histopathology provides valuable data on 
cellular and histochemical properties of ruptured plaques, there is still an urgent need for 
representative animal models where prospective examination of the events leading up to plaque 
rupture and the rupture process itself can be performed. In the past decade, features suggestive of 
plaque rupture in ApoE-/- mice with spontaneously developed unstable atherosclerosis have been 
reported. However, this topic has remained controversial up to now.  

 

Material and method 

In the in vitro study, αvβ3 expression were confirmed by Western blotting in murine SVEC cells and 
tracked by using the targeted UCA and further imaged under ultrasound imaging system at 18 MHz 
transmit frequency. In vivo, hypercholesterolemic male ApoE-/- mice (n=7) derived from a C57/BI6 
background from an in-house breeding colony was fed chow until the age of 50 weeks. UCA was 
prepared from Target-Ready Vevo MicroMarker contrast agent (VisualSonics Inc. Toronto, Canada) 
according to the manufacturer’s instruction. Microbubbles were targeted with biotinylated antibodies 
against αvβ3-integrin (BD Biosciences, San Jose, CA, USA) for making targeted UCA. Inactive form 
of biotinylated IgG(κ) (BD Biosciences) were used for making control UCA. A micro-ultrasound 
scanner, with a 256-element linear array transducer (Vevo 2100 with MS250 probe, VisualSonics 
Inc., Toronto, ON, Canada) was operated at 18 MHz. Details of the imaging setup, pulse sequences 
and quantification methods have been published earlier 2, 3. At sacrifice, blood was drawn from the 
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right ventricular apex. Subsequently the mice were gently perfusion fixed via the left cardiac 
ventricles with 20 ml sodium nitroprusside, followed by 1% paraformaldehyde (PFA). The right 
carotid arteries and salivary glands were excised, fixated in 1% PFA for 24 hours, and paraffin-
embedded.  The right carotid arteries and salivary glands were sectioned, and stained with 
Hematoxylin and Eosin (HE, Sigma-Aldrich) for microscopical examinations. Serial sections were 
subjected to heat-induced epitope retrieval and stained with rat anti-mouse MAC3 for one hour at RT, 
to show plaque macrophages. Slides were subsequently incubated with biotin-conjugated rabbit-anti-
rat secondary, followed by horse-radish (HRP) peroxidase ABC and staining was visualized using 
3,3-diaminobenzidin tetrahydrochloride. Endothelial cells were stained overnight at 4ºC with CD31 
primary antibody after trypsin treatment for 20min at 37ºC 4 for epitope retrieval. Slides were further 
incubated with mouse-absorbed rabbit-anti rat (vector), hrp-conjugated anti rabbit to amplify signal 
and visualized using DAB. 

Results 

Our results showed that endothelial αvβ3 expression was significantly higher in the carotid wall artery 
containing atherosclerosis lesions compared with parts without any lesions (Figure.1). We also 
showed that the salivary gland can be used as an internal positive control for successful binding of 
targeted UCA to αvβ3 integrin (Figure. 1). Moreover, during live contrast enhanced ultrasonography of 
one of the animals (a 50-week old ApoE-/- male mouse), symptoms suggesting plaque disruption in 
the right brachiocephalic artery were observed. Quantifications of carotid walls motions, blood flow 
information, perfusion parameters in the gland and surrounding tissues (Figure. 2) and 
immunohistological data of advanced atherosclerotic lesions in this animal will be discussed in this 
presentation. These observations demonstrate evidence of plaque instability and possibly spontaneous 
plaque disruption in ApoE-/- mice. 

Conclusions 

This study demonstrated the successful preparation of the αvβ3-targeted microbubbles and the 
potential of target-specific ultrasound contrast agent to detect the expression of αvβ3-integrin in vitro 
and in vivo. Our initial experience in molecular ultrasonography using the αvβ3-targeted microbubble 
has shown that it may enable in vitro and in vivo molecular imaging of αvβ3 expression on actively 
sprouting vascular endothelium and macrophages. This imaging modality may provide reference 
values of relative expression of αvβ3 and information likely to be very useful to address the detection, 
prognosis, vulnerable potential of atherosclerosis or susceptibility to anti-atherosclerosis drugs. In 
addition, for the first time, possible spontaneous plaque disruption in the right brachiocephalic artery 
of an ApoE-/- mouse was observed real-time with contrast enhanced ultrasonography.  
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Figure 2. Dynamics of plaque 
disruption , imaged with contrast 
enhanced ultrasound A) B-mode 
image B) Maximum Intensity 
Projection (MIP) over 100 frames after 
arrival of UCA (first injection) in the 
aortic arch showing the trajectory of 
the aortic arch, carotid artery, and the 
perfused salivary gland. C) MIP over 
100 frames after arrival of UCA (third 
injection) in the aortic arch showing 
the accumulation of UCA in beginning 
of brachiocephalic trunk (white arrow) 
and significant reduction of the blood 
flow in the carotid artery and no 
perfusion of the UCA in the salivary 
gland. D) Longer MIP of the sequence 
in c showing the return of the UCA in 
the common carotid but still no 
perfusion of the UCA in the salivary 
gland. E) Normal pulsation of the 
common carotid walls before plaque 
disruption. F) Pulsation of the 
common carotid walls during plaque 
disruption showing the decrease in 
common carotid pulsation followed by 
vessel constriction. 

 

Figure 1. Molecular sonogram of 
carotid artery vessels and salivary 
gland: a) Bmode image of the right 
carotid and right salivary gland with 
region of interest in the salivary gland, 
around the plaque at the carotid 
bifurcation and around the common 
carotid artery where there is no 
plaque present; b) corresponding 
nonlinear contrast mode image 
(maximum intensity projection over 
100 frames); c, e and e) Detected 
bound microbubbles after injection of 
targeted microbubbles; d, f and h) 
Detected bound microbubbles after 
injection of control microbubbles. 
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Ultrasound in combination with gaseous microbubbles has come into focus as a potential new drug 

delivery technology. Commonly referred to as sonoporation, this approach is a delivery technique for 

which high-frequency sound waves are used with microbubbles to enhance the permeability of 

biological barriers while allowing co-administered therapeutic chemicals, drugs, or nucleic acids to be 

introduced into targeted biological cells and tissues. In this way, the extravasation of the therapeutic 

compound is potentiated and by that its bioavailability in the targeted region. 

Sonoporation offers real promises as a drug delivery tool with potential of alleviating the limitations 

encountered by traditionally available therapeutic arsenal. It is interesting to note that considerable 

work has been performed, showing the potential benefit of this new therapeutic approach to deliver 

drugs locally using into individual cells and in preclinical situations. Moreover, numerous basic and 

more advanced investigations have provided an increased understanding of the interaction of 

ultrasound waves, microbubbles and biological tissue. Despite all these vigorously pursued studies 

since a number of years now, this technology has not been adopted yet as a clinical tool, probably 

because efficacy and safety have not been evaluated and the relevant protocols/parameters leading to 

its efficient use remain inadequately defined and thus broadly unregulated. 

Before reaching its imperative outcome - the clinical practice, it is crucial to address the inherent 

challenges of this drug delivery approach, particularly related to controlling the efficacy and safety 

which will undeniably provide a broad range of potential clinical applications. 

We will discuss the principles of delivering drugs using ultrasound waves in combination with 

microbubbles in both in-vitro and in-vivo scenarios for oncology indications. The talk will approach 

optimization aspects of sonoporation directed drug delivery including ultrasound parameters, 

treatment protocols, microbubble properties and ways of administration. 
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The quest to attain frame rates beyond 1000 fps with ultrasound imaging started almost 40 years ago 
with Bruneel et al. [APL, 1977]. This group already highlighted the interest for ultrasound imaging to 
breach the line-by-line frame rate limit to explore fast phenomena in the body, such as heart motion. 
Today, ultrafast scanners, which are also programmable, have triggered a paradigm-shift in the field 
of ultrasound. In this presentation, we will present a short review of its concepts, history and 
implications, placed in the context of ultrasound contrast imaging. 

The Explososcan, proposed by 
Shattuck et al.  [JASA, 1984] 
introduced parallel processing 
of multiple ultrasonic beams in 
reception. Combined with the 
emission of unfocused beams, 
this concept would become the 
foundation of ultrafast 
imaging. Indeed, high frame 
rates are attained by first 
emitting pulses that insonify 
the entire region of interest 
and, then, by collecting the 
echoes on multiple channels 
which allow the beamforming 
of a full image per emission 
(figure 1). The 4-channels 
Explososcan was followed by 
other beamforming approaches 

with synthetic beamforming or limited diffraction beams [Cooley et al 1994, Karaman et al 1995, Lu 
1998, Nikolov et al 2002]. ]. For instance, the time-reversal mirrors introduced by Fink et al. [RPP, 
2000] were already fully programmable, with independent arbitrary waveform generators and easy 
access to memory through software. This flexibility is the second key aspect of the ultrafast 
revolution. While optimization on conventional scanners often requires modification of the electronic 
and provide no access to the raw data, the programmable ultrafast scanner gave complete control over 
each phase of the ultrasound pulse-echo: emission, reception and synthetic beamforming. This 
flexibility over the sequence programming, which was inherent in the MRI field and the cause of its 
rapid evolution, lead to several new ultrasound techniques and applications.  

Ultrafast imaging would find its first optimal application with transient elastography in the early 2000 
[Sandrin et al 1999, Tanter et al 2002, Sandrin et al. 2002]. This method for measuring the elasticity 
of tissue, or tumors, relied on the tracking of the velocity of shear waves on all points in the image. As 
the shear waves propagate at several meter per second, frame rates beyond 1000 fps were necessary to 
sample the related displacement of tissue.  The elasticity modification due to tumors, fibrosis or 

 
Figure 1: Concept of ultrafast imaging. In conventional imaging, a pulse-
echo experiment is performed for each line, which takes in the order of 
100 µs, making such that the frame rate is limited to about 50 Hz. In 
ultrafast imaging, plane-waves are generated and the signal received by 
each element is recorded to create one image for each pulse-echo, leading 
to 10,000 images per second.  

mailto:Olivier.couture@espci.fr
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dynamic muscular process could be imaged in real-time, providing a new form of remote palpation. 
The first clinical proof of concept of the clinical added value of ultrafast imaging was provided in 
2008 in the framework of breast cancer diagnosis [Tanter et al 2008]. Early 2010, a first commercial 
clinical ultrafast scanner was introduced under the name Aixplorer (SuperSonic Imagine), after 
several major improvements such as beamforming with Graphical Processing Units (GPU).  Since 
then, it has improved the specificity of ultrasound imaging toward malignant tumors, mainly in the 
breast, and reduce the number of biopsies [Evans et al. BJC, 2012].  

Ultrafast imaging also improved Doppler drastically [Bercoff et al. IEEE, UFFC, 2011]. Conventional 
line-by-line pulsed-Doppler is generally limited by the ensemble length in the slow-time. For each 
line, motion can only be sampled a limited number of time to preserve a respectable frame rate. As it 
addresses each pixel of the image several thousand times a second, ultrafast imaging, brings the 
sensitivity of pulse-wave Doppler over the entire image. Moreover, very large blocks of data could 
also be acquired with sufficient memory, which allowed more powerful filtering and artefacts 
elimination. With the introduction of spatio-temporal filters, the sensitivity has reached a new level 
and blood flow in the order of 0.5 mm/s can be observed, even when much faster tissue or probe 
motion are present [Demene et al., IEEE, TMI2015]. Ultrafast Doppler is now exploited in preclinical 
and clinical imaging. For instance, it now gives an insight on the brain vasculature in prematured 
babies, a difficult task for MRI [Demene et al. JCBFM, 2014]. For an extensive review on ultrafast 
imaging in biomedical ultrasound, the interested reader can read [Tanter and Fink 2014, IEEE UFFC]. 

Ultrafast Doppler imaging also demonstrated that it can detect minute changes in blood flow without 
contrast agents. In fact, its sensitivity was sufficient to highlight the activity of the brain through the 
neurovascular coupling [Macé et al. Nature Methods 2011]. Since then, functional ultrasound (fUS) 
has been applied to functional targets difficult to attain with fMRI such as odor-evoked stimuli 

[Osmanski et al. NeuroImage, 2014] or even awake animals [Sieu et al. Nature Methods, 2015]. 

Even though it proved to have an exceptional sensitivity to blood flow, ultrafast imaging has not 
killed contrast imaging. As a matter of fact, it actually started improving it. To our knowledge, the 
first implementation of plane-wave ultrafast imaging with microbubbles was in 2009 [Couture et al., 
UMB] where we demonstrated that the dissolution of microbubbles could be explored in the 
millisecond timescale, highlighting free bubble phenomena. Decorrelation (Doppler) and nonlinear 
ultrafast sequences were also introduced in this context. These sequences would rapidly prove to be 
useful in-vivo for tumor molecular imaging [Couture et al., MI, 2011]. Indeed, microbubbles imaged 
with plane-waves experience more pulses of lower amplitude than with conventional imaging. 
Therefore, a higher contrast with lower disruption can be obtained with Ultrafast Contrast [Couture et 
al. IEEE UFFC, 2012], which is particularly useful for targeted microbubbles. These developments 
triggered the interest of others groups  which explored a dual-mode plane-wave imaging of 
microbubbles where both blood vessels and perfusion can be displayed [Tremblay-Darveau, IEEE 
UFFC, 2014, IEEE TMI, 2015]. Ultrafast Contrast is now being implemented on clinical systems and 
should improve our sensitivity to blood flow even more [Bruce et al. Rotterdam Symposium, 2014]. 

 
Figure 2: Millisecond time-scale evolution of microbubbles post-disruption in a wall-less vessels 
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At the preclinical level, ultrafast imaging of contrast agents allowed functional ultrasound to be 

performed without the removal of the rat skull (Errico et al. NeuroImage, 2015a).  

 In parallel to contrast imaging, synthetic beamforming was also applied to cavitation detection, both 
passively [Gyongi et al. JASA, 2010] and actively [Gateau 
et al., IEEE UFFC, 2011]. In therapy, we introduced an 
ultrafast monitoring technique for droplet vaporization, 
which highlights the creation of gas pockets during therapy 
in the microsecond time-scale, eliminating the static tissue 
background (Couture et al. 2011, 2012). This way, the 
same system can image, trigger the release and monitor the 
effect. Such a technique was later exploited by Puett et al. 
for the monitoring of nanodroplets vaporization 
[Ultrasonics 2014].  

 

 

In our view, one of the best application for ultrafast 
imaging of microbubbles yet is ultrasound localization 
microscopy. Ultrasound super-resolution exploits the 
millisecond timeframe to separate multiple sources 
(Couture et al., Patent, 2010,Couture et al., IEEE UFFC 
symposium, 2011),. Indeed, we discovered that, with the 
appropriate filters, microbubbles could individually blink 
frame by frame on an ultrasound movie even when 
injected at a high-concentration. This allows a close 
analogy with optical localization microscopy (FPALM for 
instance), where dense collections of fluorescent markers 
are made to blink separately on different frames. From 
clearly separated punctual sources, it is then trivial to find the center of the point-spread-function. The 
image is reconstructed based on the accumulation of a large number of super-localized microbubbles 
which highlights the vessels with a precision an order of magnitude better than the wavelength. 
Theoretically, images of the microvasculature could have a resolution of a few micrometers [Desailly 
et al. APL, 2015], which was demonstrated in-vitro in 3D [Desailly et al., PMB, 2013]. In-vivo, a 
resolution of 8 micrometers was achieved over the entire rat brain [Errico et al. Nature 2015]. In our 

 
Figure 4  Ultrasound imaging of a tumor 
with targeted microbubbles. The green 
overlay is plane-wave amplitude 
modulation. 

 
Figure 3:  Ultrafast imaging with various pulse sequences of a wall-less vessel filled with microbubbles. Right 
Panel: Contrast-to-tissue ratio in Contrast-Pulse Sequence (CPS) for plane wave and focused imaging. To 
preserve 50% of the bubbles after 100 images, peak-negative pressure has to be reduced in conventional 
focused imaging, but not in plane-wave imaging 

 
Figure 5  Ultrasound imaging using plane 
waves at 1.1 kHz frame-rate of the 
vaporization of  drug-delivery agents. 
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mind, ultrafast is a key component of any practical ultrasound super-resolution technique as they 
require the detection and accumulation of millions of bubbles to reconstruct an appropriate image. 
Slower techniques relying on a low-concentration of contrast agents and line-per-line beamforming to 
separate microbubbles, which were adapted more recently [O’Reilly, Medical Physics, 2013, 
Viessman et al., PMB, 2013, Christensen-Jeffries, IEEE TMI, 2015] remain hampered preclinically or 
clinically by extremely long acquisitions as large concentrations of bubbles require the synergetic 
combination of a large field of view and ultrafast frame rate.  

Today, ultrafast imaging is being applied to 
several organs, including the heart [Couade et 
al. IEEE TMI 2011], which confirms the 
hindsight of Brunel et al 38 years ago. It even 
fully became 3D with the introduction of 2D 
array driven by a set of 1024 pulser-receiver 
[Gennisson et al., IEEE UFFC, 2015]. The 
democratization of ultrafast ultrasound is on 
the way both in academic research labs and 
ultrasound companies. Several companies 
propose systems that can be easily 
programmed and that can acquire thousands 
of frames per second, including Supersonic 
Imagine, Verasonics, Cephasonics, 
Ultrasonix, Ula-Op, etc. We can only hope 
that such flexibility will accelerate the 
profound changes in ultrasound imaging that 
occurred in the last decade. From that point 
forward, very little can limit the creativity of 
ultrasound researchers.  

  

 
Figure 6: Ultrafast Ultrasound Localization Microscopy 
of the rat brain over an entire coronal plane. The 
resolution is 8 micrometers.  
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Introduction 

Recent breakthroughs in plane-wave ultrasound have triggered a veritable paradigm shift in Doppler 
ultrasound. The ability to acquire Doppler ensembles two orders of magnitude longer than 
conventional line-by-line imaging has enabled the duplexing of Doppler and bubble-specific contrast-
enhanced imaging without sacrificing flow sensitivity or tissue motion rejection [1]. We propose that 
nonlinear Doppler is the best method to separate perfusion at the capillary level from conduit flow in 
the simultaneous presence of tissue motion. Nonetheless, the arbitration process separating pixels 
containing flow from noise and capillary perfusion regions (conventionally estimated by using 
thresholded power Doppler binary maps) still remains challenging, even when considering the 
significant  SNR improvement provided by plane waves. This is partly due to the significant variation 
of background noise over the image arising with the clipping of the point spread function (PSF) from 
the finite transducer aperture and  the main-lobe signal from a weak scatterer being often comparable 
in scale to the side lobe amplitude of a bright scatterer. This results in a trade-off where spatial 
resolution is often given up for sensitivity to small vessels during flow arbitration. One method which 
may further improve flow arbitration is to detect the principal curvature component of the Hessian 
matrix of the image, thus detecting and enhancing tubular structures. This is common practice in 
magnetic resonance angiography and X-ray computed tomography angiography [2]; however, until 
now, applying the method to ultrasound images has yielded poor results due to SNR constraints (from 
thermal/electronic and speckle noises). Here, we demonstrate that a principal curvature-based detector 
significantly improves the flow arbitration of contrast-enhanced Doppler ultrasound images created 
with plane waves, and enables fast quantitative estimates of morphological image metrics, such as 
fractal dimension and tortuosity, in the presence of tissue motion. 

Method 

It is well known from differential geometry that an image (i.e. a 2D surface) can be locally described 
by its second order Taylor expansion. The Hessian, defined as Hi,j = ∂2I/(∂xi ∂xj), is a symmetric 
matrix which contains all information regarding the surface curvature. The associated eigenvalues λi 
are commonly referred to as the principal curvatures, and the corresponding eigenvectors vi are 
parallel and perpendicular to the tubular structure (see Fig 1). For the case of a bright blood vessel, the 
eigenvector corresponding to the lowest (negative) eigenvalue is perpendicular to the tube. To account 
for the effect of scale, the image was a priori blurred with a Gaussian kernel of width corresponding to 
the feature size. 
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Results and discussion 

Curvature-based detectors and plane-wave imaging: 
The curvature operation involves the calculation of a second order derivative, and hence can amplify 
noise fluctuations. Conventional Doppler (via line-by-line imaging) provides little flexibility in 
compounding frames due to limitations in acquisition time (a Doppler ensemble of about 10 points is 
typical). Under such conditions, the principal curvature algorithm performs poorly, notably for the 
smaller scales. This occurs as there exists an inherent trade-off between the image SNR and the 
smallest scales that can be detected (smaller features are extracted from a Gaussian smoothing kernel 
of smaller footprint). Longer acquisitions enabled by plane-wave imaging reduce noise fluctuations in 
proportion to the square root of the Doppler ensemble length. Typically, Doppler ensembles of 
approximately 200 points are required to achieve a proper reduction of the thermal and speckle noises. 
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Application to power Doppler arbitration: 
Figure 2 shows the colour Doppler overlaid on the perfusion image (green colourmap) where a 
thresholded (b) power Doppler and (c) principal curvature component was used for separating flow 
regions from clutter, noise and capillary perfusion. The arbitration based on the concavity mapping is 
significantly less susceptible to the noise background and the PSF side-lobes, and therefore provides a 
markedly superior sensitivity to colour Doppler. 

Quantitative vascular morphology analysis using contrast-enhanced power Doppler: 
The skeleton of VX-2 tumour arterioles and venules was estimated from the thresholded binary 
curvature mapping (Figure 3a).  The skeleton representation reliably highlighted the structural 
hierarchy of the tumour. Such mapping enables real time quantitative analysis of the vascular 
network.  For instance, Figures 3b and c demonstrate how the information can be used to estimate the 
tortuosity and the fractal index of the conduit flow. 

Conclusion 

Principal curvature segmentation techniques can be adapted to contrast enhanced Doppler when used 
in conjunction with the long acquisitions provided by plane waves. The method increases the 
sensitivity of the flow arbitration process compared to conventional power-based segmentation, and 
enables quantitative morphological analysis of the vein and artery network, as well as quantitative 
imaging of perfusion and flow velocity.  
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Contrast enhanced ultrasound (CEUS) is taking advantage of the nonlinear behavior of injected 
microbubbles. These contrast techniques – Pulse Inversion (PI), Amplitude Modulation (AM), 
Contrast Pulse Sequence (CPS) – consist in suppressing the linear content of the backscattered echoes. 
Although the contrast enhancement reached is usually rather satisfying, nonlinear sequences still 
suffer some major drawbacks. First, most of the energy scattered by microbubbles lies in the 
fundamental, which implies a reduced signal-to-noise ratio for these techniques. Secondly, 
propagative harmonics or motion can diminish the efficiency of the linear cancellation, thus causing 
tissue artifacts. Finally, nonlinear sequences require detailed optimization of the electronic and pulses, 
which can affect other desirable features such as temporal and spatial resolution.  

Ultrafast ultrasound imaging, which consists in reconstructing an entire image for each pulse-echo 
measurements, can reach 20,000 frames per second and lead to the development of fully-
programmable ultrasound scanners. It became fundamental to the development of transient 
elastography (Sandrin et al. 2003), functional ultrasound imaging (Macé et al. 2011) and, more 
recently, ultrasound localization microscopy (Errico et al. 2015). In particular, it was shown to 
increase significantly Doppler sensitivity, giving access to flow at the millimeter/second scale 
(Bercoff et al. 2011). Further improvement in Doppler sensitivity was recently made through the use 
of spatiotemporal filters (Demene et al. 2015). Such filter exploits the high temporal resolution 
granted by ultrafast plane wave imaging. It separates features in the images on the basis of 
spatiotemporal coherence. Whereas tissues are strongly coherent both in time and space, blood display 
patterns that are far less coherent. 

The use of ultrafast imaging has been proposed for contrast imaging (Couture et al. 2009, Couture et 
al. 2012) and drug-delivery monitoring (Couture et al. 2011a), implemented for preclinical imaging 
(Couture et al. 2011b, Tremblay-Darveau et al. 2014) and clinical imaging (Bruce et al. Rotterdam 
Contrast Symposium 2014). However, the pulse-sequence that was implemented exploited mostly the 
fact that ultrasound energy is spread all over the imaging plane rather than concentrated in the focal 
spot. This induces less destruction than focused imaging for similar CTR levels but is still based on 
nonlinear detection. 

We believe that spatiotemporal filtering of ultrafast images with bubbles can yield high contrast levels 
without resorting to nonlinear techniques, hence avoiding artifacts and hardware issues. 

To demonstrate the contrast improvement granted by this method, we performed ultrafast acquisition 
using a programmable ultrasound scanner (Aixplorer, Supersonic Imagine, France) driving a 6 MHz 
ultrasound probe (SL10-2 Supersonic Imagine, France; pitch 0.2 mm, elevation focus 35 mm, 96% 
bandwidth @ -6dB). Ultrasound contrast agents (Sonovue, Bracco, Switzerland) at a concentration of 
105/mL were pushed inside a 6 mm in diameter wall-less phantom (agarose gel with Sigmacell 
scatterers). The flow rate was controlled with a syringe pump (Harvard apparatus, USA) providing 
flow speeds between 5 mm/s and 30 mm/s. 
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Two different low-amplitude sequences (MI = 0.05; ISPTA = 1 mW/cm²) were tested: ultrafast plane 
wave CPS is compared with compound (3 angles: -3°, 0°, 3°) plane wave imaging with 
spatiotemporal filtering. The frame rate was set to 2 kHz for both of the imaging modalities. The 
ultrasound probe was mounted on a linear motor (PI translation stage VT-80, one directional) to 
enable transversal or longitudinal motion with respect to the phantom vessel. The probe motion 
velocity was set from 2 mm/s to 20 mm/s (with 2 mm/s incremental steps). 

First attempts at in-vivo implementation of the technique were conducted on the human kidney with 
the same imaging setup. Only the frame rate was changed, set to 800 Hz. The patient was injected a 
bolus of 1.2 mL of non-diluted Sonovue. This observational study was approved by the institutional 
review board (CPP: ‘Comité de Protection des Personnes’, i.e., Committee for the Protection of 
Persons). 

This kind of image processing not only allows the clean removal of the tissue in the image but also 
does not suffer from propagative harmonics artifacts.  For low bubble concentration, the gain of 
contrast (in terms of CTR) can reach 20 dB in a wall-less phantom. In the human kidney, the spatio-
temporal processing provides satisfying contrast levels with a good delineation of the vascular 
network. 

Computation times being similar to the acquisition times, GPU computing in parallel with the 
acquisition could provide a real-time experience (30 frames/sec) on modern ultrasound scanners. 

This new technique takes advantage of ultrafast imaging for enhancing contrast using only the 
fundamental mode. Thanks to the high temporal resolution, spatiotemporal filtering enables specific 
suppression of the signal from the tissues hence highlighting the bubble signal. 

  

Figure 1: At low concentration of contrast agents (Sonovue by Bracco), the contrast reached by conventional 
CEUS – here CPS – is not performant enough (left panel); in comparison, the ultrafast images processed by 

spatiotemporal filtering yield a 13 dB improvement in terms of CTR. 
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Figure 2: First attempt at in-vivo implementation of the technique (human kidney); not only higher CTR is 
yielded but the vascular network is also better delineated (mean over 30ms) 
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BACKGROUND 

Dynamic contrast-enhanced ultrasound (DCEUS) imaging enables the measurement of blood flow 
within the vasculature of the imaged tissue. The resolution of classic ultrasound scans is limited by the 
wavelength of the transmitted pulse in the axial direction and by the aperture of the transducer in the 
lateral dimension. In the past few years, different methods for achieving super-resolution using 
contrast-enhanced ultrasound were proposed ([1], [2], [3]). Currently, the temporal resolution is the 
main limitation of all ultrasound super-resolution methods. Similarly, acquisition of images with 
resolution below the diffraction limit is of great concern in the field of optical fluorescent microscopy. 
Recently, a method called super resolution optical fluctuation imaging (SOFI) [4] was introduced, in 
which the spatial resolution is improved over the diffraction limit, while maintaining good temporal 
resolution. The improvement is achieved by using the statistics of the blinking fluorophores. In this 
work, these statistical tools are applied to DCEUS signals in order to produce fast super-resolution 
acoustic scans. The scan duration required for the proposed method is a second or less while current 
super-resolution images require acquisition duration of several minutes. As a result, the proposed 
method can be applied during a breath-hold, while the others demand precise registration in order to 
compensate for motion artifacts in a clinical setting. 

METHODS 

Following the application of a high-pass clutter filter and in the spirit of SOFI, high-order statistical 
analysis of single-pixel DCEUS time-traces was performed. In this work, the temporal-mean, the 2nd 
and 4th order central cumulants and the 4th-order moments were calculated. The spatial map of the 
calculated moments and cumulants produced high resolution images of the underlying vasculature. 
The proposed method was evaluated using two New Zealand white rabbit models: normal vasculature 
was imaged in the kidneys of healthy rabbits and tumor vasculature was imaged in hind-limb 
intramuscular VX-2 tumors.  In-vivo scans were performed using an Aixplorer diagnostic ultrasound 
system (Supersonic Imagine, France) with a 7.5MHz probe. Entire image planes are scanned using 
plane-wave pulse-inversion acquisitions at a PRF of 5 kHz. After the summation of the pre-
beamformed data, separating the nonlinear component of the RF data, full images were reconstructed 
per plane-wave transmit. Definity, a commercial ultrasound contrast agent (UCA) with lipid shell, 
was used in all experiments. The UCA was administered in 0.5mL bolus injections with concentration 
of 10μL/kg.  
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RESULTS AND DISCUSSION 

The different parts of the kidney’s vasculature, observed in the unprocessed image, included a variety 
of sparsity levels: the main vessels are characterized by speckle patterns while single bubbles can be 
seen flowing in the smaller outer vessels. Both the 2nd and the 4th moment images improved the 
visualization of small vessels in the kidney model (see Figure 1). Using the high-order statistics, 
vessels that could not be resolved in the temporal-mean image were separated (Figure 1, dashed 
arrow). Additionally, smaller vessels in the periphery of the kidney were observed using the 4th 
moment (Figure 1, arrows). The background rejection capabilities of the high order statistics images 
in the proposed method are best seen in Figure 2. Furthermore, the ability of the method to separate 
adjacent small vessels is demonstrated by zooming on a bifurcation in the vasculature of the tumor 
that was not observed in the temporal-mean image but was resolved in the 4th cumulant image (see 
Figure 3). The kidney scan processed in this work included 150 frames compared to the 1000 frame 
long tumor scan. Estimation of high-order moments and cumulants requires long ensembles in order 
to achieve good signal to noise ratio (SNR). For example, in [4] 5000 frames were used to produce the 
SOFI images. Better SNR and background rejection could be achieved with ensembles of 1000 frames 
and more.  

CONCLUSION 

The methods studied in this work alleviate the tradeoff between spatial and temporal resolution in 
ultrasound-super resolution imaging: tens or hundreds of milliseconds are needed in order to produce 
these estimations compared to up to a few minutes using other ultrasound super-resolution methods 
([1], [2], [3]). With this short acquisition time, using the proposed method, improved spatial resolution 
and background removal were presented. Improvement in the temporal resolution of super-resolution 
ultrasound could enable widespread use of this technique to enhance cancer and neuroscience research 
where blood-flow dynamics are of great importance. 
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Figure 1: Kidney model. An ensemble of 150 frames was processed. The dynamic range (DR) of each image is specified.  

 

 

Figure 2: Tumor model. An ensemble of 1000 frames was processed. The dynamic range (DR) of each image is specified. 
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Figure 3: Tumor model - fine details. Cross-sections through the bifurcation, presented as red and green lines in the mean 
and 4th cumulant images respectively, demonstrate improvement in spatial resolution. An ensemble of 1000 frames was 
processed. The dynamic range (DR) of each image is specified. 
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Introduction  

The resolution of conventional ultrasound imaging is diffraction limited and corresponds roughly to 
the ultrasonic wavelength (100 μm). We have previously introduced the concept of ultrasound 
localization microscopy (ULM) by extracting precise positions for thousands of individual 
microbubbles per second from their punctual echo in ultrafast images [Couture et al. 2010, Couture et 
al. 2011, Desailly et al. 2013], allowing to surpass the diffraction-limit by an order of magnitude. 
Since intravenously injected microbubbles perfuse the entire vascular bed, the accumulation of their 
superlocalized echoes could precisely highlight the vasculature, in vivo at the microscopic scale. In 
this work, we show that ULM permits to overcome the trade-off between resolution and penetration, 
leading to a spatial reconstruction of the living rat brain vasculature down to the capillary level (<10 
μm). 

Material and Methods  

The skull of anesthetized Sprague-Dawley rats was thinned and fixed in a stereotactic frame. Boluses 
of 200 μL microbubbles (2*10^9 microbubbles/mL) were delivered in the jugular vein. A linear array 
(15MHz, 128 elements) connected to an ultrafast clinical scanner (SSI, France) was placed coronally 
on the rat head at Bregma -1mm. Plane wave illumination continuously insonified the rat brain for 
150s at 500Hz frame rate. Spatiotemporal filtering separated the fast decorrelation of the microbubble 
signal from the signals of slow moving blood and skull. Microbubbles were observed as unique and 
distinct sources. By deconvolving their individual point-spread-function, the axial position of 
microbubbles was localized one-by-one in depth. As the microbubbles could be observed over several 
images, their motion was also tracked over tens of milliseconds to determine the magnitude and 
orientation of their velocity vector (Figure 1).  
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Figure 1. Super-localization of unique events in 
space and in time in the rat cortex. 
(a): B-mode image of the rat brain left hemisphere. 
The red box indicates a region of interest where 
uULM is performed. (b): Unique events are 
distinguishable in four representative frames 
acquired at 500 Hz. (c): uULM localizes in space and 
in time the microbubbles perfusing the rat brain 
cortex. Microbubbles tracking is performed to 
retrieve the blood flow speed in the cerebral vessels. 

 

Results and Discussions 

In the rat brain cortex, up to 1 million individual bubble events could be detected within 150 s. The 
resulting map of microbubble positions was reconstructed with a resolution of λ/10 (10 μm), down to 
3.5 mm in depth. In a coronal plane, vessels between 15 and 65 micron diameter were highlighted by 
several passing microbubbles. Branching vessels could be resolved starting from 16 um separation 
distance (Figure 2).  

   

Figure 2. uULM can resolve 
cerebral microvessels down 
to 9micron in diameter. (a): 
uULM density map of the rat 
cortex. Millions of events 
are localized in few tens of 
seconds. (b): uULM 
resolution is proven by 
taking three representative 
vessels: 1, indicating a 
vessels of 17 um in diameter 
(λ/6), 2, representing the 
smallest vessel detectable 
via uULM (λ/10), 3, two 
vessels branching off 
separated of 17 microns.(c): 
In-plane velocity map of the 
rat cortex. 
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The quantification of down and upstream flows further facilitated the discrimination between 
individual vessels. Bubble velocities ranged between 2 to 14 mm/s, which is consistent with the 
observed microvessels diameters. 

In conclusion, the millisecond time-resolution combined with the micrometric spatial resolution of 
ULM allows the comprehensive reconstruction of the vascular map of entire organs within tens of 
seconds, paving the way to ultrasound localization microscopy in preclinical and clinical studies. 
More details in Errico et al., 2015a.  
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contrast enhanced ultrasound data  
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Background 

Contrast enhanced ultrasound (CEUS) has shown great promise in a range of clinical applications but 
at higher frequencies used in clinical peripheral tissue imaging it is often affected by its specificity 
(nonlinear artefact [1]) and signal to noise ratio (SNR). Ultrafast ultrasound allows for imaging at a 
frame rate of kHz, using e.g. plane waves and parallel processing. The large amount of data available 
afforded by this technique presents exciting opportunities for signal processing to improve image 
formation by combining data from multiple frames. This paper presents an explorative study on 
simple signal processing methods in both time and space for improved high-frame rate CEUS 
imaging.  

Methods 

In vivo measurements 

High frame-rate CEUS Pulse Inversion (PI) data were acquired on a rabbit kidney using a linear array 
probe connected to a Veranosics system with plane wave transmission at 4MHz and 15 angle 
compounding. 1000 frames were acquired within ~ 1.5 second. 0.1 ul of Sonovue microbubble bolus 
was injected through the rabbit ear vein.  

Averaging 

The acquired data were processed in a number of ways detailed below. Firstly as a simple way to 
improve the resolution and contrast of the image, an average image was produced by averaging across 
the whole stack of B-mode images: 

𝐼(𝑥,𝑦)𝐴𝐴𝐴 = � |𝐼(𝑥, 𝑡, 𝑛)|
𝑁−1

𝑛=0

 

where N is the number of frames and 𝑛 the frame number. Here is the absolute value that makes 
this operation non linear, and allows for the despeckling of the image. 

Temporal processing 

Secondly to increase the specificity to contrast agents, some temporal features can be used. Here we 
process the individual pixel intensity over frames by summing up the changes over frames, 
fundamentally like the Power Doppler processing but on the high resolution compounded image 
data. This is done by convolving each pixel value over frames through a high-pass filter ℎ(𝑛) (usually 
an high order filter such as a Butterworth [ref]) and then taking the power of the signal over the slow 
time  

𝐼𝑃𝑃(𝑥,𝑦) = �‖𝐼𝐻𝑃‖2
𝑁−1

𝑛=0

=  ��(𝐼𝑥,𝑦 ∗ ℎ)(𝑛)�2  
𝑁−1

𝑛=0

 

Where ∗ denotes convolution.  
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Next we explored the use of different high-pass filters in the above Power Doppler like processing 
and produced a differential image which is capable of separating fast from slow flow as below.  

𝐼𝑃(𝑥,𝑦) ==  �( �(𝐼𝑥,𝑦 ∗ ℎ1)(𝑛)�   
𝑁−1

𝑛=0

− �(𝐼𝑥,𝑦 ∗ ℎ2)(𝑛)� ) 

Spatial correlation processing 

Finally we further explore this by looking at other non linear ways of processing ultrafast contrast 
signal. Power Doppler is limited in looking only at the temporal characteristic of a single image 
location, in this way it doesn’t distinguish between variations of pixel intensity given by motion and 
contrast agent modification (deflation, destruction, fragmentation), and  simple noise. This is shown 
by the blurring of smaller microvessels on the upper part of the kidney, where the signal is fainter. 

We mitigate this problem by another non linear operation, which is spatial correlation between 
neighbouring pixels. The idea is that: if a pixel has to be considered a vessel (i.e. its intensity is given 
by contrast agent scattering), then not only its value has to vary fast over time but it also has to be 
accompanied by a neighbouring pixel which varies in a correlated way.  

Results 
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Figure 1: In vivo high frame-rate CEUS imaging of a rabbit kidney with different signal processing.  

Top left: a single compounded image frame; Top right: averaged image over 1000 frames shows 
much improved SNR and some vessel details but with significant nonlinear tissue artefact (arrow). 
Middle left: Temporal Power Doppler processing on compounded high resolution images showing 
excellent details of vasclature; Middle right: Spatial correlation processing on compounded high 
resolution images showing excellent details of vasclature; Bottom: differential image showing 
separated slow flow. The boundary of the kidney is much better visualised than other images.  

 

Conclusions 

Through some simple signal processing methods (other than temporal averaging) it is possible to 
generate high sensitivity, specificity and resolution vascular images based on high frame-rate CEUS.  
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