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Review of the clinical experience with  enhancing blood-brain 
barrier permeability using focused ultrasound and micro-

bubbles 
 

Kullervo Hynynen 
 

1Physical Sciences Platform, Sunnybrook Research Institute, Toronto, Ontario, Canada 
2Department of Medical Biophysics, University of Toronto, Toronto, Ontario, Canada 

Corresponding author: khynynen@sri.utoronto.ca 

Introduction 
A large body of pre-clinical research has shown that an exposure of brain to focused ultrasound  with 

ultrasound contrast agents has been found to be an effective tool for increasing the permeability of the 
blood-brain barrier to therapeutic and diagnostic molecules, particles and even cells1;2. After 
approximately 15 years of research this method is now in an early phase of clinical testing. This talk will 
review the studies conducted at the Sunnybrook Research Institute and discusses the future potential based 
on the findings so far . The studies have been published in3;4. 

Methods 
In our studies the patients head was shaved prior to fixing a stereotactic frame on the head. The patient 

was placed on  the MRI table with a hemispherical ultrasound array with 1024 individually driven transmit 
elements operating at the frequency of 230 kHz (InSightec). The head was placed in the array and sealed 
with a flexible rubber membrane placed tightly around the head an fixed to the open end of the transducer 
array. The array was positioned such that the geometric focus of the hemisphere was in the middle of the 
targeted area. The space between the array and the head was filled with degassed water.  The patient with 
the array was placed in the MRI scanner (3T,750, General Electric,) and targeting imaging was performed. 
The sonications were targeted based on the images. Approximately 30 s prior each sonication a bolus of  
ultrasound contrast agent with preformed microbubbles was injected IV (4µl per kg, Definity). The 
sonications consisted of either 3x3 or 2x2 sonications in a grid patter with the spacing of 2.5 or 3mm. For 
each location a 300ms burst sonication (2 ms on,28 ms off) were delivered before moving the next spot. 
After 2.7 s the sonication was repeated in each spot. This was continued for 50 s in the first patients and 
for 90 s in the later patients5. The applied power for each grid was determined by ramping the power 
during the first bolus injection while sonicating one of the grid points. The pressure level that showed a 
sudden increase on the sub-harmonic signal measured by hydrophones during the sonications was used as 
a calibration point  and then the grid sonications conducted either at half-power or half-pressure value as 
described  by O'Reilly et al.,6. After the sonications contrast enhanced MRI was used to evaluate the 
increase in the BBB permeability and T2- and T2*-weighted imaging to evaluate tissue damage. These 
images were repeated 24h later. Two studies have conducted so far, one with tumour patients the other 
with patients with Alzheimer's disease. For further detail see 3;4. 

Results 
For all of the studies showed safe BBB permeability increase without any adverse events. The 

sonications were well tolerated without pain or discomfort except caused by the insertion of the metal pins 
into the skull to secure the frame and the discomfort caused by lying on the MRI table.  

Conclusions 
Focused ultrasound and microbubbles can be used to induce image-guided local BBB permeability 

increqse for targeted drug delivery. We are currently conduction further studies with larger numer of 
patients to  establish potential theraapeutic gains that may be induced by the method. 
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Introduction 
The use of radioembolization has been shown to be successful for the treatment and downstaging of 

hepatocellular carcinoma as well as liver metastases. When performing radioembolization, glass beads 
filled with radioactive isotope yttrium-90 (Y-90) are locally distributed within the tumor arterial blood 
supply via a transarterial catheter. The local beta emissions from Y-90 have been shown to provide a 
therapeutic benefit of a 25-60% increased response on modified response evaluation criteria in solid 
tumors (mRECIST) and a 13 month disease progression free survival. 

Ultrasound-triggered microbubble destruction (UTMD) has been demonstrated to temporarily alter 
both cellular and vascular permeability, making it a potential tool for improving localized drug delivery. 
Importantly, localized microbubble destruction has recently been shown to sensitize tissue to radiotherapy 
by inducing vascular endothelial-cell apoptosis [1-3]. In an orthotopic HCC model in nude rats, our group 
has demonstrated significant tumor radio-sensitization of HCC using UTMD without further 
compromising liver function [4]. We hypothesize that localized UTMD within the tumor vasculature will 
sensitize tissue to radiation after the placement of Y-90 beads, thereby improving patient outcomes. This 
work will present recent data from an ongoing pilot clinical trial using localized UTMD to improve HCC 
response to radioembolization. 

Methods 
As part of an Institutional Review Board and Food and Drug Administration approved study, patients 

scheduled for radioembolization of HCC provided informed consents before being randomized to receive 
Y-90 radioembolization alone (control group) or radioembolization combined with UTMD exams 2-6 
hours, 7 days, and 14 days post radioembolization to sensitize malignant tissue to localized Y-90. For 
patients in the experimental group, a flash destruction-replenishment technique was used to induce 
microbubble cavitation within the tumour vasculature. Five millilitres of activated Optison (GE 
Healthcare, Princeton NJ, USA) was suspended in 50 ml of saline and infused through an 18 to 20 gauge 
angiocatheter placed in a peripheral arm vein at a rate of 120 ml/hour. Imaging was performed using an 
S3000 HELX scanner with a C6-1 probe (Siemens Healthineers, MountView CA, USA). After 
confirmation of contrast-enhancement within the mass, a series of flash-replenishment sequences was 
generated to destroy microbubbles within the imaging plane. With the patient temporarily halting 
respiration, 4 second UTMD pulses were initiated (MI = 1.13 at 1.5 MHz, transmitting 2.3 µs pulses at a 
pulse repetition frequency of 100 Hz), followed by nonlinear imaging of contrast replenishment at lower 
intensity using Cadence Pulse Sequencing (MI = 0.06) for 10 seconds. Following patient respiration, this 
sequence was repeated at multiple imaging planes throughout the tumour and then repeated throughout the 
entire tumour volume for the duration of the infusion (UTMD performed in 20-30 sequences). 

The safety of UTMD was evaluated by monitoring patient physiological data (temperature, heart rate, 
and blood pressure) immediately before and after UTMD and by changes in liver function 1 month post 
treatment. Treatment response was determined using time to required next treatment (TTNT) and 
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mRECIST criteria at 3-4 month follow up (evaluated by two radiologists in consensus blinded to the group 
allocation). 

 
Results 

To date, 16 patients have been enrolled in this ongoing study. One month blood work has been 
collected on 13 patients and follow up imaging completed in 12 patients. In total, one adverse event has 
been repeated in the UTMD + radioembolization group (fatigue) and one in the radioembolization alone 
group (fatigue).  In patients receiving UTMD, no statistically significant differences in heart rate, body 
temperature, or systolic and diastolic pressures were observed over the course of bubble therapy (p > 
0.18). When comparing blood work at 1 month, no significant differences in changes in bilirubin, white 
blood cell count, creatinine, aspartate transaminase or alanine aminotransferease were observed between 
the two groups (p > 0.17) indicating UTMD does not contribute to additional damage to the healthy liver.  

Using mRECIST to evaluate tumoral response, 75% of patients in the control group (Y-90 
radioembolization alone) have shown stable disease, while 25% have demonstrated partial response on 
cross-sectional imaging follow up. Within the experimental group (UTMD + radioembolization), 14% of 
patients have shown stable disease, 57% have shown partial response and 29% of patients have shown 
complete response on imaging follow up. These improvements in tumour control also appear to translate 
to improved patient outcomes. While longer term follow up continues, patients receiving UTMD + 
radioembolization have also demonstrated longer TTNT (Hazard Ratio = 4.6, p=0.13). Similarly, patient 
survival also appears to improve with 86% of patients receiving UTMD + radioembolization living at least 
3 months post treatment, but only 50% of patients receiving radioembolization alone survived this long.  

Conclusions 
Ultrasound-triggered microbubble destruction appears safe in patients with HCC being treated with 

radioembolization. In addition, early results indicate UTMD sucesfully sensitizes the tumor to radiation, 
theraby improving both tumoral response and longer term patient outcomes.  
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Corresponding author: lindnerj@ohsu.edu 

Introduction 
The role of ultrasound (US) in therapeutic applications that leverage controlled cavitation of 

microbubbles (MB) has expanded substantially. In previous studies, the high shear environments produced 
by oscillating microbubbles has been shown to augment tissue blood flow in a highly localized response 
that is mediated by cellular release of ATP [1,2] and downstream release of vasodilators (NO, 
prostanoids). This academic/industry translational collaboration focused on optimizing acoustic transmit 
design for cavitation-mediated augmentation in perfusion with the clinical goal of using contrast-enhanced 
ultrasound (CEU) to treat ischemic peripheral artery disease. Biologic readouts for the study included both 
low-power CEU perfusion imaging and ATP release by optical imaging. 

Methods 
A commercial clinical imaging system (EPIQ, Philips Healthcare) was custom-programmed to deliver 

therapy pulses from a cardiac matrix array transducer (X5-1) at 1.3 MHz with a mechanical index (MI) of 
1.3.  Pulse duration was set to either 5 cycles, 40 cycles, or a sequence of eight 5 cycle pulses. The beam 
density was programmed over a total arc of 64 degrees in the lateral/axial plane and symmetrically 
centered at the transducer face. The therapy plane was programmed to have either 1, 2, or 4 degrees 
between each neighboring beam (line density of 65, 33 or 17); thereby producing a 3x3 matrix of line 
density and pulse duration. Transmit design was validated in 3D by hydrophone measurements paired with 
FieldII ultrasound simulations. 

Wild-type C57B1/6 mice between 10-20 weeks of age were studied. A subset of these mice had 
undergone unilateral inflow arterial ligation to create a model of chronic limb ischemia (approximately 
20% reduction in resting flow and 30% reduction in flux rate). A jugular vein was cannulated for 
administration of MBs and materials for ATP optical imaging.  The mid-portion of the muscle on the 
proximal left hindlimb was placed at a 4cm focal depth relative to the X5-1 transducer face. An 
intravenous bolus of 2×108 lipid-shelled decafluorobutane MBs was administered over a period of 1 
minute and therapeutic ultrasound pulses applied over a total of 10 minutes with 5 s intervals between 
each “frame” of lines. 

CEU perfusion imaging of the proximal hindlimb exposed to high-power CEU and the contralateral 
control limb was performed immediately after therapy with a 15L8 linear array on a Siemens Sequoia 512 
according to previously established protocols. The resulting data were analyzed offline using custom 
software and fit to a mono-exponential curve describing intensity as a function of microvascular blood 
volume and rate constant. In vivo optical imaging was performed within 10 min after the completion of 
therapy using a luminescent assay for ATP release using luciferase (I.V.) and d-luciferin (I.P.).  

Results 
The custom-programmed clinical imaging system was capable of delivering a highly focused spatially-

patterned sequence of therapeutic pulses with a mechanical index between 0.03 and 3.44. In non-ischemic 
mice, after 10 minute exposure to cavitation at an MI of 1.3 and line densities of either 33 or 65 lines, 
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microvascular perfusion was approximately 4-fold higher in the ultrasound-exposed versus contralateral 
limb irrespective of the pulse duration (5-cycles, 8×5cycles, 40 cycles).  At a lower line density (17 lines), 
perfusion in the limb undergoing cavitation increased incrementally from 5-cycles to 8×5cycles to 40 
cycles, and again was 4-fold higher at 40-cycles compared to the contralateral limb.  On optical imaging, 
ATP was several hundred to several thousand times higher in the ultrasound-exposed versus control limb.  
Greater degrees of ATP release were found for longer pulse duration, even at higher line density, 
indicating a saturation effect where once ATP release reaches a a certain level, further flow augmentation 
does not occur. In mice with limb ischemia, ten minutes of cavitation exposure using a 65-line density and 
a 8×5cycle pulse scheme rescued tissue ischemia; an effect that persisted at 24 hrs.  

Conclusions 
The results demonstrate that flow augmentation via ultrasound-mediated microbubble cavitation are 

influenced by basic transmit design functions including line density and pulse type/duration on a clinical 
imaging platform. At diagnostic ultrsaound pressures, the use of high line density and long-pulse duration, 
whether segmented or continuous, results in the greatest ATP release and represents an optimal pulse 
design strategy for human translation.  These parameters are able to resolve tissue ischemia for 24 hrs in 
pre-clinical models of peripheral artery disease. 
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Introduction  
Type1 diabetes is a chronic disease in which immune cells infiltrate and destroy the clusters of insulin 

producing cells within the pancreas (insulitis) , which leads to loss of glucose homeostasis and 
requirement for lifelong exogenous insulin therapy. Detecting this ongoing insulitis and decline in insulin 
producing cells, particularly during the pre-symptomatic stage prior to diabetes onset, would allow 
therapeutic intervention to prevent diabetes. One promising approach has been measuring the uptake of  
magnetic nanoparticles, as measured using MRI. However  ultrasound modalities provide much greater 
cost-effectiveness and wide-spread deployment, with high spatial and temporal resolution. We have 
previously utilized ablation-reperfusion measurements with microbubbles to detect signatures of local 
inflammation within the pancreas [1]. Here we describe the application of sub-micron sized bubbles or 
phase change agents for detecting immune infiltration within the islet, for diagnosis of pre-symptomatic 
type1 diabetes.  

Methods 
Sub-micron sized ‘nanobubbles’ were synthesized by the Exner lab, as published in [2], and included 

formulations with rhodamine fluorophore incorporation. Sub-micron sized ‘nanodrops’ were synthesized 
as published in [3]: Size-isolated perfluorobutane microbubbles (3-5um) were formed from a suspension 
of DPPC and DPSE-PEG2000, and then condensed into nanodrops under high pressure and low 
temperature (~2degC). Size distributions were measured using a multi-sizer (Beckman coulter).  An open 
source ULA-OP system was used for acoustic characterization of nanodrops. A VEVO2100 (Visual 
Sonics) small animal ultrasound machine using a linear array transducer at 12MHz or 18MHz, was used in 
contrast mode for imaging bubble sub-harmonic signal kinetics in mouse models of type1 diabetes. 
Bubble formulations were infused IV. For nanobubble imaging, images in contrast mode were acquired 
over 3 minutes prior to infusion and continuously after infusion for up to 35 minutes. For nanodrop 
vaporization and imaging, images in contrast mode were acquired over 3 minutes prior to infusion, then 
upon infusion imaging was halted for 25minutes to avoid droplet vaporization while localization of 
nanodrops occurred. After this delay imaging and droplet vaporization resumed for 10minutes followed by 
flash-destruction. Histological analysis of bubble-fluorophore distribution within the pancreas was 
achieved by imaging rhodamine and autofluorescence within frozen tissue sections from the pancreas 
dissected 1h after bubble infusion.  

Results 
Following nanobubble infusion, sub-harmonic ‘contrast’ signal showed an initial increase followed by 

a slower additional increase within the pancreas of 10w NOD mice, which show significant insulitis and 
develop diabetes within a few weeks of this time point. This slow increase in contrast signal plateaued at 
25minutes after infusion and was specific to the pancreas, where there was no significant slow increase in 
contrast signal at  25minutes within the kidney (Fig.1). No such contrast signal increase at 25minutes post 
infusion was observed in the pancreas of immunodeficient NOD-Rag1ko mice which do not show insulitis 
and do not develop diabetes. A small micron-sized component (~0.01% by number) was discovered 
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through microscopy based analysis. However infusing solely a micron sized component from the activated 
formulation, separated through centrifugation, led to no significant increase in contrast signal at  
25minutes. Furthermore 3-4um or 1-2um size isolated microbubbles also did not show any contrast signal 
remaining at 25minutes post infusion.  
Histological analysis following infusion of rhodamine-labelled nanobubbles showed significant 
accumulation of rhodamine fluorophore within the insulin producing cells of NOD mice that show 
significant immune infiltration. No significant rhodamine fluorophore was observed within the exocrine 
tissue comportment of the pancreas where there is no immune infiltration, nor was any rhodamine mice 
(Fig.2).  

 
 
 

 
Following nanodrop infusion and 25minute delay, a significant contrast signal elevated within the 

pancreas after ~30seconds of imaging. This contrast signal remained elevated over ~10minutes consistent 
with residency within the tissue. No such contrast signal increased within the kidney, consistent with a 
lack of nanodrop accumulation and retention within the tissue. The subharmonic signal within the tissue 
indicated that nanodrops were spontaneously vaporizing during imaging.  The signal increase within the 
pancreas was significantly reversed following flash destruction, consistent microbubbles destruction. In 
contrast, with continual imaging during infusion an increase in signal was observed within the pancreas 
and kidney, although this was again higher within the pancreas.  

 
 
 
 

 

 

 

Conclusions 
Accumulation of sub-micron sized droplets or bubbles specifically within the islets within the 

pancreas provides a means to diagnose ongoing insulitis and the pre-symptomatic stage of type1 diabetes. 
This can allow for early therapeutic intervention to prevent diabetes emergence. Furthermore these agents 
may provide vehicles for image guided drug delivery specifically to the islet for targeted therapeutic 
treatment.   
  

Figure 1. Nanobubble (NB) signal marking pancreas in 
NOD mice. A) B-mode and contrast mode images 
20min following NB infusion. B) contrast signal over 
time in pancreas and kidney following NB infusion at 
t=0.  

Figure 2. Nanobubble (NB) targeting of insulin 
producing cells. A) NB-fluorophore labelling of insulin 
producing cells (dashed line). B) proportion of insulin-
producing cells (endocrine) and exocrine compartment 
labelled by NBs, in NOD mice and NOD-Rag1ko mice.  

Figure 3. Contrast signal following nanodrop 
infusion (black arrow, t=0) and vaporization 
following imaging (t=25) within the pancreas 
(blue and kidney (green). Flash destruction (red 
arrow, t=35min) removes contrast signal in 
pancreas 
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Introduction 
In recent decades, cavitation of ultrasonic microbubbles (MBs) has been proposed as an innovative 

method for low-invasive and tissue-specific delivery of genes and drugs to the cancer tissues of interest. 
Based on the understanding of the ultrasound (US) mechanisms and previous studies, cavitation energy 
created by the collapse of the MBs has been considered as a key mechanism in intracellular delivery, 
however, high MBs concentrations and high acoustic power exposure can lead to undesirable side effects 
of local tissue damage and hemorrhage. In this study, we focus on investigating whether or not the side 
effects of ultrasound mediated MBs destruction (UMMD) might mechanically destroy the tumor cells and 
vessels within the tumors. 

Methods 
Six-week-old balb/c female nude mice were subcutaneously inoculated with HT29-GFP cells (HT29 

cells labeled with green fluorescent dye) in axilla to establish a xenograft mouse model of colon 
carcinoma, which were randomly divided into 5 groups (n=10 each): group A (blank group): no treatment; 
group B (saline only); group C (saline + ultrasound exposure); group D (intravenous microbubbles only); 
and group E (intravenous microbubbles +ultrasound exposure). Treatment of each group was performed 
on days 20, 21, and 22 after inoculation. Tumor growth and metastatic spread were monitored by the 
whole-body fluorescent imaging, tumor volume growth and body weight growth curve were obtained as 
well. The mice were euthanized 30 days after treatment. Specimens of the tumor tissues were evaluated 
pathologically using light microscopy and transmission electron microscopy. Necrosis percentages, 
microvascular density and tumor cells damage of each tumor were assessed histologically. 

Results  
1. Tumor growth in group E (intravenous microbubbles +ultrasound exposure) was significantly 

decreased after four weeks post inoculation, compared with other control treatments (P<0.05);  
2. The tumor weight at sacrifice in group E was significantly lower than that in other groups;  
3. The intravenous microbubbles combined with ultrasound exposure treated mice showed significantly 

decreased expression levels of CD31.  
4. The pathological changes of abscence of nucleus membrane, chromatin condensation, mitochondrial 

vacuolation and hemorrhagic damage of microvessel were observed in the tumors of group E only, 
whereas these changes occurred rarely in other groups;  

5. No metastatic lesion was found in any group throughout this study using whole-body fluorescent 
imaging, and the skin of the mouse in group E was intact after UMMD treatment.  

Conclusions 
Our results suggest that UMMD can be used as a promising novel therapeutic strategy to treat colon 

cancer.   
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Introduction  
Tumour physiology presents a formidable barrier to the delivery of current and emerging anticancer 

therapeutics, by virtue of the elevated intratumoural pressure, sparse vasculature and dense extracellular 
matrix. Several recent studies [1, 2] have demonstrated that ultrasound-mediated cavitation occuring 
simultaenously with the intratumoural or intravenous administration of unmodified therapeutic agents can 
significantly enhance their delivery, penetration, and distribution throughout the tumour.  

With microstreaming hypothesized to be the dominant transport mechanism for drug delivery, the 
likely benefit of using sub-micron cavitation nucleation agents capable of extravasating alongside the 
therapeutic through the leaky tumour vasculature, rather than microbubbles confined to the blood pool, 
warrants investigation. The recent development of more sophisticated techniques for spatiotemporal 
characterization of cavitation activity also now makes it possible to modulate, monitor and control 
cavitation activity within tumours during drug delivery. Building on these recent advances, we investigate 
the impact that the nature, intensity, persistence, and spatial distribution of cavitation activity mediated 
either by microbubbles or by sub-micron gas-stabilizing solid particles has on the safety, delivery, and 
efficacy enhancement achieved across emerging therapeutic classes, including oncolytic viruses, 
antibodies and antibody-drug conjugates.   

Methods 
A new type of sub-micron cavitation nucleation agent was designed, developed, and produced by seed 

polymerization [3] to produce a hemispherical cup-shaped particle of mean diameter 480 nm and 
polydispersity index 0.1, stabilizing a single gas nanobubble of characteristic size 200 nm. Modelling, 
high-speed imaging (Brandaris, Univ. of Twente, the Netherlands) and passive cavitation detection 
techniques [4, 5] were first used in vitro to characterize and compare the type and persistence of cavitation 
activity and the cavitation thresholds produced by these agents relative to commercially available 
microbubble formulations (SonoVue®, Bracco) over a range of therapeutic ultrasound frequencies (0.5-3.3 
MHz) and pressure amplitudes (0-3 MPa). The effect of sustained cavitation on the functional and 
structural patency of four diferent agents, doxorubicin, cetuximab, adenovirus and vaccinia virus were also 
assessed in vitro. 

For in vivo investigations, a dual-transducer setup was developed consisting of two orthogonal 0.5 
MHz therapeutic ultrasound transducers (Sonic Concepts, USA), each embedding a coaxial 128-element 
diagnostic array (L11-5v, Verasonics, USA). Real-time implementation of Passive Acoustic Mapping 
(PAM) using the Robust Capon Beamformer [6] made it possible to map the nature, intensity, location and 
extent of cavitation activity within tumours in real time with a spatial resolution of 400 microns axially 
and transversely, well below the 3mm x 3mm spot size of the the therapeutic ultrasound focus.   

A variety of both xenograft (ZR-75-1, SKOV3, HEPG2) and syngeneic (CT26, EMT6) subcutaneous 
tumour models were used to investigate cavitation-enhanced delivery and subsequent therapeutic efficacy 
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of uncapped and capped oncolytic viruses, therapeutic antibodies, antibody-drug conjugates as well as free 
and encapsulated mRNAs. Delivery quantification was performed both in vivo using an IVIS Spectrum 
Imaging system (Perkin Elmer, Waltham, MA, USA) and following tumour excision using approriate 
analytical methods including qPCR and ELISA. Both H&E and immunohistochemistry staining were used 
to ascertain the safety of the ultrasound intervention and drug distribution relative to blood vessels.     

Results 
In vitro passive cavitation detection demonstrated that, above a frequency-dependent cavitation 

threshold, the polymeric cups exclusively produced broadband acoustic emissions associated with inertial 
cavitation, in contrast to microbubbles which also exhibited narrowband emissions indicative of non-
inertial cavitation. For comparable initial gas volume fractions and ultrasound exposure parameters chosen 
to induce broadband emissions (0.5 MHz, 1.5 MPa, 5% duty cycle), polymeric cups were able to produce 
sustained inertial cavitation for at least 10 minutes, whilst cavitation activity from microbubbles subsided 
after 2 minutes. No measurable change in the structural integrity and activity of small molecules, 
antibodies, and viruses could be detected even after 10 minutes of sustained inertial cavitation activity [7].          

In vivo, co-administration of an oncolytic virus with microbubbles driven either in a non-inertial or 
inertial cavitation regime at constant input acoustic energy demonstrated limited enhancement of delivery 
and penetration unless sustained inertial cavitation occurred. Under identical ultrasound exposure 
conditions designed to cause inertial cavitation, use of microbubbles resulted in a 5-fold enhancement of 
transgene expression, whilst polymeric cups delivered a 50-fold enhancement relative to passive delivery 
[8]. This enhanced delivery was associated with significantly improved distribution and persistence of 
cavitation activity throughout the tumour, as monitored by PAM, resulting in a 1000-10000-fold increase 
in transgene expression due to the virus by day 5 following administration. Histological and immune-
histochemical examination of excised tumours demonstrated extensive extravasation of the polymeric 
cups throughout the tumour, and an absence of direct cellular damage within the tumour mass. Subsequent 
studies identified comparable enhancements in the delivery and distribution of therapeutic antibodies and 
antibody-drug conjugates, associated with a significantly enhanced survival in groups treated with 
sustained and well-spatially-distributed inertial cavitation.      

Conclusions 
The combination of sub-micron cavitation nucleation agents capable of crossing leaky tumour 

vasculature with improved Passive Acoustic Mapping and control of cavitation activity during treatment 
enables safe, sustained and spatially distributed microstreaming throughout the tumour mass for enhanced 
convective transport and efficacy of unmodified next-generation anticancer therapeutics.  
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Introduction 
The combination of microbubbles (MBs) and ultrasound is an emerging method for non-invasive and 

targeted enhancement of anticancer drugs uptake. This method showed to increase local drug 
extravasation in tumor tissue while reducing the systemic adverse side effects in various tumor models. 
The present study aims into evaluating the therapeutic efficacy of 2 types of microbubbles both in-vitro 
and in-vivo for Nab-paclitaxel delivery in a pancreatic tumor model. 

Methods 
In-vitro, a suspension of human pancreatic cancer BxPC3 cells was exposed to ultrasound (1 MHz, 

100 μs PRP, 40% DC, 400 kPa, 30s) in presence of QA3216 microbubbles or BR38® with a ratio of 5:1 
MBs/cell. Nab-paclitaxel was injected at a concentration of 2.5 ng/mL. Seventy-two hours later, MTT 
assay was performed to assess cell viability. 

In-vivo, BxPC3 tumors were induced by a subcutaneous injection of 5×106 cells in both flanks of male 
nude mouse. When the tumor was significantly perfused, the treatment was initiated as follows: an i.v. 
administration of Nab-paclitaxel (5 or 20 mg/kg) followed by an i.v. administration of MBs (70 μL). 
Ultrasound insonation as applied using a single-element transducer at 1 MHz (100 μs PRP, 40% DC, 400 
kPa, 3 mins). The therapeutic efficacy was determined by monitoring the tumor growth using ultrasound 
imaging. Quality of life of the animals was also assessed. 

Results 
In-vitro Nab-paclitaxel delivery - The exposure of BxPC-3 cells to ultrasound at 400 kPa in presence 

of BR38® and QA3216 MBs did not modify the cell viability in comparison to the control condition. As 
shown in Figure 1, when the BxPC-3 cells were treated with 2.5 ng/mL of Nab-paclitaxel only, the cell 
viability significantly decreased compared to the control condition without Nab-paclitaxel (61 ± 2% vs 100 
± 0.1%; p < 0.001). BxPC-3 cells treated with Nab-paclitaxel at 2.5 ng/mL and exposed to ultrasound in 
the presence of BR38® MBs showed a slight but non-significant decrease in their viability in comparison 
to the treatment with Nab-paclitaxel alone. However, the combination of ultrasound with QA3216 MBs 
and 2.5 ng/mL of Nab-paclitaxel induced a significant decrease in the cell viability compared to the Nab-
paclitaxel treatment alone (50 ± 2% vs 61 ± 2%; p < 0.01). All together, these results clearly show that 
QA3216 MBs in combination with ultrasound and Nab-paclitaxel induced a higher cell mortality 
compared to Nab-paclitaxel treatment alone. 

In-vivo Nab-paclitaxel delivery - Subcutaneous pancreatic cancer tumors were treated with either 
QA3216 MB-assisted ultrasound on its own, or i.v. administration of Nab-paclitaxel at 5 or 20 mg/kg on 
its own, or by i.v. injection of Nab-paclitaxel at 5 or 20 mg/kg in combination with MB-assisted 
ultrasound and a co-administration of either QA3216 or BR38® MBs. The therapeutic effectiveness of 
Nab-paclitaxel delivery with or without MBs and ultrasound was monitored using anatomical ultrasound 
imaging every day before starting the treatment session. 
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Figure 1. In-vitro Nab-paclitaxel delivery using MB-assisted ultrasound. Data expressed as mean ± SEM 

were calculated from five independent experiments. Significance was defined as p < 0.05 (*p < 0.05; **p < 0.01; 
Mann-Whitney test). 

As shown in Figure 2A, QA3216 MBs in combination with ultrasound application did not affect the 
tumor growth compared to the control group. In addition, the repeated i.v. administration of one Nab-
paclitaxel dose at 5 mg/kg on its own led to a significant decrease in the tumor volume compared to 
control group (Figures 2A and 2B; p < 0.05). Furthermore, the combination of Nab-paclitaxel at 5 mg/kg 
with QA3216 MBs and ultrasound induced a significant and additional decrease in tumor volume after 
three treatments in comparison to Nab-paclitaxel treatment alone (Figure 2B; p < 0.05). As shown in 
Figure 2C, the repeated i.v. injection of one Nab-paclitaxel dose at 20 mg/kg on its own resulted in a 
significant decrease in tumor volume compared to the repeated delivery of a Nab-paclitaxel dose at 5 
mg/kg on its own or in combination with QA3216 MB-assisted ultrasound (p < 0.01). The repeated 
delivery of one Nab-paclitaxel dose at 20 mg/kg in combination with QA3216 MB-assisted ultrasound led 
to an additional and statistically significant decrease in tumor volume compared to the 20 mg/kg Nab-
paclitaxel treatment alone (Figure 2C; *p < 0.05). 

 
Figure 2. In-vivo Nab-paclitaxel delivery using microbubble-assisted ultrasound. Data expressed as mean ± 
SEM were calculated from 8-10 tumors. Significance was defined as p < 0.05 (*p < 0.05; #p < 0.05; Mann-Whitney 
test). 
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However, the combination of this chemotherapy with BR38® MB-assisted ultrasound resulted in a 
significant reduction in tumor volume until the 8th treatment in comparison to the 20 mg/kg Nab-paclitaxel 
treatment alone (Figure 2C; #p < 0.05). No significant difference in the therapeutic effectiveness was 
observed between both types of MBs for the repeated delivery of one Nab-paclitaxel dose at 20 mg/kg 
(Figure 2C). These results suggest that MB-assisted ultrasound potentiate the therapeutic effectiveness of 
one Nab-paclitaxel dose at 5 mg/kg as well as at 20 mg/kg in subcutaneous pancreatic cancer mouse 
model.  

Conclusions 
The present study showed that Nab-paclitaxel delivery using MB-assisted ultrasound enhanced the in-

vitro and in-vivo therapeutic effectiveness of paclitaxel in comparison with Nab-paclitaxel treatment on its 
own.  
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Introduction  

Efficient and safe drug delivery across the blood-brain barrier (BBB) remains to be one of the major 
challenges of biomedical and (nano-) pharmaceutical research. The combination of ultrasound (US) and 
microbubbles (MB) can be employed to induce a temporarily and spatially controlled opening of the BBB, 
allowing for the extravasation of drugs and delivery systems out of the blood vessels into the central 
nervous system (CNS) [1]. This phenomenon, which is traditionally referred to as sonoporation, has also 
already been successfully employed to improve drug delivery to tumors [2], even in patients [3]. In the 
present study, we employed multimodal and multiscale optical imaging, and clinically relevant PHPMA 
polymers (10 nm) and PEGyated liposomes (100 nm), to systematically study the potential of 
sonoporation for shuttling nanocarriers of different sizes across the BBB (see Figure 1).  

 

 
 

Figure 1: Study design. Fluorophore-labeled PHPMA polymers (10 nm) and PEGylated liposomes (100 
nm) were intravenously co-injected together with PBCA-based polymeric microbubbles, and the BBB was 
subsequently opened via the application of transcranial ultrasound for 10 minutes. The accumulation and 
penetration of the two differently sized nanocarriers was visualized and quantified using multiple in vivo 
and ex vivo imaging techniques.  

Methods 
CD-1 nude mice were intravenously co-injected with MB and with pHPMA polymers (10 nm) or 

PEGylated liposomes (100 nm). Both nanocarriers were labeled with Alexa488 and Cy7. Upon US 
treatment (16 MHz, 50% power, mechanical index 0.45, continuously applied for 10 minutes), the 
accumulation of the two prototypic drug delivery systems was longitudinally monitored using hybrid 
computed tomography-fluorescence molecular tomography (CT-FMT [4]). Prior to sacrifice, rhodamine-
labeled lectin was intravenously injected to counter-stain functional blood vessels in the brain. Ex vivo 
analysis included fluorescence reflectance imaging (FRI), fluorescence microscopy (FM), confocal 
microscopy (CM), multiphoton microscopy (MPM) and stimulated emission depletion (STED) nanoscopy. 
Possible side effects and the overall extent of BBB opening were also investigated, using H&E and 
immunofluorescence (with antibodies directed against extravasated endogenous IgG).   
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Results 
In all experimental groups, the efficiency of sonoporation-induced BBB opening was confirmed via a 

significant increase in the number of blood vessels positive for IgG extravasation. H&E stainings showed 
that sonoporation, at the US times and settings employed, did not induce obvious brain damage. While the 
extravasation and penetration of the 10 nm-sized polymeric drug carriers upon sonoporation was clearly 
visible with all optical imaging modalities, clear-cut extravasation of 100 nm liposomes could only be 
observed using highly sensitive and high-resolution techniques, such as CM, MPM and STED nanoscopy. 
Using software tools to quantify the penetration depth of fluorescent drugs and drug delivery systems out 
of the blood vessels into the brain [5], we found that 10 nm polymers penetrated significantly more 
efficiently and much deeper into the CNS upon sonoporation than 100 nm liposomes. 

 

Conclusions 
Sonoporation can be employed to efficiently and safely open up the BBB, allowing 10 and 100 nm-

sized drug delivery systems to translocate across the endothelium and penetrate into the brain. Multimodal 
and multiscale optical imaging shows that small nanocarrier materials accumulate more efficiently and 
penetrate deeper into the brain upon sonoporation than large nanocarriers. These findings contribute to 
development of novel therapeutic and theranostic approaches to improve the treatment of brain tumors and 
CNS disorders. 
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Introduction  
Contemporary therapy for acute myocardial infarction (AMI) is reperfusion through percutaneous 

coronary intervention (PCI).   Despite the fact that reperfusion times have decreased over the past two 
decades,  congestive heart failure (CHF) following AMI is on the rise. This is due to microvascular 
obstruction (MVO), which prevents complete reperfusion and limits myocardial salvage.  MVO occurs 
due to mechanical obstruction of the microcirculation by atherothrombotic debris, inflammation, and a 
milieu of oxidative stress, accentuated by a lack of nitric oxide (NO) bioavailability.  Replenishing NO 
would provide numerous therapeutic pathways for MVO, owing to its multilevel role in various signaling 
pathways which ultimately decrease tissue reactive oxygen species, platelet adhesion, inflammatory cell 
adhesion, and microvascular permeability. Therefore, specifically increasing NO bioavailability is 
attractive for mitigating both the occurrence and sequelae of MVO.   

We have previously demonstrated that ultrasound-targeted microbubble cavitation (UTMC) can be 
used to relieve MVO through mechanical mechanisms.  More recently, we have also discovered that 
UTMC increases endogenous NO bioavailablity, and this contributes significantly to the efficacy of 
UTMC.  Another means to increase NO bioavailability can be achieved through adminsitration of 
exogenous NO in the form of nitrite (NO2−), which can also be leveraged for therapeutic benefit.  
Accordingly, in the present study, we sought to determine whether co-adminsitation of IV nitrite during 
UTMC would further enhance the important therapeutic bioeffects of UTMC for the treatment of MVO. 

Methods 
Lipid-encapsulated perfluorocarbon microbubbles (average radius of 3±1µm) were synthesized in-

house. In rats weighing 275±20 g, synthesized microbubbles were delivered first-pass to the treatment 
hindlimb through the femoral artery for UTMC therapy (2×108 microbubbles/mL at 1.5 mL/hr for 2 min) 
while Definity contrast microbubbles were infused through the internal jugular vein post-treatment for 
contrast perfusion imaging (2 mL/hr). In select groups, sodium nitrite (4 mg/kg) and/or N-Nitro-L-
arginine methyl ester (LNAME), an endothelial nitric oxide synthase (eNOS) inhibitor (10 mg/kg), were 
given 5 minutes prior to UTMC therapy, where LNAME was used to determine whether changes in NO 
were attributable to eNOS. 

Therapeutic ultrasound was delivered using a 1 MHz single-element transducer for 2 minutes (5 ms 
bursts every 3 seconds at a peak negative pressure of 1.5 MPa). Following UTMC, burst-replenishment 
perfusion imaging was performed in contrast pulse sequence mode (Siemens Sequoia, 7 MHz, framerate 
of 5 Hz and mechanical index of 0.2, with a burst of 5 frames at mechanical index of 1.9) at 3, 6, 10, and 
30 minutes. Recorded cine-loops were analysed in MATLAB for microvascular blood volume. 
Additionally, an NO catheter probe was placed in the treated hindlimb musculature for real-time NO 
concentration measurements over the 30-minute observation period.  
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For microvascular blood volume, the effects of UTMC, nitrite, and LNAME were evaluated using a  
mixed effect model (with restricted maximum likelihood). Statistical significance was taken at p < 0.0005 
for all comparisons accounting for multiple comparisons using a Bonferroni correction.  

Results 
The factors of UTMC, nitrite, and LNAME all had significant interaction effects. The LNAME only 

(no UTMC) condition compared to the control condition (no treatment) showed no significant changes in 
blood volume at any time point relative to baseline (Fig. 1A).  Nitrite with and without LNAME 
significantly increased blood volume at 30 minutes (Fig. 1B). UTMC alone showed a transient decrease in 
blood volume at 3 minutes, which recovered at 6 minutes and increased above baseline at 30 minutes (Fig. 
1C).   Addition of LNAME to UTMC therapy ablated the return of blood volume to baseline, resulting in 
significantly decreased blood volume beyond UTMC alone at 6, 10, and 30 minutes.  Combined UTMC 
and nitrite therapy resulted in significantly increased blood volume at all time points above no treatment, 
and above UTMC only therapy at 3, 6, and 10 minutes (Fig. 1D).  Although UTMC with both nitrite and 
LNAME showed similarly decreased blood volumes as UTMC LNAME at 3, 10, and 30 minutes, blood 
volume temporarily returned to baseline levels at 6 minutes in the UTMC nitrite LNAME group.  

UTMC and nitrite had a synergistic effect on increasing NO compared to either UTMC or nitrite alone 
(Fig. 2A).  LNAME administration with UTMC and nitrite reversed this effect, resulting in decreasing NO 
concentration (Figure 2B). This suggests some eNOS dependency. However, when comparing UTMC and 
LNAME to UTMC with both nitrite and LNAME, the decrease in NO concentration in the latter is 
blunted, suggesting eNOS independent effects of nitrite as well.  

Figure 1: Change in microvascular blood volume from baseline (BL). Points and error bars indicate mean and standard 
deviation. All combinations of UTMC therapy, nitrite (4 mg/kg), and LNAME (10 mg/kg) are shown. Asterisk indicates 
statistical significance (p < 0.0005) from control group relative to baseline. 
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Conclusions 
We have shown that the combination therapy of UTMC and nitrite results in synergistic improvement 

of microvascular blood volume and NO concentration in a healthy rat hindlimb model.  We have also 
shown that nitrite alone has eNOS independent effects on increasing blood volume.  However, the synergy 
with UTMC therapy is partially dependent on eNOS activity as evidenced by the blunting of this effect 
with LNAME administration. These findings provide mechanistic insight into UTMC therapy and provide 
another means to enhance its efficacy through increasing NO bioavailability.  
  

Figure 2: Change in NO concentration over the 30-minute observation interval measured by intramuscular catheter 
probe. Points and error bars indicate mean and standard deviation.  
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Background 
Preliminary clinical studies have confirmed that high mechanical index (MI) impulses from a 

diagnostic ultrasound transducer (DUS) during an intravenous microbubble infusion may be effective in 
restoring epicardial and microvascular flow in acute ST segment elevation myocardial infarction 
(STEMI). 

Objective 
The objective of this study was to prospectively test the effect of DUS high MI impulses in first-time 

STEMI patients. 

Methods 
From May 2014 through August 2018 patients arriving with their first STEMI were prospectively 

randomized to either DUS-guided high MI impulses during an intravenous Definity infusion prior to, and 
for 20 minutes following, emergent percutaneous coronary intervention (PCI, n=50), or control group  that 
received low MI imaging only (n=50). Initial epicardial recanalization rates prior to emergent PCI, pre-
discharge left ventricular (LV) infarct size (IS;% of LV mass) and microvascular obstruction (MVO) by 
cardiac magnetic resonance imaging (CMRI), as well as one and six month measurements of systolic 
function (LVEF) outcomes were compared.   

Results 
Median door to dilation times were 72 + 15 minutes in the high MI group versus 82 + 26 minutes in 

the low MI group. Angiographic recanalization prior to PCI was 48% with high MI versus 20% with low 
MI (p<0.001). %IS by CMRI was significantly lower (p=0.03) as was extent of MVO (p=0.02) in high MI 
treated patients. Mean MVO size in LAD infarctions was 5+6 grams in the high MI group (n=23) versus 
12+13 grams in controls (n=25; p=0.02). LVEF was not different before treatment, but increased 
significantly post PCI only in the high MI group (p<0.0001) and remained significantly higher at one 
month although not at six months.  

Conclusions 
High MI DUS impulses during a microbubble infusion lead to early recanalization, reduced area of 

MVO, and improvement in systolic function at one month post STEMI.  
Key Words: Ultrasound, acute myocardial infarction, microbubbles 
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Introduction 
Multi-bubble sonoluminescence is a process whereby bubbles oscillating under ultrasound excitation 

emit light.1 In previous studies, the exposure conditions associated with sonoluminescence have been very 
different from those used in biomedical applications of ultrasound. However, with the increasing use of 
microbubbles in both ultrasound imaging and therapy, and studies showing sonoluminescence at 
ultrasound frequencies in the MHz range2–8, there is a need to understand whether these extreme events 
can in fact occur in tissue.  

Methods 
Three different formulations of microbubbles containing either oxygen or Sulphur hexafluoride were 

insonated using a 1 MHz US transducer at an intensity of 3.5 W/cm2, 30% duty cycle, and 100 Hz pulse 
repetition frequency for 2 minutes. Sonoluminescence events were recorded via photomultiplier tubes 
(PMTs). One PMT and a passive cavitation detector (PCD) were used simultaneously to correlate the 
overall light and acoustic emissions. When the sonoluminescence was investigated at specific 
wavelengths, a second PMT was used as a reference to normalise the filtered PMT signal. Phospholipid-
coated microbubbles of 2.1 ± 1.6 μm in size were used, corresponding to the agents used in ultrasound 
imaging and therapy. These were also diluted to 5x105 microbubble/mL in deionised water to reflect the 
concentrations that would be present in the human blood stream following injection. 

Results 
The results provide direct evidence that phospholipid-coated microbubbles produce broadband 

sonoluminescence when exposed to low-intensity 1 MHz ultrasound at 37°C (Figure 1). Furthermore, 
upon the addition of a photosensitiser, a reduction in the optical emissions at the absorption wavelength of 
the drug was observed.  

Conclusions 
These findings provide an explanation for the mechanism underlying sonodynamic therapy (SDT), 

wherein photosensitisers can be locally activated by exposure to ultrasound.4 As sound can be focused at 
greater tissue depths than light, this offers an opportunity for utilising photosensitive drugs to treat a wider 
range of lesions than is currently possible. 
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Figure 1 Measurements of sonoluminescence and acoustic emissions of three lipid-coated microbubble 
formulations excited at 1 MHz, of 3.5 W/cm2, 30% duty cycle, and 100 Hz pulse repetition frequency for 2 
minutes (n=3 runs of 1000 acquisitions each, error bars indicate standard deviations). Total photomultiplier 
tube (PMT) counts above 6 mV in amplitude and integrated broadband energy are displayed. 
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Introduction 
Ischemia-reperfusion-induced neurological injury is a primary cause of stroke disability. Xenon (Xe), 

a bioactive gas, has potential as an effective and nontoxic neuroprotectant for the treatment of ischemic 
stroke [1]. When Xe is delivered by inhalation, high concentrations (50–70% v/v) are necessary to obtain a 
therapeutic effect, but limit the fraction of inspired oxygen. The goal of this work was to develop Xe-
loaded lipid-shelled microbubbles for site-specific release of Xe upon pulsed ultrasound exposure in the 
neurovasculature. By encapsulating Xe into micron-sized lipid-shelled microbubbles, the therapeutic gas 
can be shuttled through the vasculature until delivery is triggered by ultrasound exposure. 

Methods 
Xenon-loaded microbubbles (Xe-MBs) were synthesized by high-shear mixing of 1 ml lipid dispersion 

(9:1 molar ratio of DSPC and 18:0 PEG2000 PE) in a vial that contained 1 ml Xe, or a combination of Xe 
and octofluoropropane (OFP) (90/10% v/v), in the headspace. The size distribution and acoustic 
attenuation spectrum of XeMB were measured using a Coulter counter and broadband attenuation 
spectroscopy (over 2 – 25 MHz), respectively [2]. Gas chromatography–mass spectrometry was employed 
to measure Xe dose.[3, 4].  

Results 
Co-encapsulation of OFP increased the total volume, attenuation coefficient, and stability of 

microbubbles, shown in Figures 1 and 2. Triggered release of the Xenon gas payload was demonstrated 
with 6-MHz duplex Doppler and 220-kHz pulsed ultrasound. The total Xe dose in Xe-MB and Xe-OFP-
MB were 111.8 ± 16.1 and 127.0 ± 29.1 μl per mg of lipid, respectively, shown in Table 1. 

 

Fig. 1 The volume-weighted size distributions of a) Xe-MB and b) Xe-OFP-MB, measured in Xe-saturated, 
air-saturated, and undersaturated (DO = 87.5 ± 1.8%) phosphate buffered saline. 
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Table 1. Xenon concentration measured using gas chromatography/mass spectrometry. Four vials were 
tested for Xe-MB and Xe-OFP-MB, and 3 vials for Xe-saturated and Xe-OFP-saturated solution.  

Agent [Xe] (ml/ml of solution)* 

Xe-MB 111.8 ± 16.1 

Xe-OFP-MB 127.0 ± 29.1 

Xe-saturated solution 
34.1 ± 2.7 (with sonication) 

57.6 ± 4.2 (8 hr equilibration) 

Xe-OFP-saturated solution 
39.1 ± 2.1 (with sonication) 

51.0 ± 3.3 (8 hr equilibration) 

* The Xenon dose per ml of solution is equivalent to the Xe dose per mg of lipid. 

Conclusions 
These results motivate the continued investigation of lipid-shelled microbubbles for ultrasound-

triggered Xe delivery. Intravenous administration of microbubbles carrying a neuroprotective gas in 
combination with ultrasound exposure has potential as a novel noninvasive strategy for local therapeutic 
delivery to modulate the effects of cerebral ischemia. 
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Fig. 2 The frequency-dependent acoustic attenuation coefficient of a) Xe-MB and b) Xe-OFP-MB measured 
at 0 min and 20 min in bovine serum albumin solution (dissolved gas = 100 ± 1%) at 37 ˚C. Note the change 

in the abscissa scale. 
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Introduction 
   Ultrasound-stimulated microbubbles are emerging as targeted drug/gene delivery vehicles for the 

treatment of cancer and cardiovascular disease.  The microbubble-cell interactions that facilitate 
therapeutic payload delivery across cell membranes and into cells outside the vasculature, and hence 
strategies to optimize this platform, remain poorly understood.  The objective of this work is therefore to 
elucidate the biophysical context of reversible sonoporation by investigating the biophysics on a single-
cell level; from plasma membrane perforation and repair to its association with cytoskeletal reorganization 
– mechanistic insight from which will help propel this platform towards the clinical area. 

Methods 
   We examined the cellular biophysics resulting from ultrasound-triggered microbubble cavitation by 

employing acoustically-coupled live-cell 3D confocal microscopy during real-time sonoporation. Live-cell 
microscopy was performed within an environmentally controlled incubation chamber at 37°C with a 
Nikon A1 spectral confocal microscope (∆z=1 µm, volume frame rate~0.13 fps). As microbubbles are 
confined to the vasculature, we first set out to examine endothelial plasma membrane perforation 
dynamics resulting from sonoporation (n=12).  Individual phospholipid-encapsulated microbubbles laying 
adjacent to a cultured human umbilical vein endothelial cell (HUVEC) monolayer were insonicated with a 
single, 8-cycle pulse at 1 MHz, ranging in peak-negative pressures from 0.1-0.9 MPa (MI = 0.1-0.9). The 
endothelial cell membrane was fluorescently labeled with a novel fluorogen-activating protein and cell 
impermeant propidium iodide (PI) was diluted in the culture medium as a surrogate drug and sonoporation 
marker.  As membrane dynamics are powered by cytoskeletal activity, a subset of experiments consisted 
of HUVECs co-labeled to visualize F-actin (n=12).  

Results 
   We show for the first time that sonoporation generates transendothelial perforations (TEPs) that 

confer intracellular permeability only during their opening phase.  The opening phase of TEPs (and thus 
membrane permeability) is an order of magnitude faster than its resealing phase (p<0.001), suggesting 
distinct biophysical origins between enhanced cellular versus vascular permeability.  The extent of actin 
breaching and re-organization at the TEP site increases with TEP area and PI uptake (p<0.001). The 
perforation resealing phase is led by actin recruitment along the TEP perimeter and results in an actin-poor 
plasma membrane protrusion, suggesting membrane budding and shedding as a potential sonoporation 
healing mechanism. 

Conclusions 
   While the opening of TEPs is largely a passive process, actin recruitment plays a significant role in 

the TEP resealing mechanism and occurs over much longer timescales (10-20 min), revealing the range of 
timecales associated with sonoporation for enhanced cellular and vascular permeability; for example 
applications aimed at site-specific endothelial gene delivery versus those focused on opening of the blood-
brain barrier for drug delivery. This work contributes towards understanding the biophysical context of 
reversible sonoporation as a targeted drug/gene delivery platform, necessary for its clinical translation. 
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Introduction 
The vasculature is an important barrier hindering efficient drug delivery to diseased tissue. However, 

using lipid-coated microbubbles drug delivery can be locally enhanced. These microbubbles oscillate upon 
ultrasound insonification and thereby can permeabilize cell membranes (sonoporation), open cell-cell 
junctions, and stimulate endocytosis [1]. Nevertheless, if we want to control and optimize these drug 
delivery pathways we need to understand their underlying biological mechanisms. To achieve the 
nanometer and nanosecond resolution necessary to visualize the cellular effects and resolve microbubble 
oscillation, a unique optical imaging system was used consisting of the Brandaris 128 ultra-high speed 
camera [2] coupled to a custom build Nikon A1R confocal microscope. To unravel the underlying 
biological mechanisms, we monitored intracellular calcium (Cai

2+) fluctuations since Cai
2+ plays a crucial 

role in membrane resealing, intercellular signaling, and opening of cell-cell junctions [3]. 

Methods 
Human umbilical endothelial cells (HUVEC) were cultured to full confluency in a CLINIcell [4] and 

lipid-coated microbubbles were targeted to the αvβ3 receptor expressed during angiogenesis. To unravel 
the underlying biological mechanisms, we monitored the cellular effect of single microbubbles (n=138) up 
to 4 min after ultrasound insonification (2 MHz, 100-250-400 kPa, 10 cycles). Drug delivery was assessed 
by evaluating sonoporation with Propidium Iodide (PI) and opening of cell-cell junctions with Cell Mask. 
Fluctuations of Cai

2+ were simultaneously monitored with Fluo-4. 

Results 
The Cai

2+ level remained stable when no pore formation was achieved. Sonoporated cells showed 
simultaneous PI uptake and increased Cai

2+
 levels. When the amount of PI uptake was low, the chance was 

higher for Cai
2+

 to return to its basal level, suggesting membrane resealing after sonoporation. When PI 
uptake was high, Cai

2+
 remained either elevated for >3 min or clustered into intracellular vesicles. A 

typical example of Cai
2+ clustering and the corresponding microbubble oscillation is shown in Fig. 1A. 

Cells adjacent to a sonoporated cell showed a delayed Cai
2+

 increase, always returning to basal levels 
within 3 min. The microbubble excursion amplitude was significantly smaller when either Cai

2+ remained 
stable or was elevated <3 min before returning to basal level (p<0.01, Fig. 1B). In addition, cell-cell 
junctions opened more often when Cai

2+
 remained elevated >3 min (35%) or clustered (78%) than when 

Cai
2+

 returned to basal levels (23%), as shown in Fig. 1C.  

Conclusions  
Using the state-of-the-art imaging system we can now unravel the missing link between microbubble 

oscillation and cellular response. Larger microbubble oscillation resulted in higher Cai
2+ levels and 

eventually to irreversible Cai
2+ uptake. We found a correlation between sonoporation, Cai

2+ influx, and 
cell-cell opening. This suggests a clear relationship between the drug delivery pathways and cell recovery. 
Further understanding of these underlying mechanisms will aid the development of safe and efficient 
ultrasound-mediated drug delivery. 
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Fig. 1: A) Imaging time sequence with confocal microscopy before ultrasound, microbubble diameter (ø) as 
recorded with the Brandaris 128, and confocal microscopy of the cellular response showing Cai

2+
 clustering 

into intracellular vesicles (arrows). Scale bar 10 μm. B) Microbubble excursion amplitude for each 
classification based on Cai

2+
 uptake. C) Occurrence of cell-cell junctions opening for each Cai

2+
 class. 
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Introduction  
Drug-loaded microbubbles have proven very promising for drug delivery purposes since they not only 

allow localized drug release but can also enhance the delivery of the drugs into the tissue [1]. Recently, we 
have proposed “sonoprinting” as a third possible mechanism, next to sonoporation and enhanced 
endocytosis, that may be responsible for the improved drug delivery when using drug-loaded 
microbubbles and ultrasound [2-4]. Sonoprinting is defined as the direct deposition of elongated patches 
of nanoparticles along with parts of the bubble shell upon applying ultrasound to nanoparticle-loaded 
microbubbles [2]. However, earlier studies have shown that the presence of a stiff membrane on which the 
cells are cultured in vitro, can cause asymmetrical oscillations of microbubbles [5,6] and as such influence 
microbubble-cell interactions. In this study, we investigated the delivery of model drugs from liposome-
loaded microbubbles to three-dimensional tumor cultures under ultrasound exposure and the role of 
sonoprinting therein. 

Methods 

4T1 murine breast cancer cells and 3T3 fibroblasts were used to form mono- and co-spheroids by 
self-aggregation in ultra-low adhesion agar microwells [7]. The 3D micro-environment of these 
multicellular spheroids resembles the in vivo situation, as an extracellular matrix can be formed that acts 
as a major physical barrier for drug penetration [8,9]. Liposome-loaded microbubbles were prepared by 
attaching biotinylated (thermosensitive and regular) liposomes containing doxorubicin (DOX) and/or DiD 
as a fluorescent marker, to the shell of biotinylated lipid microbubbles with the aid of an avidin linker. The 
spheroids were incubated with liposome-loaded microbubbles in an ultrasound transparent chamber, after 
which ultrasound of 1 MHz center frequency, 10% duty cycle, 2 W/cm² was applied for 10 seconds. The 
spheroids were subsequently studied using confocal microscopy, flow cytometry and toxicity assays. 
Cryosections of 10 µm were made to investigate the DOX and liposome penetration into the spheroids in 
further detail.  

Results and discussion 

When treating the multicellular spheroids with liposome-loaded microbubbles and ultrasound, the 
mean liposomal fluorescence that was found on the spheroid cells using flow cytometry was 90x higher 
compared to incubation with liposomes alone and 74x higher than when the liposomes and microbubbles 
were co-administered before ultrasound radiation. The results show that sonoprinting can also occur in 
soft tissue environments and that it is therefore not an artefact caused by the formation of asymmetrical 
bubble jets directed towards a stiff membrane. 

When studying intact spheroids under confocal microscopy, it became clear that this increase in 
liposome delivery was caused by a large deposition of liposomes on the outer cell layers of the tumor 
spheroid. This could be a promising delivery strategy for chemotherapeutics such as doxorubicin, as it can 
provide a depot system in close proximity of the tumor tissue from which the drug can leak out and exert 
its function locally. Adding a heating step ensured a local DOX release from the thermosensitive 
liposomes attached to the spheroid surface, from where the drug was able to penetrate through the 
spheroid (Fig 1A). However, the regular liposomes did not allow leakage of the drug 24h, and the drug 
molecule remained present on the outside of the spheroid (Fig. 1B).   

Toxicological assays show that the tumor cell killing is improved after 72h when the tumor spheroids 
were treated with both the regular and the thermosensitive DOX liposome-loaded microbubbles and 
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ultrasound compared to each type of liposomes alone and to the liposomes co-administered with 
microbubbles and ultrasound (Fig. 2). This indicates that even without the immediate release of the 
chemotherapeutic drug from the liposomal patches, the treatment remained effective. 

 
Figure 1: Confocal images of 10 µm cryosections from monospheroids treated with (A) 

thermosensitive liposomes or (B) regular liposomes coupled onto microbubbles and exposed to 
ultrasound. In both cases, patches of liposomal material (red) can be observed on the outer layers of the 
spheroids, while the doxorubicin (yellow) was only able to leak out of the thermosensitive liposomes and 
penetrate through the entire spheroid to reach the nuclei (blue) after 24h.  

 
Figure 2: viability as estimated using CellTiter Glo 3D® after 72h indicating that both regular and 

thermosensitive liposomes (LPS) coupled onto microbubbles (MB) significantly improve the tumor killing.  

Conclusions 

Microbubble and ultrasound guided-delivery of doxorubicin-containing liposomes can provide a local 
delivery of the liposome material on a 3D tumor culture surface, followed by a drug release into the 
deeper layers of the tissue. This study shows that sonoprinting can also occur in a soft tissue environment 
and that it can be an interesting method to form a local drug reservoir in close proximity to target sites. 
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The brain remains insufficiently explored by ultrasound, with respect to other imaging modalities such as 
MRI, CT or PET. This is mainly due to the fact that the skull protects the brain against most mechanical 
perturbations, including acoustic waves. Nevertheless, there is a strong incentive in pursuing brain 
ultrasonography, as it could benefit the diagnosis of tumours, stroke, aneurysm, but also help us 
understand the mechanism of thought. We should therefore seek anatomical, physiological and functional 
imaging of the brain with ultrasound, both in humans but also in animal models.  
Currently, human brain can be imaged with transcranial Doppler, which exploits windows of natural 
thinning of the skull, to observe the larger vessels of the brain. This technique is particularly interesting 
for the assessment of vascular defect, rupture or blockage, especially in the emergency setting.  
Beyond conventional Doppler, several recent advances based on ultrafast ultrasound [Tanter and Fink 
2014], such as ultrasensitive Doppler, functional ultrasound (fUS) and ultrasound localization microscopy 
have impacted the imaging of the animal brain and are starting to modify our vision of the human brain. 
For instance, fUS exploits the increase in cerebral blood flow induced by the neuro-vascular coupling to 
map brain activity [Deffieux et al. 2018]. Current implementations exploits ultrafast Doppler, which 
increased the sensitivity of Doppler to blood flow by more than an order of magnitude [Bercoff et al. 
2011, Demene et al. 2015].  
In animals, fUS can highlight the activity of the brain linked to an external stimulation, such as an 
electrical [van Raaij et al. 2011], whisker[Macé et al. 2011], olfactory [Osmanski et al 2014] or a visual 
stimulation [Gesnik et al. 2017]. It has also been used to describe the abnormal brain activity linked to 
epilepsy [Macé et al. 2011]. Most demonstrations were performed in anesthesized animals, but several 
experiments on awake animals were shown [Urban et al. 2015, Sieu et al. 2015], which highlights a strong 
advantage of fUS with respect to other modalities. Moreover, fUS is sufficiently sensitive to map the 
functional connectivity of the brain [Osmanski et al. 2014]. Functional ultrasound is often performed with 
a craniotomy or a thinned skull, even though it is not necessary for mice [Tiran et al. 2017]. fUS could 
even be performed through an intact rat skull with the use of contrast agents  [Errico et al. 2016]. 
Beyond the rat, mice, primate [Dizeux et al. 2018] and even pigeon [Rau et al. 2018], fUS was also 
demonstrated in humans. In the surgery room, through a craniotomy performed for tumor resection, fUS 
has described the selective activation of brain regions in human patients [Imbault et al. 2017]. In the 
neonates, fUS has also been performed through the fontanelles and was able to highlight abnormal brain 
activity [Demene et al. 2017]. Surgical and neonatal imaging are applications where other brain imaging 
modalities show some deficits and where fUS could make the difference.  
Microbubbles have shown that they could allow super-resolution imaging using ultrasound localization 
microscopy [ULM, Couture et al. 2018]. In the rat brain, we demonstrated that 8 microns resolution could 
be obtained in-depth by tracking the movement of individual microbubbles detected through spatio-
temporal filtering [Errico et al. 2015]. This technique not only highlight microvessels, but also describe 
the velocity of each microbubbles and can thus help describe the dynamics of the flow in vessels smaller 
than a human hair. The highly vascularized rat brain was used to describe the resolution limits of ULM 
with respect to acquisition time [Hingot et al. 2018]. In our view, the future of ultrasound localization 
microscopy is three-dimensional. A super-resolved 3D volume of the rat brain microsvasculature was 
recently displayed and showed that an entire organ can be characterized within one acquisition [Heiles et 
al. 2018].   
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Quite recently, ULM was also demonstrated in the clinical setting in the brain[Demene et al. 2018]. As in 
transcranial Doppler, the temporal window was used to localize and track the passage of microbubbles 
within the middle cerebral artery, part of the circle of Willis and their surrounding microvessels. 
Aberration correction and motion correction was performed to improve the image quality. Ultrasound 
localization microscopy was able to describe the complex flow pattern within an aneurysm.  
These new approaches for brain ultrasonography parallel the rapid development of ultrasound therapy of 
the brain, which show promises for treating mental illnesses and dementias [Meng et al. 2018]. In the 
future, ultrasound could thus become the ideal tool for brain theranostics. 
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Introduction 
 Left ventricular (LV) blood flow is a promising early stage biomarker of ventricular dysfunction [1]. 

However, blood flow in the LV is a 3D phenomenon and current clinical measurement techniques are 
limited to 1D /2D. Echo-particle image velocimetry (echo-PIV) can be used to measure 3D blood flow 
patterns but requires high frame rates to effectively track the fast flows expected in the LV. In this study, 
we use a prototype transesophageal (TEE) matrix probe, capable of 3D high volume rate (4 kHz) imaging 
to test the capabilities of 4D echo-PIV in a realistic and dynamic LV phantom. 

Methods 
A compliant, optically and acoustically transparent silicone LV chamber, encased in an acrylic box, 

was fitted with bio-prosthetic mitral and aortic valves (Edwards), connecting to atrial and compliance 
chambers (Figure 1.a). The system uses a piston pump (ViVitro) to impose volume changes in the acrylic 
box, causing similar flow patterns to those observed in vivo (Figure 1.b). The ‘ground truth’ flow patterns 
in the LV are captured using tomographic PIV (tomoPIV), a 3D optical velocimetry technique with high 
spatial (0.963 mm3) and temporal (2000 fps) resolution (Figure 1.c).  

 
Figure 1: a) Schematic of LV phantom. b) Phone-camera photograph of LV phantom illuminated during 
tomoPIV recording. c) Streamline visualisation of tomoPIV result. 

 
Using the TEE matrix probe (Oldelft, 5 MHz), connected to a Verasonics Vantage 256, single 

diverging waves were transmitted to insonify a field of view of 24° x 24° up to a depth of 10 cm (Figure 
2.a). Nine overlapping beams were acquired in a gated sequence, synchronized with the pump cycle, to 
obtain the full field of view of the LV without reducing frame rate. Ultrasound contrast agent (SonoVue, 
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20μl/l) was added for visualizing LV flow. Echo-PIV was then performed in the spherical domain using 
normalized cross correlation with a kernel size of 5.7mm x 12° x 12° and an overlap of 50% x 75% x 
75%, resulting in a vector map resolution of 2.5mm x 3° x 3°. 

 

Results 
The vector maps obtained with echo-PIV (Figure 2.b) were qualitatively compared to the tomographic 

PIV results (after conversion to cartesisan domain). The high velocity trans-mitral jet velocities of ~1 m/s 
could be captured by 4D-echo-PIV although there was still some underestimation present, especially in the 
lateral directions, likely due to the anisotropic point-spread-function (PSF). This phantom is a useful tool 
for further optimization of echo-PIV.  

 

Figure 2: a) Volume rendering of single 24°x24° beam with air-bubbles (SonoVue too dense for 
visualisation). b) echo-PIV vector rendering during diastolic phase. 

 

Conclusions 
4D echo-PIV was performed with the prototype TEE probe in a dynamic LV phantom and was 

compared to tomographic PIV. A method to compensate for the anisotropic PSF may improve lateral 
tracking performance of 4D echo-PIV.  
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Introduction  
Inspired by FPALM in optics and exploiting ultrafast ultrasound imaging, ultrafast Ultrasound 

Localization Microscopy (ULM) allows the reconstruction of a full velocity map of the rat brain 
vasculature with a micrometric resolution (8 µm) [1] [2]. Despite additional successes for tumour imaging 
[3] this plane-by-plane technique suffers from minute-long acquisitions, out-of-plane microbubbles and 
tissue motion which cannot be corrected for [4] and the loss of information due to the projection of a 3D 
vascular structure into a 2D image. We previously proposed the use of an isotropic matrix array for 3D in 
vitro superresolution imaging at high frame rates. We present here the application of this process in the rat 
brain in vivo. 

Methods 
The 2D matrix array with 1024 elements arranged in a 32x32 isotropic plane was controlled by the 

customised programmable 1024-channel system presented in [5]. Sprague Dawley rats underwent 
craniectomy surgery under Ketamin-Xylazin anesthesia. The anesthesia was later switched to Ketamin-
Domitor. The probe was driven at 9MHz to transmit plane waves at 12 different angles to achieve a 
compounded volume rate of up to 500Hz. It was decided to repeat 540 blocs of 185 volumes with a pause 
in between to allow for data transfer. A 3D ULM process previously described [5] was applied to 
determine the position of the bubbles, track them and perform velocimetry. An additional experiment was 
conducted where the rat was released from the stereotactic frame and thus added breathing motion on the 
images. Two different algorithms for motion correction were then applied to improve the quality of the 
images. The first one relied on correcting motion in between continuous blocs of volume while ignoring 
volume to volume motion. The second one corrected for motion each volume before applying ULM and 
then corrected the super-resolved images for bloc-to-bloc motion. 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. 3D rendering of rat brain after volumetric ULM 

a) Density of microbubbles b) Velocimetry (blue towards bottom, red towards top) 

a) b) 
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Results 
After implementation of this technique on 99900 volumes, a volumetric rendering of the rat’s brain 

microvasculature was obtained (figure 1.). At 9MHz, the conventional resolution with this 2D array is 
around 250 µm. The maximum theoretical microbubble localization precision obtainable with volumetric 
ULM was calculated to be less than 1µm in the axial direction and around 5 µm in the lateral and 
elevational directions. Velocimetry was performed to yield a large range of velocity fields in microvessels 
from a few tens micrometers to a few centimeters per second. The motion correction step allowed to 
correct for global and volume to volume motion to achieve greater quality images  (figure 2.). There are 
notable differences between the two different schemes as one seems to increase contrast of the large 
vessels at the expense of sharpness while the other one increases contrast less but retains sharpness. This 
effect is further exacerbated on small vessels. 

 

 

 

 

 

 

 

 

 

 

Conclusions 
Volumetric ULM was succesfully demonstrated in vivo on a rat brain and it was shown that classical 

2D techniques developped for ULM were translatable to 3D. It was also demonstrated that velocimetry 
was possible in the three dimensions. Volumetric ULM allows to surpass the conventional resolution in 3 
dimensions in a large volume with only 200s of acquisition time. However, the limited sensitivity of the 
2D matrix arrays, the data size, computation and transfer times remain major challenges. 
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Figure 2. 3D renderings of moving rat brain after volumetric ULM with different 
techniques for motion correction 
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Introduction 
Ultrasound super-resolution imaging techniques have shown the capability of breaking the diffraction 

limit in spatial resolution [1,2]. However, these current localization-based ultrasound super-resolution 
imaging techniques rely on a low concentration of active flowing microbubble signals. This means that, 
for slow flows associated with the micro-vasculature, a longer acquisition time is required for the 
microbubbles to replenish. During this long acquisition time, motion is very likely to be introduced to 
lower the imaging quality of super-resolution imaging. Therefore, there is a need to develop a super-
resolution imaging technique to acquire images sufficiently rapidly in order to avoid motion artefacts. We 
have recently developed Acoustic Wave Sparsely Activation and Localisation Micriscopy (AWLSALM) 
[3], which is able to achieve super resolution in no-flow condition using activataion and deactivation of 
phase change nano-droplets. While this method has great potential to achieve fast super-resolution 
imaging, the relatively high boiling point droplets used mean that separate ultrasound transmissions are 
required for droplets activation and for imaging, leading to extra acquisition time. In this study, fast 
acoustic wave sparsely activated localization microscopy (fast-AWSALM) is developed to simultaneously 
image, activate and deactivate octafluoropropane nanodroplets during high-frame-rate plane-wave 
ultrasound imaging to achieve ultrasound super-resolution images on a sub-second timescale. 

Methods 
Octafluoropropane nanodroplets consist of octafluoropropane liquid cores encapsulated by lipid shells. 

A 200 µm cellulose tube (Hemophan®, Membrana) phantom was fixed and immersed in a water tank 
where the walls were covered with acoustic absorbers. A L11-4v transducer equipped with ultrasound 
research platform (Verasonics Vantage 128, Kirkland, USA) was held 20 mm above the center of the tube. 
The water temperature was maintained at 24 ℃. A concentration of diluted nanodroplet solution (~  

1.35×107 PCCAs/mL) was prepared. A customised ‘Imaging/Activation’ sequence was implemented on 
an ultrasound research platform (Verasonics Vantage 128, Kirkland, USA) with a L11-4 38-mm linear 
array probe (ATL, USA). Briefly, a 1-cycle single-angle plane-wave pulse at 3.5 MHz with a peak-
negative-pressure (PNP) of 1.42 MPa was transmitted in order to simultaneously image, activate, and 
deactivate the octafluoropropane nanodroplets. The frame rate was 5000 Hz and 1000 frames were 
acquired in 200ms. Singular value decomposition (SVD) processing was used to obtain the changing 
contrast signals. The SVD thresholds were automatically determined from the location of the largest 
gradient on the energy versus singular value order curve. After SVD processing, super-localization was 
performed to reject the noise and detect potential vaporized droplets [3]. The location of single isolated 
vaporized droplets was calculated by the “centroid” method. The resulting super-resolution map was 
created from all the localizations detected over all the imaging frames. 
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Results 
Figure 1 shows three representative successive image frames after SVD filtering. It can be seen that the 

octafluoropropane nanodroplets were sparsely activated or deactivated by plane-wave pulses in the tube without any 
flow. Acoustic droplet vaporization has only been performed using focused single element transducers or linear-array 
probes with focus-wave transmissions in previous literature. The activation of nanodroplets via plane-waves without 
the need of using focus-wave enables a faster imaging and activation acquisition. Figure 2 shows the comparison 
between the summation of 1000 conventional B-mode image frames acquired in 200 ms and the corresponding 
super-resolution image which superimposes all the localization events in these 1000 frames. It can be seen that, in the 
super-resolution imaging, it not only has a better resolution but also help to remove some imaging artefacts appeared 
on the B-mode image. Figure 3 shows the resolution measurement of the B-mode and super-resolution image at the 
same lateral ROI from -8.6 to -8.4 mm. According to the measurement, the super-resolution image gives a FWHM of 
190 µm w333hereas the B-mode image shows a FWHM value of 550 µm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2. The summation of 1000 conventional B-mode image frames acquired in 200 ms (b) Super-resolution image 
superimposes all the localization events in 1000 frames acquired in 200 ms. Note that there is no flow in the tube. 

Figure 1. Three representative successive SVD-filtered image frames shows that octafluoropropane nanodroplets were sparsely 
activated or activated octafluoropropane nanodroplets were sparsely deactivated. Images were acquired with no flow in the tubes. 
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Figure 3. Full-width-half-maximum (FWHM) resolution measurement of the B-mode and super-resolution 
images at same lateral region of interest (ROI) from -8.6 to -8.4 mm. 

Conclusions 
In summary, this study demonstrates sub-second temporal resolution super-resolution can be achieved 

using the proposed fast-AWSALM – using high-frame-rate plane-wave transmit pulses to simultaneously 
image, activate and deactivate the octafluoropropane nanodroplets. The imaging frequency used in this 
study (3.5 MHz) indicates that this technique can be used for deep-tissue imaging. The acoustic pressure 
of the plane-wave pulses was well within the FDA-approved safety range. This study shows fast-
AWSALM, a faster version of AWSALM, which is also flow independent and does not require a precise 
control on contrast agent concentration. 
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Introduction  
Blood flow dynamics in the left ventricle (LV) show geometrical and anatomical characteristics that 

specify cardiac function. These parameters, obtained with echocardiography, are limited in temporal 
resolution, hampering the tracking of highly dynamic flow features (1). High-fame rate (HFR) contrast 
enhanced echocardiography, using diverging waves, is able to track higher velocities and gives insights 
into the blood flow dynamics of the LV (2). Blood flow patterns potentially are an early-stage diagnostic 
marker for cardiac dysfunction. Therefore, it is clinically relevant to assess these LV blood flow patterns. 
The aim of this study is to explore the feasibility of LV blood flow pattern analysis with HFR 
echocardiography in patients with systolic and diastolic heart failure (HF). 

Methods 
Five HF patients were included in this study. The patients were divided into two groups: HF with 

systolic dysfunction (systolic HF, n=3) and HF with preserved systolic function (diastolic HF, n=2). HFR 
echocardiography measurements were performed in a 3-chamber apical view at a frame rate of 1225 Hz 
(Pulse Inversion with 2 angled compounding at a PRF of 4900 Hz). Ultrasound contrast agent 
(SonoVue®, Bracco) was continuously infused at 1.2 ml/min. Movies were created offline and the flow 
patterns and vortices were assessed by eye (see Figure 1). Flow patterns were described based on the 
following parameters: velocity, direction and influence ability. The ability of the contraction to influence 
the flow dynamics was defined as influence ability. The vortex patterns were assessed with respect to 
rotation, velocity, position, size and duration (see Table 1). The cardiac cycle was subdivided in different 
phases (isovolumetric relaxation, rapid filling, diastasis, atrial ejection, isovolumetric contraction, systole) 
and the analysis was repeated for each phase.   

 
Table 1. Differences in flow and vortices between systolic and diastolic HF patients averaged over all phases of cardiac 
cycle. 

 Systolic HF (n=3) Diastolic HF (n=2) 

Flow 

1. Velocity 
2. Direction 
3. Influence ability 

 
1. Slow 
2. Indetermined 
3. Minimal 

 
1. Medium/fast 
2. Counterclockwise 
3. Normal 

Vortex 

1. Rotation 
2. Velocity 
3. Position 
4. Size* 

 
5. Duration 

 

1. Clockwise 
2. Fast 
3. Central 
4. V: 33.60 mm (±3.76)  

H: 34,85 mm (±5.78) 
5. Through complete cycle 

 
1. Counterclockwise 
2. Fast 
3. Apical 
4. V: 26.25 mm (±5.30) 

H: 25.00 mm (±3.54) 
5. In RF and diastasis 

*= Mean size of distinctive vortex (Systolic HF: central vortex. Diastolic HF: apical vortex). V = vertical axis. H = horizontal 
axis. 
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Results 
In the three systolic HF patients a central clockwise vortex was observed. Diastolic HF patients 

showed smaller counterclockwise vortices. The central clockwise vortices in systolic HF patients 
remained to exist throughout all phases of the cardiac cycle. The counterclockwise vortices of diastolic HF 
patients, only existed in the rapid filling (RF) phase and diastasis. Two systolic HF patients showed an 
extra counterclockwise vortex in the apical region. In the other systolic HF patient with 100% pacing, this 
was not observed. In diastolic HF patients, the flow amongst the LV walls abruptly changed direction 
during systole. On the contrary, for systolic HF patients the influence of systolic contraction on the flow 
was found to be minimal, especially amongst the apical walls.  

Conclusions 
This study demonstrates that LV blood flow pattern analysis with HFR echocardiography is feasible 

in humans. We observed clear differences in blood flow patterns between systolic and diastolic HF. This 
technique may offer new insights into the mechanism of heart failure.  

 

 
Figure 1. A 3-chamber apical contrast HFR echocardiography of a diastolic HF patient. Flow is represented in three 
cardiac phases: RF, diastasis and systole. 
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Introduction 
Significant microbubble displacements due to the primary radiation force have been observed in the 

focal region of single-element and array probes [1]. This effect has been harnessed to increase contact 
between ligand-bearing microbubbles and targeted endothelium for applications in targeted drug delivery 
and ultrasound molecular imaging. In this study, microbubble displacements associated with plane-wave 
transmission are investigated and compared to displacements obtained in focussed-wave transmission at 
equivalent burst length, pulse repetition frequency, center frequency and peak negative pressure. 

Methods 
Size-isolated microbubbles of 1-2, 3-4, 4-5 and 5-8 µm diameter, as well as polydisperse microbubbles 

(AMB Labs, Boulder, CO) were diluted with purified water to 104 to 105 mL-1 in a 1 L beaker. The 
microbubbles were insonified at 4 kHz pulse repetition frequency (PRF) by the LA332 linear array probe 
(100% bandwidth around 4.6 MHz) connected to the 64-channel ULA-OP open scanner. For each 
microbubble size population, multiple experimental conditions were established by varying the transmit 
frequency (range: 3-7 MHz) and the burst length (1-10 µs), to transmit plane-wave or focused-wave 
beams with 100-330 kPa peak negative pressure (PNP). Whichever transmit modality was used, the echo-
data beamformed along one or multiple lines were acquired for several seconds and processed using a 
multi-gate spectral Doppler (MGD) approach. This analysis allowed estimation of the microbubble 
displacements along the line(s) selected in the insonified region. 

Results 
In all plane-wave experiments, the transmission of 1-µs burst length pulses yielded peak displacements 

lower than 2 μm per transmission event. Displacement significantly increased for longer transmission 
pulses and higher PNP, especially at a frequency close to the microbubble resonance. For example, with 
pulses of 10 µs and 320 kPa peak negative pressure, peak displacements were measured up to 20 μm per 
transmission in a population with size range 3-4 µm. In particular, it was observed that in focused-wave 
mode the peak microbubble displacements were similar to, although typically slightly lower than, the 
values measured for plane wave. 

Conclusions 
The radiation force effects are equivalent in plane-wave and in focussed-wave transmission modes 

when similar transmission parameters are used. In both cases, microbubbles are displaced by an amount 
that increases with burst length, peak negative pressure and as the center frequency approaches 
microbubble resonance. However, for plane wave transmission, the microbubble displacements are nearly 
uniform over the field of view (rather than peaked at the focal region). The results of this study could be 
useful to facilitate uniform displacements over wide tissue volumes for applications in ultrasound 
molecular imaging and targeted drug delivery. 

Reference 
[1]. H. J. Vos, F. Guidi, E. Boni, and P. Tortoli, “Method for microbubble characterization using primary radiation 

force,” IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol. 54, no. 7, pp. 1333–1345, Jul. 2007. 
 



The 24th European symposium on Ultrasound Contrast Imaging 
 

46 
 

Influence of Electric Field on Acoustic Spectra  
of Nested Contrast Agents 

 
Steven P. Wrenn1, Michael J. Cimorelli1, Aaron T. Fafarman1, Michael A. Flynn1, Brett 

Angel2, and Andrew R. Kohut3  
 

1Chemical & Biological Engineering, Drexel University, Philadelphia, USA 
2College of Medicine, Drexel University, Philadelphia, USA 

3Perelman School of Medicine, University of Pennsylvania, Philadelphia, USA 
Corresponding author: spw22@drexel.edu 

Introduction  
We recently introudced a voltage-sensitive ultrasound contrast enhancing agent that shows promise for 

myocardial perfusion imaging [1]. The agent comprises coated liquid perfluorocarbon nanodropletst 
nested within the aqueous core of a phospholipid vesicle. In the absence of an electric field, the acoustic 
activity of the agent is relatively weak, and the agent transforms in the presence of an electric field to 
become acoustically active. In this talk we will present the details of the agent formulation and 
construction and quantify the acoustic scattering and attenuation that result from the agent in the absence 
and presence of an electric field. 

Methods 
For details of synthesis and characterization please see our 2018 Applied Acoustics article. Briefly, an 

emulsion of surfactant-coated perfluorocarbon droplets is nested within liposomes via a double emulsion 
process.  The formulation is characterized in a variety of ways: in a home-built acoustic spectrometer that 
enables both scattering and attenuation measurements as a function speaking transducer intensity and 
frequency; in a tissue-mimicking phantom as imaged with a clinical imaging system; and in animals using 
the same imaging system used with the phantom.  In all cases, the agent is tested both in the absence and 
presence of an electric field; in the case of animals, the electric field is that of the heart (where absence of 
field correlates with regions outside the myocardium).  This talk will also describe and inlcude results of 
recent infarct studies performed in swine. 

Results 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 – Acoustic Spectra in the absence (left) and presence (middle) of an electric field and 
difference thereof (right) 
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Figure 1 shows results from a typical acoustic scattering measurement.  Each panel is an acoustic 
spectrum that shows intensity (brightness scale at right of all panels) over a range of speaking peak 
negative pressures (vertical scale in MPa; speaking frequency was 2.25 MHz) and listening frequencies 
(horizontal scale, MHz).  The left and middle panels give the spectra obtained in the absence and presence 
of an alternating electric field (1 V/cm at 1 Hz), respectively, and the right panel shows the net effect 
resulting from the electric field by subtracting the results of the left panel from those of the middle panel.  
Above a peak negative pressure of ~0.6 MPa (or MI  ~0.4), the electric field enhances response at the 
driving frequency; at a peak negative pressure of ~2.0 (or MI  ~1.3) the electric field enhances response at 
the 2nd harmonic; and at a peak negative pressure of ~2.3 (or MI  ~1.5) the electric field enhances response 
at sub-harmonic frequency. 

Figure 2 shows results from a closed-chest swine study.  Shown are images of the left ventricle using a 
GE Vividi at baseline, which was prior to administering ELECTRAST and prior to ballooning (left panel), 
and during ballooning with administration of ELECTRAST (right panel).  The myocardium (as well as the 
chamber somewhat) showed enhanced brightening in the presence of ELECTRAST but not the region of 
the myocardium believed to correspond to the region of balloon blockage; the latter region darkened 
relative to baseline.  

 

 

 

 

 

 

 

 

 

Figure 2 – Closed-chest swine study showing baseline (left) and infarct (right) as 
detected by ELECTRAST 

Conclusions 
ELECTRAST is a voltage-activated, nested phase change agent with an acoustic signal that depends 

on electric field. The agent shows promise both in the laboratory and in animals.  Early tests suggests that 
ELECTRAST has potential for myocardial perfusion imaging, and other applications involving electric 
field could follow.  

Reference 
[1]. Cimorelli MJ, Angel B, Fafarman A, Kohut AR, Andrien BM, Barrett KJ, and Wrenn SP, Introducing a nested 

phase change agent with an acoustic response that depends on electric field: A candidate for myocardial 
perfusion imaging and drug delivery, Applied Acoustics, 138: 9-17, 2018. 

 
  



The 24th European symposium on Ultrasound Contrast Imaging 
 

48 
 

Tunable shell stiffness of phospholipid coated monodisperse 
microbubbles for non-invasive blood pressure measurement 

 
Tim Segers, Benjamin van Elburg, Guillaume Lajoinie, Michel Versluis 

 
Physics of Fluids group, University of Twente, Enschede, The Netherlands 

Corresponding author: t.j.segers@utwente.nl 

Introduction 
To date, invasive catheter-based methods are the only routine solution for in-vivo pressure 

measurements, e.g., to diagnose portal hypertension [1]. Therefore, the use of phospholipid-coated 
microbubbles for non-invasive blood pressure measurement has received considerable attention over the 
last decade. Hydrostatic pressure measurements using lipid-coated microbubbles relies on the change in 
the microbubble resonance frequency with ambient pressure. Increased ambient pressure decreases the 
bubble size, which leads to an increased lipid packing density which in turn increases shell elasticity until 
the buckling radius is reached, see Fig. 1A [2]. When the microbubble shell buckles, it reaches a surface 
tensionless state with a lower resonance frequency. Thus, the effective shell elasticity, and the 
corresponding resonance frequency, decreases with increasing ambient pressure. However, the use of this 
unique non-linear feature for blood pressure measurements is limited by the acoustic inhomogeneity of 
commercially available UCAs resulting from their polydispersity in size and shell properties.   

Recently, we fully characterized the parameter space for stable monodisperse microbubble synthesis 
by flow-focusing [3]. We showed that coalescence-free microbubble suspensions are more efficiently 
produced at temperatures above room temperature [4]. However, optimal microbubble design for non-
invasive blood pressure measurements requires more than control over microbubble size and stability 
alone, as shell stiffness governs the resonance frequency shift upon bubble compression. Tuning the shell 
stiffness of microfluidically formed bubbles remains a major challenge.  Here, we show, for the first time, 
that the shell stiffness of microbubbles formed by flow-focusing can be precisely tuned over one order of 
magnitude with values between 0.5 N/m to 4.5 N/m. We also show that the subharmonic response of these 
monodisperse microbubbles is strongly dependent on the ambient pressure. This work is therefore a route 
to the design of novel contrast microbubble tailored for non-invasive blood pressure measurements.  

Methods 
Monodisperse bubbles were produced using the in-house developed BubbleMaker. It consists of 

precise flow-control and a feedback loop to control the size and monodispersity of the freshly formed 
bubbles in a microfluidic flow-focusing device (Fig. 1B). Two routes for control over the shell elasticity 
were investigated. First, the molar ratio of DPPE-PEG5000 was varied in the employed lipid mixture. 
Second,  palmitic acid was added at molar ratios up to 60%. For both routes, DPPC and DSPC were used 
as a primary lipid mixed with DPPE-PEG5000 and palmitic acid. The microbubble suspensions were 
characterized by narrowband scattering and attenuation measurements at transmit frequencies ranging 
from 1 to 5 MHz and at peak negative acoustic pressures ranging from 10 to 100 kPa in steps of 10 kPa 
(Fig. 1C). The viscoelastic shell parameters were obtained from a model fit [2] to the attenuation spectra. 
In a second experiment, subharmonic scattering power was measured as a function of the ambient 
pressure. The transmit frequency was set to twice the resonance frequency of the bubble suspension 
measured at 100 kPa.  

Results 
It was found that the shell elasticity of microfluidically formed bubbles cannot be tuned through 

PEG5000 molar ratio variations. The shell elasticity of microbubbles formed using 5 to 10 mol% of 
DPPE-PEG5000 was 0.6 N/m for all molar percentages. On the other hand, we found a dramatic increase 
of the shell stiffness for lipid mixtures to which palmitic acid was added. Figure 1D shows the attenuation 
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spectra of a microbubble suspension measured at peak negative pressures of 10 to 100 kPa in steps of 10 
kPa. At a pressure of 100 kPa, the resonance frequency of the microbubbles is 20% lower than that at a 
pressure of 10 kPa. By contrast, for microbubbles formed with a lipid mixture containing 60 mol% of 
palmitic acid, the resonance frequency decreases by 65% when the acoustic pressure is increased from 10 
to 100 kPa, see Fig. 1E. The results show that shell stiffness can be tuned over one order of magnitude, i.e. 
from 0.5 N/m at zero palmitic acid concentration up to 4.5 N/m at a molar palmitic acid percentage of 
60%.  

Figure 1F shows that the subharmonic scattering response of monodisperse phospholipid coated 
bubbles is strongly dependent on the ambient pressure, i.e. it increases exponentially with ambient 
pressure. Thus, ambient pressure variations as small as 1 to 2 kPa can be measured when the bubbles are 
used at overpressures ranging approximately from 5 to 10 kPa.  

 
Fig. 1 (A) During bubble compression, the shell stiffness of lipid coated microbubbles first increases and 

then, at maximum compression, drops to zero as a result of a buckled monolayer. (B) Monodisperse bubbles 
were formed in a microfluidic flow-focusing device. (C) Acoustic characterization setup to measure the 
ambient pressure dependent resonance behavior and subharmonic response. (D) Attenuation spectra of 
microbubbles formed without palmitic acid. The shell elasticity was measured to be 0.5 N/m (E) Attenuation 
spectra of microbubbles formed with 60 mol% of palmitic acid. The shell stiffness was measured at 4.5 N/m. 
(F) Subharmonic scattered power as a function of the ambient pressure. 

Conclusions 
The shell stiffness of monodisperse phospholipid coated microbubbles can be tuned over one order of 

magnitude ranging from 0.5 N/m up to 4.5 N/m though the addition of palmitic acid to the lipid mixture. 
Furthermore, the subharmonic response of monodisperse microbubbles is strongly dependent on the 
ambient pressure. These new insights lay a foundation for the development of non-invasive blood pressure 
measurements using microbubbles and ultrasound.  
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The basic physics of sound waves enables ultrasound to visualize biological tissues with high spatial 
and temporal resolution. Recently, this capability was enhanced with the development of acoustic 
biomolecules—proteins with physical properties enabling them to scatter sound. The expression of these 
unique air-filled proteins, known as gas vesicles (GVs), in cells allows ultrasound to image cellular 
functions such as gene expression in vivo, providing ultrasound with its analog of optical fluorescent 
proteins. Acoustical methods for the in vivo detection of GVs are now required to maximize the impact of 
this technology in biology and medicine. We previously engineered GVs exhibiting a nonlinear scattering 
behavior in response to acoustic pressures above 300 kPa and showed that amplitude modulated (AM) 
ultrasound pulse sequences that excite both the linear and nonlinear GV scattering regimes were highly 
effective at distinguishing GVs from linear scatterers like soft biological tissues. 

 
Unfortunately, the in vivo specificity of AM ultrasound imaging is systematically compromised by the 

nonlinearity added by the GVs to propagating waves, resulting in strong image artifacts from linear 
scatterers downstream of GV inclusions. To address this issue, we present an imaging paradigm, cross 
amplitude modulation (xAM), which relies on cross-propagating plane-wave transmissions of finite 
aperture X waves to achieve quasi-artifact-free in vivo imaging of GVs [1]. The xAM method derives 
from counterpropagating wave interaction theory, which predicts that, in media exhibiting quadratic 
elastic nonlinearity like biological tissue, the nonlinear interaction of counterpropagating acoustic waves is 
inefficient. By transmitting cross-propagating plane waves, we minimize cumulative nonlinear interaction 
effects due to collinear wave propagation while generating a transient wave-amplitude modulation at the 
two plane waves’ intersection. In both simulations and experiments, we show that residual xAM 
nonlinearity due to wave propagation decreases as the plane-wave cross-propagation angle increases. We 
demonstrate in tissue-mimicking phantoms that imaging artifacts distal to GV inclusions decrease as the 
plane-wave cross-propagation angle opens, nearing complete extinction at angles above 16.5 degrees. 
Finally, we demonstrate that xAM enables highly specific in vivo imaging of GVs located in the 
gastrointestinal tract, a target of prime interest for future cellular imaging. These results advance the 
physical facet of the emerging field of biomolecular ultrasound and are also relevant to synthetic 
ultrasound contrast agents. 
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Introduction  
Atherosclerotic cardiovascular disease (ASCVD) remains the leading cause of morbidity and 

mortality, globally. (Lloyd-Jones 2010) Historically, the use of ultrasound imaging of the carotid artery 
has served as a unique biomarker or “window” for identification of a patient’s underlying cardiovascular 
risk. (Tardif, Heinonen et al. 2006) Thus, the presence and degree of atherosclerosis noted in the carotid 
arterial system would serve to classify or reclassify individuals for treatment.  

Historically, measurements of the carotid intima-media thickness (c-IMT) provided an easily 
accessible, biomarker for the classification of cardiovascular risk for individuals as well as population 
cohorts.  

Recently, the presence of carotid artery plaque superseded c-IMT as a more accurate biomarker of 
underlying cardiovascular disease. (Nambi, Chambless et al. 2010) 

Today, measurement of total plaque volumes using 2D and 3D ultrasound techniques has supplanted 
the earlier c-IMT measurements as a predictor of future CV events. Standard 2D imaging, while clinically 
useful, has certain limitations when used for carotid artery imaging including persistent operator 
dependence, variable image quality and out-of-plane registration errors.(Staub, Partovi et al. 2010)  Recent 
technological developments permit 3D volumetric characterization of arterial wall anatomy and function 
including plaque characterization with enhanced spatial resolution. (Ainsworth, Blake et al. 2005; Spence 
2017) (Spence 2017) (Sillesen, Sartori et al. 2017) (Sandholt, Collet-Billon et al. 2017)   

Another substantial advance includes the use of contrast-enhanced ultrasound imaging (CEUS). 
Combined with carotid artery ultrasound imaging, CEUS, provides a safe and effective method for 
assessing carotid arterial luminal surfaces, vessel patency, plaque morphology, and intra-plaque 
neovascularization including proliferation of adventitial vasa vasorum; all which represent markers of 
plaque vulnerability. (Feinstein 2004; Feinstein 2006) (Staub, Schinkel et al. 2010)  

Paradigm change: Anatomy versus physiology 
It is increasingly recognized that the genesis of major cardiovascular clinical events is not solely based 

on the concept that anatomic, linear progression culminates in a acute luminal obstruction. Rather, acute 
events are often triggered by pathologic events within an unstable plaque characterized by increased intra-
plaque neovascularization driven by local hypoxia, inflammation, etc. (Hellings, Peeters et al. 2010) 
(Michel, Virmani et al. 2011) (Matic, Jesus Iglesias et al. 2018) This re-assessment of the vulnerable 
plaque physiology has ignited interest in developing an a priori biomarker for the identification of the 
plaque features that confer higher risk for subsequent adverse events.  

In a landmark study in 2010, Hellings, et al., (Hellings, Peeters et al. 2010) reported that the presence 
of intra-plaque vessel density and intra-plaque hemorrhage were the only significant histological findings 
associated with plaque vulnerability and subsequent clinical cardiovascular events in a prospective 
analysis of 818 patients who underwent carotid endarterectomy. The authors further noted, that the 
presence of macrophage infiltration, large lipid core, calcification, and smooth muscle cell infiltration 
within the plaques were not associated with cardiovascular outcomes. These recent observations are 
consistent with earlier histopathology studies and cross-sectional studies of patients who had undergone 



The 24th European symposium on Ultrasound Contrast Imaging 
 

53 
 

carotid endarterectomy and were found to have increased intra-plaque neovascularity compared to patients 
with no history of ASCVD events. (Fleiner, Kummer et al. 2004) 

 

Contrast-enhanced Ultrasound Imaging (CEUS) 
CEUS is composed of intravenously injected acoustic microspheres (”microbubbles”) with a mean 

size of ~2 microns. These unique, acoustic microspheres act as surrogate red blood cells traversing 
unhindered through the capillaries providing unparalleled, real-time, organ perfusion, including 
intraplaque neovascularization. No other imaging modality, CT, MR of PET, provide the spatial and 
temporal heterogeneity of microvascular perfusion afforded by CEUS. In 1994, Albunex, was the first 
commercial ultrasound contrast agent approved by the FDA. (Feinstein, Cheirif et al. 1990) CEUS is now 
widely used internationally for organ and tissue perfusion, thus providing benefits to patients by avoiding 
unnecessary ionizing radiation, iodinated dyes, nucleotides, and Gadolinium. (Feinstein, Coll et al. 2009) 
Exceedingly small volumes are required clinically, such that the standard intravenous dose is 0.5-1.0ml 
with ~5-8x108 microspheres/cc. The clinical safety, efficacy and improved patient outcomes have been 
well established.  (Feinstein, Cheirif et al. 1990; Darge, Papadopoulou et al. 2013; Main, Hibberd et al. 
2013; Main, Hibberd et al. 2014) 

  The first reported use of CEUS to identify intraplaque carotid artery neovascularization was 
published in 2004. (Feinstein 2004) and has been validated at multiple centers using histopathology 
correlations. These data are summarized in a recent meta-analysis in 2016. (Huang, Abdelmoneim et al. 
2016) From their report, the authors concluded that CEUS is a promising, novel method for defining 
microvascular perfusion although, requires standardization.   

With regard to CEUS clinical outcomes studies, Staub et al., noted in a retrospective study in 2009, 
that 147 who patients underwent CEUS exhibited a carotid arterial plaque in 76% of the study sample and 
(Staub, Patel et al. 2009) and the prevalence of intra-plaque neovascularization was 54%. The presence of 
intra-plaque neovascularization using CEUS was the most significant covariate associated with a prior 
history of clinical ASCVD events, including stroke and myocardial infarction (multivariable-adjusted odds 
ratio 4.0, 95% CI 1.3-12.6). These data suggest a strong association between intra-plaque 
neovascularization and ASCVD events. (Staub, Patel et al. 2009)  

As an extension of the localized impact of using CEUS to identify carotid plaque vulnerability, 
investigators in 2013 correlated the degree of carotid artery intra-plaque neovascularization with the 
severity of systemic atherosclerosis in patients undergoing coronary arteriography, thus providing a 
broader platform of diagnostic utility. (Deyama, Nakamura et al. 2013)  

Today, 3D imaging and CEUS provides enhancement of the entire vascular system including, luminal 
characteristics, plaque volumes, luminal ulcers and, intraplaque/adventitial neovascularization. Cantisani 
et al., were the first to report 3D CEUS of the carotid artery employed using advanced ultrasound 
technologies. (Gourineni V 2014) (Di Leo, Venturini et al. 2018) The combination of CEUS and 3D 
technologies is designed to reduce or eliminate operator dependence leading to a standardized approach 
for image registration and analysis of the arterial vascular system. This powerful combination foreshadows 
a leadership role for ultrasound imaging of the carotid artery as a biomarker for the prediction and 
management and treatment of impending cardiovascular events in at risk individuals and populations.    
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Introduction  
CEUS offers practical advantages over brain MRI and may also prove to be superior in depicting 

perfusion changes occurring at the microvascular level in neonatal hypoxic ischemic injury1. Given its 
potential to serve as a diagnostic tool to objectively identify infants at high risk for hypoxic brain injury, 
we undertook this prospective cohort study to establish feasibility of obtaining CEUS and comparing it to 
available cerebral MRI perfusion data in neonates and infants at risk for HII. 

Methods 
All infants and neonates with open fontanels at risk for HII were recruited from the Neonatal Intensive 

Care Unit (NICU) and Pediatric Intensive Care Unit (PICU) at Johns Hopkins Hospital during a 6-month 
period in 2017. Parental consent was obtained prior to enrollment into this Institutional Review Board 
approved prospective observational cohort study. CEUS studies were subsequently categorized as normal 
or abnormal based on the follow-up MRI and/or clinical assessment. Image analysis of CEUS clips was 
performed offline on a desktop computer using the MATLAB (The Mathworks Inc., Natick, MA, USA) 
Image Processing Toolbox. The CEUS cine clips were imported into the MATLAB workspace in their 
DICOM (Digital Imaging and Communications in Medicine) format to prevent any additional image 
quality degradation through compression to an image format such as JPEG. All CEUS clips were reviewed 
by an US researcher (A.S) in conjunction with a pediatric radiologist (M.H) to identify regions of interest 
(ROIs) corresponding to the central gray nuclei and cortex. Once these ROIs were established, the 
averaged image intensity within each ROI was evaluated for the duration of the cine clip. Subsequently, 
the temporal image intensity data was used to generate time-intensity curves (TICs) for each of the ROIs 
corresponding to the central gray nuclei and cortex. In order to compensate for any motion or image 
artifacts, a regression based fit was performed to remove any outliers along the TIC that caused transient 
noise. For each curve, standardized CEUS perfusion metrics including peak enhancement (PE), time to 
peak (TTP), rise time (RT), wash-in slope or perfusion (PER), wash-in area under the curve (WiAUC) 
during RT, perfusion index (PERi; i.e., WiAUC/RT), rate of early wash-out, average intensity during 
early-washout were evaluated.   

Results 
Our results demonstrate that during the wash-in phase, brain perfusion ratios rather than absolute 

perfusion intensities are more accurate in detecting the presence of hypoxic ischemic injury (p=0.06 for 
ratios vs p-0.12~0.85 for absolute intensities). During the wash-out phase, rate of early wash-out was a 
more sensitive marker for detection of hypoxic ischemic injury than average intensity durign early wash-
out (p=0.02).  

Conclusions 
The study demonstates that with further validation in a larger prospectively cohort, brain CEUS can 

advance as a useful bedside tool for diagnosis of neonatal hypoxic ischemic injury. This is of significant 
clinical importance, as neonates during their critical illness are not easy candidates for MRI and are in 
much need of a highly sensitive bedside tool for early diagnosis, monitoring, and prognostication.  
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Introduction 
The European Medicines Agency (EMA) did not authorize the use of any ultrasonography constrast 

agent for pediatric intravenous use so far. In contrast, Lumason® (marketed in Europe as Sonovue® 
(Bracco Imaging SpA)) got the approval by U.S. Food and Drug Administration (FDA) for Contrast 
Enhanced Ultrasonography (CEUS) of the liver in both adults and infants. The EFSUMB European 
Federation of Societies for Ultrasound in Medicine and Biology) position statement of 2016 is a very 
usefull tool for establishing CEUS in the pediatric setting. 

Methods 
Report of all CEUS examinations performed at Children’s Hospital at General Hospital of Dresden 

since the beginnings in 2016. CEUS exams were performed when indicated on the basis of the EFSUMB 
position statement. In every single case parents’ and if applicable patients’ informed consent was obtained 
by individual information on indication, off-label-use, safety and efficacy profile and alternatives of 
Sonovue® and its use as a CEUS agent. Written parental consent was given by use of a standardized form. 
All patients were followed up for one hour after CEUS and, if age appropriate, asked to describe any 
undesired effects. 

Results 
64 CEUS examinations were performed in 47 patients in a 3 years period using a ZS3 Zonare® 

ultrasound platform and Sonovue®. The patients’ age range was 4 hours to 17 years. Common CEUS 
applications were in the liver (hemangioma, focal nodular hyperplasia, trauma) and kidneys (abscess, 
infarction, tubular interstitial nephritis, trauma). In selected rare cases patients were examined using CEUS 
in testis (testicular torsion, segmental infarction, post surgery perfusion), spleen (cysts, infarction, 
suspicious noduli), pulmonary abscess formation, parapharyngeal abscess formation and differentiation of 
a soft tissue tumor. Only one parent choose an other imaging modality than CEUS (intraabdominal 
abscess – MRI). No undesired effects of Sonovue® were observed. 

Conclusions 
Pediatric CEUS was a safe imaging tool in our setting and well accepted among patients, parents and 

colleagues. Pediatric CEUS is a fast and if needed bedside available method. The method is not only 
ressource and time sparing but also not dependend on sedation in younger patients in comparison to MRI. 
A more widespread application of this method could be achieved by enhancing scientific discussion 
among colleagues. 
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Rare application: Lung abscess of 2 cm diameter in a consolidation of the right middle lobe in 
pneumonia caused by Streptococcus pneumoniae in an 11 month old infant  
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Introduction  
Despite being a prominent field of biomedical research, imaging of prostate cancer (PCa) has not yet 

been demonstrated to enable replacing systematic biopsy (SBx) [1]. The latter procedure relies on a 
standard 10 to 12-core biopsy template to sample the prostate tissue for subsequent histopathological 
examination [2]. Reliable imaging does not only have the potential to reduce procedure time and patient 
discomfort, but it could potentially also reduce the incidence of SBx-related complications [3] and 
improve diagnostic accuracy by providing means for a targeted biopsy procedure. 

Dynamic contrast-enhanced ultrasound (DCE-US) has been considered as one of the candidates for 
robust PCa diagnosis [4]. Especially three-dimensional (3D) DCE-US, alleviating the limitation of being 
bound to a 2D plane, might be used to characterize prostate tissue prior to biopsy [5]. The underlying 
principle is that the visualization of vascularity through the use of tiny microbubble contrast agents [6] 
could highlight changes in the microvascular network associated with cancer angiogenesis [7]. 

Over the years, several quantification algorithms have been developed to extract features from the 
dynamic DCE-US recordings that reflect those changes. For this, we analyse the contrast intensity over 
time (i.e, the time-intensity curve, TIC) as the contrast bolus spreads through the prostate vasculature. In 
2D, TIC features ranging from the simple heuristic wash-in time to more sophisticated parameters 
representing contrast-agent velocity and dispersion were proven useful in the diagnosis of prostate cancer 
[8]–[10]. Especially in 3D, where the sizable volume videos are not readily interpreted, these parameters 
can considerably elevate the diagnostic potential [5], [11], [12]. 

The aim of this work is therefore to expand the former 2D-only analyses to three dimensions and 
investigate their joint potential for the localization of PCa. As shown in 2D, multiparametric combination 
by means of machine learning is capable of capturing complementary information of different parameters 
[13]. Therefore, we also compare the results of combined 3D quantification in volumetric regions of 
interest against the histopathological findings of SBx in those regions. 

 

Methods 
For this study, 43 patients with a suspicion of prostate cancer underwent a 12-core SBx procedure. 

Prior to the procedure, they received a 3D DCE-US recording using a 2.4-mL bolus injection of 
SonoVue® (Bracco, Milan, Italy), administered intravenously. The recording was carried out using GE’s 
LOGIQ E9 ultrasound scanner equipped with a RIC5-9 probe at the Second Affiliated Hospital of 
Zhejiang University. The SBx cores were histopathologically examined [14], marking the corresponding 
tissue either benign (B), Gleason 3+3=6 insignificantly malignant (iPCa), or significantly malignant 
(sPCa). 
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Fig. 1 Schematic representation of the CUDI framework, highlighting the (1) physiology, (2) imaging, (3) data 
extraction, and (4) CUDI analysis.  
 

The volumetric contrast videos were subsequently extracted from the device and subjected to several 
quantification analyses. More specifically, all four Contrast Ultrasound Dispersion Imaging (CUDI) 
algorithms were expanded to 3D and used to generate parametric maps corresponding to the 3D DCE-US 
data (see Fig. 1). CUDI analysis is based on modelling of contrast bolus spreading through the prostate as 
a convective-dispersion process. Here, (1) model-fit analysis (i.e., fitting each voxel’s TIC by a local-
density random walk model) allows the estimation of several parameters related to dispersion and 
perfusion [8], whereas (2) similarity analysis compares the shape of the TICs in a small ring-shaped 
kernel to quantify the local degree of dispersion [9], [11]. In addition, the underlying convection and 
dispersion coefficients can be estimated by (3) system identification among voxels [10], or by solving the 
(4) full convective-dispersion equation in a small 3D kernel [12]. We refer to earlier publications for a 
more elaborate explanation of the individual quantification techniques.  

The parametric maps resulting from the 3D CUDI analyses were appended with heuristic parameters 
and fractal dimension analysis [15] to create a dataset comprising 16 CEUS parameters that could be 
correlated to SBx-histopathology. To this end, we divided the volumetric maps into 12 regions of interest 
corresponding to the SBx locations [16], and computed the median parameter values per region. Their 
diagnostic potential was subsequently assessed using Receiver Operating Characteristics (ROC) analysis, 
more specifically, the area under the ROC curve. To combine the parameters, we employed machine 
learning through a Gaussian Mixture Model (GMM) which was trained in a leave-one-prostate-out cross-
validation fashion. Features were selected within the training loop following the backward feature 
elimination scheme based on the ROC curve areas.  

 

Results 
The individual parameters had an appreciable classification performance for both PCa and sPCa versus 

the benign SBx-cores. The best-performing parameters in terms of PCa classification were convective-
dispersion velocity (ROC = 0.71) and the wash-in time (ROC = 0.71). Best suited for classification of 
sPCa were the convective-dispersion velocity (ROC = 0.80) and the model-fitted mean transit time (ROC 
=0.79). 
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Fig. 2 (cont’d from Figure 1) Schematic representation of the validation framework, highlighting the (5) three-
dimensional parametric maps, (6) region of interest allocation, (7) histopathology, and (8) ROC curves of both 
convective-dispersion velocity and the wash-in time.  

 
 
The combined impact of quantification by means of multiparametric GMM improved the classification 
performance of the 3D DCE-US parameters to 0.76 and 0.81, respectively. A selection of the ROC curves 
is depicted as the final step in the schematic in Figure 2. 

 

Conclusions 
This work reports on the use of 3D DCE-US quantification for the localization of prostate cancer, 

showing appreciable results when correlating the median parameter values in volumetric regions of 
interest with the outcomes of SBx-histopathology. Moreover, we showed that a multiparametric 3D DCE-
US approach could potentially add to the diagnostic accuracy of the technique. 

We recognize that biopsy-core histopathology is limited by its tendency to undersample the tissue; 
therefore, tumour hotspots could have been missed or biopsy positions might have deviated from the 
centre of the corresponding region of interest. In future studies, this limitation will be alleviated through 
comparison of the parametric maps with whole-prostate pathology after radical prostatectomy, allowing us 
to assess the PCa localization performance on a smaller scale. Moreover, further assessment of the 
possible benign disease in false-positive regions of interest might elucidate on the relation between 3D 
DCE-US parameters and underlying physiology and spur the development of more specific imaging.  

In the future, we hope to confirm the results of this preliminary study in an extended patient group, 
enabling also comparison with radical prostatectomy specimens. Extension of the dataset will also allow 
more extensive machine-learning strategies, which we deem a very promising approach given the 
feasibility shown in this work.  
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Introduction 
       Endovascular aortic repair (EVAR) is associated with an endoleak rate type 2 of more than  20% . 
Regular controls are mandatory. Most often contrast-enhanced CT is used. The aim of this study was to 
compare contrast enhanced ultrasound (CEUS) for detection (1-3), quantification and follow-up of 
endoleaks using the dynamic properties of CEUS.  

Methods 
115 Patients underwent EVAR during 11/2012-10/2018 including hybrid-technique using 

chimney/periscope/double-barrel technique (n=24), for treatment of infra-/suprarenal true and mycotic 
aneurysms using various types of stentgrafts from six different vendors. Patients were followed up (mean 
follow-up 417 days) using  CT-Angiography (CTA) (n=270)) and CEUS (n=155). CEUS was performed 
blinded to the results of CTA with the use of i.v. application of sulphur hexafluoride (SonoVue, Bracco, 
Italy) on an Acuson S2000 with 4C1 and 6C1 scan heads (Siemens, Germany). Additionally, pairs of 
CTA-/CEUS-examinations were reviewed simultaneously by two experienced radiologists. For CEUS 
quantification software VueBox 6.0 and 7.0, Bracco was used. After linearization and standardization 
Time to Peak (TP), Rise Time (RT), Peak Enhancement (PE) and wash-in curves were calculated (fig.1) 
and correlated – if available - with results of perfusion CT (fig. 2: Somatom Force, SyngoVia, Siemens). 

 

Results 
61 patients (9 females; mean age 72.5±8.4) underwent 101 combined CTA-/CEUS-examinations. 

Endoleaks were detected by CEUS in 56% and by CTA in 48% of cases. Mismatch in detection of 
endoleaks was observed in 9%, in 4% related to artifacts in CEUS (1 false-negative and 3 false-positive). 
In 5%, CEUS proved advantageous over CTA due to dynamic assessment of late endoleaks not detected in 
CT due to an occurrence of more than 20 sec or beam hardening artifacts in CTA caused by embolization 
materials. In 7/11 patients different dynamic parameter of RT and TTP could be evaluated showing 4 
types of early and late appearance with and without a short rise time (fig.3). In 6/7 patients prognosis 
concerning the persistence of the endoleak was possible.  
 

Conclusions 
1. Although CEUS is difficult during the first 3 days after the intervention due to postoperative 

artifacts and limiting postinterventional air inclusions, after that, both methods are comparable in 
detecting and classifying type and origin of endoleaks. After multiple interventions (embolization, 
coiling) CEUS is superior to CT due to beam hardening artifacts. 

2. The difference of time to peak in combination combined with rise time was helpful for evaluating 
the prognosis and improve the differentation of Type II and Type I / III endoleak. 
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Fig.1: CEUS-Evaluation of an endoleak after less than 2 seconds with a very short rise time  (yellow ROI: prothesis, red ROI: 
endoleak, green ROI: occluded part of thze aneurysm). No occlusion of the endoleak during the next 6 month. 
 

Fig. 
2: Dynamic CT of the above patient showing a synchronous enhancement of protheses (orange and green)  and endoleak (purple 
curve). The enhancement of the proximal aorta is shown in yellow, the occluded part of the aneurysm is marked in red. 
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Fig. 3: CEUS-Evaluation of an endoleak coming very late and a very long rise time (green ROI: prothesis, white ROI: endoleak, 
green ROI: chimney for the kidney). Spontaneous occlusion after 3 month. 
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Introduction 
Nonthermal ablation via focused ultrasound and contrast agent microbubbles is under pre-clinical 

investigation for non-invasive brain surgery [1-7]. Existing sources of variability during the procedures 
can lead to inconsistent treatment outcomes and bioeffect generation outside of the intended target 
volume(s) [1,6,7], warranting the development of systems and methods for online monitoring and control 
prior to clinical translation. Our group has shown that three-dimensional (3D) microbubble imaging can be 
used to calibrate ultrasound exposure levels for inducing transient blood-brain barrier permeabilization 
without causing overt tissue damage [8]. In separate work, megahertz-rate processing of the acquired 
volumetric imaging data uncovered details regarding the spatiotemporal evolution of microbubble activity 
in vivo that were missed when temporal averaging was carried out over the duration of ultrasound on-time 
[9]. Here we investigate ultrafast 3D microbubble imaging for predicting the spatial distribution of tissue 
necrosis induced following nonthermal brain ablation. 

Methods 
Experiments were performed on craniotomized rabbits (≈ 2 cm x 2 cm window, 3-4 kg) using a multi-

frequency transmit/receive ultrasound phased array consisting of 256 transducer modules (3 concentric 
cylindrical PZT4 elements, f0 = 306/612/1224 kHz, inner/outer diameter = 1.4λ/2.0λ, λ = wavelength) 
sparsely distributed over a 31.8 cm diameter hemispherical shell [8]. Pulsed ultrasound (f0 = 612 kHz, 
pulse length = 10 ms, pulse repetition frequency = 1 Hz, duration = 120 s) was electronically steered over 
a 2 x 2 point square grid (axial plane, side length = 6 mm) starting simultaneously with an intravenous 
microbubble infusion (200 μl/kg DefinityTM over 90 s, 10 x maximum allowable clinical imaging dose) 
using a 3D subharmonic imaging-based feedback approach [8] that was modified to enable multi-point 
exposure level calibration. For all grid points, channel data were acquired throughout each transmit pulse 
(capture length = 14 ms, sampling rate = 10 MS/s) using the array elements tuned to the subharmonic 
frequency (f0/2 = 306 kHz). Exposures were carried out at 0/50/100/150% of the peak negative pressure 
required to detect spatially-coherent subharmonic activity in vivo (psub) via multi-channel 3D beamforming 
[8]. The locations of the different exposure levels were randomized between animals. Short-time analysis 
of the acoustic emissions data (moving, non-overlapping rectangular beamforming windows spanning 
ultrasound on-time, integration time = 1 μs) was performed offline. MRI was carried out at 3T to assess 
the induced tissue effects. Animals were sacrificed 48 hr post-treatment for histological examination. 

Results 
Multi-point exposure level calibration via 3D subharmonic imaging was feasible in vivo (psub = 0.67 ± 

0.19 MPa, intra-grid psub range = 0.14 ± 0.05 MPa, in-situ estimates). No statistical differences were found 
in the peak negative pressure subharmonic threshold between subgroups when the grid points were 
stratified based on either the exposure level or the target location within the brain (p > 0.60, one-way 
ANOVA). T2*-weighted (T2*w) MR images acquired immediately post-sonication displayed regions of 
signal hypointensity induced by the exposures at 100% psub and 150% psub, but not at lower target levels 
(Fig. 1). Hematoxylin-eosin (H&E) stained tissue sections associated the T2*w MRI signal hypointensities 
with the presence of red blood cell (RBC) extravasations and regions of tissue necrosis, the spatial extent 
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of which were both found to increase with increasing exposure level (Fig. 1). H&E histology also revealed 
small zones of RBC extravasations and tissue necrosis resulting from exposures at 50% psub that were not 
evident on T2*w MRI (Fig. 1). Ultrafast 3D subharmonic imaging data correlated well with the spatial 
distribution of T2*w MRI signal hypointensities (Fig. 1). 

Conclusions 
Volumetric imaging of ultrasound contrast agents in vivo over microsecond timescales shows promise 

as a method for predicting the spatial morphology of tissue damage induced following nonthermal brain 
ablation. The information provided by ultrafast 3D microbubble imaging is expected to aid in the 
development of active exposure control strategies for bubble-mediated ultrasound treatments both in the 
brain and in other parts of the body. 

 
Figure 1: Spatial correlation of ultrafast 3D microbubble imaging data with ultrasound-induced tissue damage in rabbit 
brain in vivo. Axial (left) and coronal (middle) T2*w MR images acquired immediately post-sonication demonstrate regions of 
signal hypointensity induced by the exposures at 0.8 MPa (100% psub) and 1.2 MPa (150% psub). Yellow contours: -8 dB source 
field intensity distributions from the corresponding anatomical plane (1 MHz imaging volume rate, spatial-peak source field 
intensity location/magnitude integrated over each pulse for the full treatment duration). Axial H&E stained tissue section from the 
same animal 48 hours post-sonication (right) shows regions of RBC extravasations and lightly stained necrotic areas (arrows). 
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Introduction 
Patients suffering from brain diseases, such as Alzheimer’s and brain cancer, currently have no 

effective treatment available to them because drugs cannot cross the blood-brain barrier (BBB) [1]. The 
only method that can allow drugs into the brain non-invasively, locally and reversibly is focused 
ultrasound and microbubbles [2]. We have recently developed a new rapid short-pulse (RaSP) sequence 
that delivers drugs in vivo with minimal disruption to the microenvironment when compared to the more 
commonly used long-pulse sequences [3]. Using 5-cycle pulses emitted in a RaSP sequence, we altered 
the BBB permeability for less than 10 minutes, rather than hours or days, and released less neurotoxic 
blood proteins into the brain when compared to 10,000-cycle long pulses [3].  

A crucial component to delivering drugs and delivering them safely is to ensure that the in vivo 
stimulated microbubble activity is of the intended magnitude and distribution. Passive acoustic mapping 
(PAM) methods can image this cavitation activity, but current algorithms cannot locate the activity with 
good precision due to the poor axial resolution [4-5]. Here, we will explore the use of a novel axial 
temporal position (ATP) algorithm that, when combined with the short pulses used in RaSP sequences, 
has the potential to improve the axial resolution of PAM and provide a better understanding of the 
cavitation activity generated in vivo. 

Methods 
Focused ultrasound was emitted in a RaSP sequence, consisting of microsecond pulses emitted at a 

rapid kHz rate (center frequency: 1.25 MHz, peak-rarefactional pressure: 530 kPa, pulse length: 1 cycle, 
phase: 220°, pulse repetition frequency: 1.25 kHz, burst length: 10 ms, burst repetition frequency: 0.5 Hz, 
number of pulses: 126). The ultrasound treatment was applied in vivo to the left murine hippocampus (n = 
6) during the systemic injection of SonoVue® microbubbles and a fluorescently-tagged Texas Red 3 kDa 
dextran (model drug). The right hippocampus was used as a control. Dextran delivery was assessed post-
mortem by cutting the brain into 30 µm slices with a cryostat and by acquiring fluorescence images. 
Acoustic emissions from the microbubbles were captured with an L7-4 linear array (center frequency: 5.2 
MHz, number of elements: 128), positioned through the central cut-out of the therapeutic transducer. The 
ATP-PAM algorithm was used to reconstruct the spatial and temporal position of the acoustic emissions 
during ultrasound treatment. Given prior information regarding the speed of sound and distance between 
the transmitting transducer and the receiving linear array, the time of flight to and from all axial positions 
was calculated. Delay and sum beamforming was then performed across a window of data dependent on 
the number of cycles, center and sample frequency. Each axial position corresponded to a contrained 
window of sample data. 

Results 
The permeability of the BBB was altered using a 1-cycle pulse in all treated brains (Figure 1 (left)). To 

our knowledge, this is the lowest energy pulse reported to alter the BBB. Since the ATP-PAM resolution 
is dependent on the pulse length of the therapeutic beam, we were able to generate passive acoustic maps 
with exceptional resolution in vivo (Figure 1(Right)). Tail artefacts normally present in maps produced by 
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other algorithms, such as time exposure acoustics (TEA-PAM) and robust capon beamformer (RCB-
PAM), were eliminated using ATP-PAM. Brain regions where drug delivery was observed corresponded 
to regions where activity was shown in the cumulative energy maps. Regions with highest activity on the 
acoustic maps also corresponded to regions where higher drug delivery was detected.  

Conclusions 
Short therapeutic pulses are here shown for the first time to enable drug delivery to the brain by 

emitting just 1 cycle pulses. In addition, our novel ATP-PAM algorithm was used to monitor microbubble 
activity in vivo with improved axial resoltuion, allowing acoustic sources to be resolved down to 
biologically relevant length scales. The combination of 1 cycle RaSP sequences and an appropriate high 
resolution monitoring system could enable safe and efficient drug delivery with more precise targeting of 
ultrasound treatment.  

 
 

 
Figure 1. Drug delivery and acoustic energy map of an ultrasound and microbubble treated mouse brain. 
(Left) Fluorescence microscopy image of drug delivery to the left hippocampus of the murine brain using rapid short-
pulse (RaSP) sequences emitting only 1 cycle pulses. The circle indicates the ultrasound beam. (Right) Cumulative 
energy map of microbubble activity in the left hippocampus acquired using a novel axial temporal position passive 
acoustic mapping (ATP-PAM) algorithm. Approximate brain and focal beam regions are indicated within circles.  
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Introduction  
Therapeutic antibodies which act to turn on immune responses against cancer by blocking immune 

checkpoints are demonstrating potent therapeutic efficacy across a wide range of cancers, but typically 
only a fraction of patients treated clinically respond. We hypothesise that poor penetration and inadequate 
distribution of these large therapeutic agents in solid tumours is a key contributor to the observation of 
inconsistent therapeutic responses and propose the use of sustained ultrasound-induced inertial cavitation 
as a tool to overcome this barrier.  

Passive acoustic mapping (PAM) [1] now provides unprecedented opportunity to qualify and quantify 
spatio-temporal variations in cavitation activity during treatment. Here, buidling on data acquired from 
over 300 tumour-bearing mice treated with ultrasound and simultaneous intravenous administration of a 
cavitation nucleation agent and a drug, we pose the question as to whether quantification of the real-time 
PAM signal during treatment can be predictive of drug delivery and longer-term therapeutic outcomes.    

Methods 
Bilateral CT26 tumour-bearing mice were utilised to assess the delivery and distribution of a 

fluorescently labelled (VivoTag, Perkin Elmer, MA, USA) therapeutic antibodies (BioXCell, West 
Lebanon, NH, USA) with and without inertial cavitation seeded by gas-stabilised solid nanoparticles 
(OxSonics, UK). 0.5 MHz ultrasound with peak rarefactional pressures of 1-2 MPa and duty cycles in the 
range 0.05-5% was delivered using a pair of orthogonal single element transducers, while real time PAM 
monitoring was carried out using two orthogonal linear arrays (L11-5, Verasonics, WA, USA) placed 
coaxially with each of the two therapeutic transducers. Tumours were immediately excised and delivery 
quantification was performed using an IVIS Spectrum Imaging system (Perkin Elmer, Waltham, MA, 
USA). The optimal ultrasound exposure parameters that maximized drug delivery enhancement relative to 
the contralateral non-ultasound-treated tumour were first identified by correlating the type, intensity, 
spatial distribution and overall persistence of cavitation activity to drug delivery across the ultrasound-
treated tumour. The optimal conditions were then used in 4 independent therapy studies where different 
combinations of non-therapeutic isotype (IgG) and checkpoint inhibitor antibodies (including aPDL1 and 
aPD1) were intravenously co-injected with the cavitation nucleation agent and delivered to single-CT26 
tumour-bearing mice using ultrasound, with monitoring of 90-day survival across all groups.  
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Results 
During the parameter optimization study, an enhancement in antibody delivery was observed in 23/24 

of all cavitation treated tumours relative to each of the 24 contralateral controls across the range of 
acoustic parameters tested. Consistent 2 to 3-fold enhancements in antibody delivery were achieved in 
groups treated with higher duty cycles (5%) and longer pulse durations (>1000 cycles), irrespective of the 
antibody used. Real-time PAM of all ultrasound-treated tumours evidenced sustained inertial cavitation 
activity throughout the 10-minute treatment period, with little evidence of non-inertial cavitation. A 
treatment-specific cavitation dose was derived by integrating the PAM-positive pixels over the tumour 
ROI over time, which was directly correlated to the observed enhancement in drug delivery. Preliminary 
analysis of the PAM signal recorded during the subsequent therapeutic studies indicates that the PAM-
derived cavitation dose is predictive of non-responders, partial responders and full responders.  

 
Figure 2: Passive acoustic mapping (PAM) was utilized to qualify and quantify the impact of spatio-temporal 
variations in cavitation activity during treatment in drug delivery and survival studies (500+ procedures). 
Drug-delivery studies tracked florescent-antibody accumulation in bilateral tumour bearing mice where one 
tumour was sonicated after systemic administration of nanobubbles and drug. Efficacy studies compared 
survival outcomes of single-tumor bearing mice administered nanobubbles and therapeutic antibody alone or 
with ultrasound. 

Conclusions 
Passive Acoustic Mapping (PAM) of cavitation activity provides a real-time means of monitoring and 

optimizing therapeutic antibody delivery during treatment that is predictive of drug delivery enhancement 
and potentially predictive of therapeutic outcomes.   
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Introduction 
Microbubble ultrasound contrast agents (UCAs) are frequently used for in vivo imaging applications to 

monitor changes in tumor perfusion. Additionally, volumetric changes of microbubbles in an ultrasound 
field can promote drug extravasation into tumor tissue by a technique called “sonoporation”. In this study, 
we demonstrate that UCAs can simultaneously be used to both monitor and modulate tumor vasculature 
permeability using 2D and 3D quantitative contrast enhanced ultrasound imaging (qCEUS). Our study 
demonstrates that qCEUS parameters correlate strongly with sonoporation-mediated chemotherapeutic 
uptake in tumors using liposomal doxorubicin (L-DOX). Thus, qCEUS can provide real-time feedback 
that can be used to evaluate and control drug dosages that are delivered to tumor tissue during 
personalized therapy. Furthermore, we show that sonoporation can be used to effectively improve L-DOX 
delivery to neuroblastoma tumor models, which is not achievable using L-DOX administration alone. 
Therefore, the technique we are developing can have clinically significant implications in poorly perfused 
tumors and/or tumors that do not exhibit an enhanced permeability and retention (EPR) effect, on which 

the majority of current nanoparticle delivery 
strategies are predicated. 

Methods 
Matrigel plugs were used as mock tumors that 

promote neovascular growth when injected 
subcutaneously in mice. The matrigel was mixed 
with 1 μg basic fibroblast growth factor and heparin, 
then injected subcutaneously into 6-8 week old CD-1 
mice. The vasculature was allowed to grow for 10-14 
days in the matrigel plug then imaged using lipid-
stabilized microbubble contrast agents. Microbubbles 
were fabricated using the commercially available 
lipids 1,2-distearoyl-sn-glycero-3-phosphocholine 
(DSPC) and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene 
glycol)-2000] (DSPE-PEG2K) mixed at a 9:1 ratio in a lipid 
suspension at 2 mg/mL in PBS and emulsified with 
hydrophobic perfluorobutane gas. Microbubbles were 
injected systemically via tail vein injections (5 X 107 MBs in 
100 μL at a rate of 50 μL/min) and perfusion was monitored 
using an Acuson Sequoia 512 ultrasound imaging scanner 
with a 15L8 probe and proprietary LabVIEW software to 
analyze US video data. A custom motorized stage was built 

Figure 1. Perfusion-guided imaging of matrigel plug 
tumor models using q-CEUS imaging techniques to 
provide real-time feedback of sonoporation effects.  A) 
Non-linear 2D imaging of tumors showing contrast 
enhancement before sonoporation.  B) Focused 
ultrasound destruction of microbubble contrast agents 
in vivo.  C) Time-intensity curves from two different 
matrigel mock tumors given the same concentration of 
bubbles and focused ultrasound energy (multiple 
treatments). qCEUS used to monitor bioeffects effects 
of focused ultrasound  treatment on tumor vasculature.  
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to acquire 3D ultrasound images. Additionally, a rotating syringe pump was designed to administer 
sustained contrast agent infusions to the tumors. After gauging initial perfusion, matrigel plugs were 
sonoporated using a therapeutic ultrasound machine at 3 W/cm2 (1 MHz, 10% duty cycle) for 10 minutes 
with a high dose of microbubbles (1x109 MBs) mixed with 25 mg/kg L-DOX. Matrigel plugs (along with 
liver, contralateral kidney, and heart) were excised to assess drug uptake using an acidified isopropanol 
extraction to recover doxorubicin. The doxorubicin was quantified with a fluorescent plate reader. 

Results 
Matrigel sonoporation resulted in significantly higher levels of doxorubicin uptake compared to non-

sonoporated controls (~5 fold increase, p<0.05). Organ distribution of doxorubicin outside of the tumor 
was not altered, meaning that its therapeutic index was increased. Our custom software allows for 3D 
vascular perfusion imaging throughout the entire tumor volume as well as 2D destruction-replenishment 
imaging. 3D imaging of the tumors was performed to establish a baseline of vascular perfusion prior to L-
DOX delivery via sonoporation. The data reveals a strong correlation between initial tumor perfusion and 
L-DOX accumulation, indicating that qCEUS imaging can be employed as a predictor of whether tumors 
are amenable to L-DOX uptake. We also noted that reperfusion kinetics are detectably altered during 
sonoporation, suggesting that qCEUS can effectively show the degree of vessel permeabilization. 
Reperfusion rates of UCAs correlated strongly with doxorubicin uptake in tumors as well, implying that 
perfusion-guided therapy can be harnessed to increase localized drug deposition in tumors.  

Conclusions 
Currently we are able to demonstrate significantly improved L-DOX uptake in mock tumors using 

ultrasound-mediated sonoporation. Our preliminary data in NGP neuroblastoma models shows higher 
uptake and intratumoral drug penetration of doxorubicin in sonoporated tumors. In this study we found 
quantitative 2D and 3D perfusion imaging to be an excellent predictor of drug uptake and sonoporation 
efficiancy in tumors, which has substantial clinical impact in the design of tailored drug treatment 
regimens for patients. 
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Introduction 
High-intensity focused ultrasound (HIFU) is used for thermal ablation of uterine fibroids and a variety 

of cancer types such as liver, pancreas, prostate, kidney, breast, and bone metastasis. By focusing all 
ultrasound energy in a small area, HIFU can raise the temperature by 60 ℃ (or more) and induce necrosis. 
The size of the thermal lesion, which correlates with the focal spot, is in the order of a few mm and 
therefore the induced heating does not affect or damage the surrounding areas on the pre- and post-focal 
regions. More recently, HIFU has been used in the brain for locally-controlled thermal treatment of 
Parkinson’s disease, essential tremor, and neuropathic pain [1]. However, in brain applications, most of 
the acoustic energy is either absorbed or reflected by the skull and thus very high intensities are required 
to produce thermal lesions. In addition, the thermal lesion location is restricted to a small area due to 
geometric and boundary limitations. Even with strong focusing, there is a concern that the acoustic energy 
may cause unwanted tissue damage or skin and skull burns.  

Controlled bubble-enhanced heating (BEH) has been suggested as a method to considerably lower the 
required acoustic energy for a certain temperature elevation. By adding microbubble ultrasound contrast 
agents, it is possible to initiate controlled cavitation and generate spatially and temporally controlled 
thermal lesions. Other recent studies have also suggested that BEH can be effective in vitro and in vivo [2, 
3]. To further optimize BEH and use it clinically, the bubble dynamics and heat transfer mechanisms 
should be investigated. 

The main objective of the present work was to study and perform BEH in vitro. We have first 
evaluated the microbubble behavior at higher temperatures in the range 20-60 ℃. Next, we used HIFU 
with and without microbubbles to heat glycerol in vitro. The increase in temperature was measured with 
fine wire thermocouples. A focused 1 MHz transducer and 2 different types of microbubbles were used. 
Next, we investigated BEH in gel phantoms with embedded bubbles under image guidance.  

Methods 
We evaluated microbubble behavior at higher temperatures by imaging microbubbles flowing in an 

ATS flow phantom with an ultrasound scanner (Philips iU22) at three temperatures: 22, 40, and 60 oC. 
The experimental setup is shown in Fig. 1(a). The image intensity in a region of interest (ROI) in the 
middle of the flow channel was measured at three different mechanical indices (MIs), 0.05, 0.33, and 0.83. 
Images were collected at 0.5 Hz frame rate (every 2 sec) in order to allow time for fresh bubbles to enter 
the ROI after bubble destruction with the higher MI’s (0.33 and 0.83). We collected 60 sec video loops 
and extracted time-intensity curves (TIC) with QLab analysis software. Two different types of 
microbubbles were used: one custom type that we make at the lab, and one commercial. 

The experimental setup used for the in vitro BEH study is shown in Fig. 1(b). The 1 MHz focused 
transducer moves with a 3-axis computer-controlled micropositioner. The temperature changes in the 
sample were measured by two fine wire thermocouples, one at the focus and one far enough from the 
focus that it effectively records the fluid ambient temperature. An imaging probe (C5-1, Philips, Bothell, 
WA) is used to align the thermocouple with the transducer focus and then monitor the microbubble 
activity.We have evaluated the following parameters on their effect on BEH: acoustic pressure (1–3 MPa), 
duty cycle  
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(20%-100%), microbubble concentration (104 – 106 bubbles/ml), and type of microbubbles. First, we 
have induced BEH in glycerol contained in an enclosure with acoustic windows by generating bubbles 
with inertial cavitation and next by diluting ultrasound contrast agents. 

 

Figure 1. (a) Flow phantom setup for evaluating microbubble behavior at higher temperatures. (b) 
Experimental setup for temperature measurement of BEH in glycerol. 

Results 
In Fig. 2 we show TICs extracted from video loops from the flow phantom [Fig. 1(a)] at various 

temperatures and MIs. The custom microbubbles (a-c) were affected more by the temperature, especially 
at 60 oC, and the image intensity was lower and decayed faster at all 3 MIs than that in 20 and 40 oC. The 
commercial (d-f) microbubbles were affected minimally by the temperature only at 60 oC [see red line in 
Fig. 2(f)]. 

The temperature rise induced by HIFU in whole glycerol (without microbubbles) at various acoustic 
pressures is shown in Fig. 3(a). As the acoustic pressure increases the temperature rise measured at the 
focus also increased linearly up to a pressure of about 2 MPa. At 2 MPa, the temperature rise is about 20 
oC. At higher pressures, the temperature rise undergoes a sudden increase, indicating the existence of 
cavitation activity and the formation of microbubbles at the focus. The time necessary for this cavitation 
activity to be initiated decreases as the acoustic pressure increases.  We assume that the threshold of 
inertial cavitation in glycerol is temperature dependent and thus this type of bubble-enhanced heating is 

 (a)                                                                                             
(b)                                                           

Figure 2. Image intensity of a ROI in a tube with custom (a-c) and commercial (d-f) microbubbles, at 3 
different MIs. 

 (a)                                                              (b)                                                               
(c) 

 (d)                                                              (e)                                                               (f) 



The 24th European symposium on Ultrasound Contrast Imaging 
 

75 
 

initiated above a certain temperature and only when cavitation nuclei are present. We also note that there 
is no noticeable temperature rise at the location of the second thermocouple which is placed outside the 
focal area.  

 
Figure 3. (a) HIFU-induced temperature rise in glycerol. One thermocouple is placed at the focus (T1) and 
another one 1 cm away from the focus (T2). Inertial cavitation causes a jump in temperature rise. (b) HIFU-

induced temperature rise in 50-50% glycerol-water mixture with diluted microbubbles. 

In Fig. 3(b) we show the temperature rise in the presence of microbubbles. It is interesting to note that 
adding microbubbles even in water (red line) resulted in a temperature rise increase. The same is observed 
in the 50-50% glycerol-water mixture (blue versus black line). The measured temperature rise in both Fig. 
3(a) and (b) are less than predicted by theory (Bioheat equation) due to the fact that acoustic streaming 
moves the fluid away from the focus. In future work, we plan to repeat these experiments in gels to avoid 
fluid motion and streaming, and in machine-perfused pig livers. 

Conclusions 
Clinically approved commercial microbubbles were found to be more stable at elevated temperatures 

at all MIs tested and with only a small reduction in scattering intensity at 60 oC. This implies that they are 
suitable for BEH studies. Acoustic cavitation was observed at pressures between 2 and 3 MPa and was 
found to dramatically increase the temperature (by about 40 oC) of glycerol. With similar pressures and by 
introducing microbubbles we were able to induce controlled BEH in a water-glycerol mixture. Controlled 
BEH is feasible and can reduce the acoustic intensity required to elevate tissue temperature during HIFU. 
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Introduction  
Imaging is used to direct the location of the focal zone of therapeutic ultrasound application, to point 

the intervention specifically towards the disease site. Even more importantly, imaging can be used to 
observe immediate and delayed effects of therapy application, such as monitoring blood flow as well as 
the immediate and delayed inflammatory status of the treated tissues. Here we present two examples of 
such observations. First, induction of inflammation by microbubble destruction in the tumor vasculature, 
that leads to immediate accumulation of neutrophils, which is oberved by targeted ultrasound imaging 
with neutrophil-targeted microbubbles. Second example is for the efficacy of therapeutic drug delivery via 
ultrasound-triggered release of doxorubicin from liposome-microbubble complexes: depending on the 
acoustic pressure applied, tumor perfusion may be blocked and drug delivery inhibited. 

Methods 
Microbubles were prepared by sonication of decafluorobutane gas, and coated with a monolayer shell 

of phosphatidylcholine and PEG stearate. When necessary, phosphatidylserine (PS) or biotin-PEG-
phosphatidylethanolamine were added as microbubble shell components. Doxorubicin was extracted into 
biotinylated liposomes prefilled with ammonium citrate, by remote-loading process; these liposomes were 
attached to biotinylated microbubbles via streptavidin. As the animal model, we used MC38 murine colon 
adenocarcinoma cells (a generous gift of J. Schlom, NIH) grown subcutaneously in the hind leg of 
C57BL/6 mice. Tumor therapy studies were performed by either (a) high pressure daily ultrasound 
treatments of the tumors following intravenous administration of plain phosphatidlcholine microbubbles, 
until complete disappearance of the tumors or (b) ultrasound treatments of the tumors following 
intravenous administrations, 2-3 times a week, for two weeks, of the microbubble-liposome-doxorubicin 
complexes (injected dose of 6 mg/kg doxorubicin, with ~1pg per one microbubble-liposome pendant 
complex). Controls included non-insonated animals, or animals that have received no microbubble or 
microbubble-liposome-drug contrast administrations. Euthanasia was performed if tumor burden reached 
10% of the body mass, or if the skin above the tumor mass had ruptured.  

High pressure (5 MPa) ultrasound treatment was performed by the action of Philips TIPS (1.2 MHz, 
100,000 cycles, repeated at 1 s intervals, 3x10 pulses). Treatment was initiated 30 sec after microbubbles 
or microbubble-liposome-drug constructs administration. Low pressure insonation was administered with 
a 1 MHz physical therapy ultrasound apparatus, Birtcher Megason, which operated, as a 3 sec “on”, 10 sec 
“off”, cycles at 0.6 W/cm2. Real-time monitoring of microbubble perfusion during ultrasound application 
was performed by ultrasound imaging.   

Ultrasound imaging of inflammatory response to ultrasound action was performed following 
administration of phosphatidylserine-containing microbubbles or control PS-free microbbubles: imaging 
of the insonated tumor was performed using contrast ultrasound imaging mode, an hour after high-power 
insonation, and up to 30 min after administation of PS microbubbles. PS-microbubble studies were 
repeated next day after insonation. Ultrasound maging was performed using CPS contrast mode of 
Sequoia 512 scanner with 15L8 probe. 



The 24th European symposium on Ultrasound Contrast Imaging 
 

77 
 

Results 
We have observed a significant (nearly 3-fold) improvement in median survival time of animals that 

have received ultrasound-microbubble treatments; some of the experimental animals maintained tumor 
growth suppression for several months after initiation of the experiment. Transient reduction of blood 
flow, that resolved after several minutes, was observed in the insonated tumors. Significant accumulation 
in the tumor vasculature of the neutrophil-specific PS microbubbles, but not of the control PS-free 
microbubbles, was observed by ultrasound imaging within an hour following therapeutic ultrasound 
application. Extended retention of the PS-microbubble ultrasound signal beyond 10 min may point 
towards engulfment of microbubbles by neutrophils adherent on the vessel wall. When PS-microbubble 
study was repeated next day, no selective adhesion in the tumor vasculature was observed. These  results 
were confirmed by histological assessment with neutrophil-specific staining: on the day of the study, 
adherent intravascular neutrophils could be observed, but on the following day, a significant number of 
inflammatory cells was present in the tissue, but not within the vasculature. 

In case when following doxorubicin-liposome-microbubble administration, high-pressure TIPS 
insonation was applied, we have observed cessation of blood flow in the tumor mass, so during the 
residence time of acoustically active microbubble complexes in the bloodstream we would not be able to 
expect successful passage of microbubble complexes through the tumor vasculature, and tumor deposition. 
Therefore, the study was amended to apply low-pressure continuous sine wave ultrasound, using a 
physical therapy ultrasound apparatus. In that case, blood flow in the tumor vasculature was not 
interrupted, and suppression of tumor growth was observed in the insonated samples that received 
microbbuble-liposome-doxorubicin complexes. In the control samples, whee doxorubicin-free bubbles 
were combined with ultrasound treatment, or doxorubicin-liposome-microbbuble complexes were 
adminitered without insonation, tumor growth was not suppressed. 

 

Conclusions 
Contrast ultrasound imaging allows rapid assesment of the efficacy of therapeutic intervention and 

status during ultrasound-assisted tumor therapy protocols. Use of neutrophil-targeted phosphatidylserine 
bubbles allows assessment of the mechanism of antitumor action. Direct observation of the blood flow in 
the tumor vasculature by contrast ultrasound imaging allows monitoring of drug complex passage, to 
guide successful drug delivery and therapeutic intervention. 
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Introduction  
Microbubbles are used as ultrasound contrast agents since decades to enhance the signal of the blood. 

They are well tolerated by the patients and have proven to enhance the diagnostic accuracy of ultrasound 
examinations e.g. of the liver and the cardiovascular system. However, microbubbles can do more than 
just adding vascular contrast. Modification of their surfaces with targeting ligands can turn them into 
molecular imaging probes, and the conjugation or incorporation of additional imaging markers can render 
them multimodal. Besides these diagnostic aspects, microbubbles can act as local transmitters of acoustic 
energy and be used to permeate vessels, tissues and cell membranes [1].  

Methods & Results 
In this talk, I will report on our experiences in microbubble-based diagnosis and therapy. This will 

include examples of using contrast-enhanced ultrasound (CE US) for the characterisation of tumors and 
the assessment of antitumor therapies. In this context, I will introduce motion-model ultrasound 
localization microscopy (mULM) as a novel method to obtain superresolution images of tissue vasculature 
and multiple vascular characteristics in laboratory animals and patients [2]. It will also be shown how 
tissue characterisation by CE US can be improved by analyzing the image features in a radiomics 
approach [3]. Besides this, examples of molecularly targeted ultrasound imaging will be provided 
illustrating that the molecular information about vascular inflammation and activation is complementary 
and sometimes superior to morphological and functional features of the vasculature [4, 5]. At this point, I 
will introduce our poly(butylcyanoacrylate) (PBCA) microbubble platform and motivate the use of 
multimodal microbubbles in basic research to bridge different resolution scales. The final part of my talk 
will be dedicated to therapeutic applications. I will point to the high loading capacity of the shell of PBCA 
microbubbles and show how imaging agents like dyes or nanoparticles can be incorporated. When using 
these microbubbles for sonopermeabilisation the imaging agents are released during microbubble 
destruction and accumulate in the tissue indicating the opening of biological barriers and acting as 
biomarkers of drug accumulation [6]. Finally, the mechanisms of sonopermeabilisation will be discussed. 
Here, I will show that in contrast to brain tissue where the vascular wall needs to be opened as dominant 
barrier for drug delivery, enhanced stroma penetration and improved perfusion may be the most crucial 
features in peripheral tumors [7]. This hypothesis will be strengthened by our initial clinical data from 
breast cancer patients treated with neoadjuvant chemotherapy, where sonopermeabilisation leads to a 
significant increase in tumor perfusion. 

Conclusions 
There is a huge potential for CE US to advance diagnostics and therapy which is not exploited in 

clinical practice yet. Many of the emerging ultrasound applications could considerably easy be moved 
from preclinical to clinical evaluation and further refined by the introduction of novel transducer and 
image processing technologies. This could also stimulate the clinical introduction of new microbubbles 
dedicated to molecular imaging or sonopermeabilisation. 
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Introduction 
Nonlinear behavior of the ultrasound contrast agent (UCA) offers a unique feature to be distinguished 

from the surrounding tissue. In a recent years several methods were developed to enhance the nonlinear 
response of UCA. Crucial for efficient differentiation of the nonlinear response of UCA from the 
surrounding tissue is to design the contrast pulse sequence specific to the unique nonlinear properties that 
the particular UCA is offering. 

In the previous study, the nonlinear response from a novel polyvinyl alcohol (PVA) microbubbles 
(MB), in ultra-harmonic region was investigated over a pressure range from 50 kPa to 300 kPa. In this 
study, five contrast pulse sequences and reference B-mode sequence were designed to visualize PVA MB. 
The performance of those sequences were evaluated and compared. 

Methods 
An experimental setup for ultrasound tests consists of a tissue-mimicking phantom (Model 524 

Peripheral Vascular Doppler Flow Phantom, ATS Laboratories) with 2 wall-less channels of a diameter 6 
and 8 mm respectively. A peristaltic pump was employed to drive the fresh sample through the phantom. 
The PVA MBs with the outer diameter of 3.40 ± 0.85 µm were fabricated following protocol from 
Cavalieri et al.[1]. The aqueous suspension of PVA MB with the concentration of 106 mL-1 was employed.  

Six ultrasound sequences: 1) B-mode 2) ultra-harmonic 3) pulse inversion (PI) 4) subharmonic pulse 
inversion 5) ultra-harmonic pulse inversion and 6) contrast pulse sequence 4 (CPS4); were designed for 
the image acquisition. The characteristics of the transmission and receiving part of the sequence are listed 
in table 1. Pulse duration for all excitation pulses was equal to 1 cycle. 

 
Table 1. Characteristics of the imaging sequences. 

Sequence name Transmission part Receiving part 

B-mode Single pulse was excited at 6 MHz Full bandwidth of the probe.  

Ultra-harmonic Single pulse was excited at 6 MHz A band-pass filter was employed to limit the 

receiving echoes at frequency around 9 MHz 

with 6 dB bandwidth about 2.75 MHz. 

PI Two pulse was excited at 6 MHz with 180 

degree phase difference 

Full bandwidth of the probe.  

Sub-harmonic PI Two pulse was excited at 6 MHz with 180 

degree phase difference 

A band-pass filter was employed to limit the 

receiving echoes at frequency around 3 MHz 

with 6 dB bandwidth  about 2.75 MHz. 
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Ultra-harmonic PI Two pulse was excited at 6 MHz with 180 

degree phase difference 

A band-pass filter was employed to limit the 

receiving echoes at frequency around 9 MHz 

with 6 dB bandwidth about 2.75 MHz. 

CPS4 Two groups of pulses were excited at 6 MHz. 

Each group contains two pulses with 180 

degree phase difference 

Two band-pass filters with center frequency 

round 3 and 9 MHz bandwidth about 2.75 MHz 

were employed for the echo receiving of the 

two pulse groups respectively.  

 

A L7-4 ultrasound linear array transducer was controlled by programmable ultrasound system 
Verasonics Research System (Verasonics Inc., Kirkland WA, USA), to generate the desired transmission 
pulse and to acquire the response echoes. In all acquisitions, excitation voltage was kept at 60V peak to 
peak. The beam was focused at the center of the channel. The peak negative pressure at the focus points 
was estimated to be about 400 kPa. Ten gray scale ultrasound images of the channels cross section were 
obtained for all imaging techniques. Contrast to tissue ratio (CTR) and contrast to noise ratio (CNR) were 
calculated based on the intensity of the gray scale images using the following equation: 

𝐶𝐶𝐶𝐶𝐶𝐶 = 20 log10
< 𝐼𝐼𝑆𝑆 >
< 𝐼𝐼𝑇𝑇 > 

𝐶𝐶𝐶𝐶𝐶𝐶 = 20 log10
< 𝐼𝐼𝑆𝑆 >
< 𝐼𝐼𝑁𝑁 > 

where, <IS > is mean pixel intensity of the region of interest (ROI) containing sample, <IT > is mean 
pixel intensity of ROI containing tissue-mimicking material, <IN > is the pixel intensity of ROI containing 
degassed water.  

The ROIs of sample, tissue and noise were selected within the channel containing MBs suspension, 
within tissue mimicking phantom and within the channel containing degassed water, respectively. Fig. 1 
demonstrates all three ROIs located at the same depth around the ultrasound focus. 

 
Fig. 1. Example of the ROIs selection: MBs (right), Tissue (middle) and water (left) 

Results 
Fig. 2 demonstrates the gray-scale images for each of the 6 implemented ultrasound imaging 

techniques described in the method section. In each of these images, the contrast between the 6mm tube, 
the 8mm tube and the in-between tissue-mimicking phantom was calculated and averaged over 10 images.  

The visual inspection of the images reveals that fundamental B-mode sequence (Fig. 2a) fails to 
differentiate MBs from the surrounding tissue. An application of the band-pass filter around ultra- 
harmonic (Fig. 2b) decrease overall brightness of the image but did not provide any enhancement. On the 
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contrary, contrast specific PI technique (Fig. 2c) suppresses linear response from the tissue and highlights 
harmonic response from the MBs suspension. Further improvement can be obtained by the application of 
advanced contrast pulse sequence CPS4 that increases the signal intensity and also unify the response 
through the whole lumen of the tube. 

 
Fig. 2 Gray scale images for 6 imaging techniques. a) B-mode b) ultra-harmonic v) PI d) subharmonic PI 

e) ultra-harmonic PI and f) CPS4.  The smaller channel on the left in each image contains PVA MB sample. 
The bigger channel on the right in each image contains degassed water.  

The mean CTR and CNR of all six imaging techniques over are shown in Fig. 3. 

 
Fig. 3. Result of CTR and CNR for all imaging techniques 

Worth mentioning is that all PI imaging techniques have considerable higher CTR and CNR than non-
PI imaging techniques.  

According to Poehlmann et al. the resonance frequency of polymer MBs is between 12 - 14 MHz [2]. 
It is expected that the excitation at half the resonance frequency (6MHz) and detection with the application 
of the filter around sub- (3MHz) or ultra-harmonic frequency (9 MHz) will further improve the 
detectability of UCA. However, current study reveals the opposite, i.e. both CTR and CNR were 
decreased between 2 to 5 dB for sub- and ultra-harmonic PI in comparison to the full-bandwidth PI. A 
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potential explanation could be that the sensitivity of the transducer reduces at the sub-harmonic and ultra-
harmonic part of the frequency bandwidth.  

Nevertheless, the combination of sub- and ultra-harmonic PI imaging, that constitute the contrast pulse 
sequence imaging technique (CPS4), overcome the sensitivity problem and through synergetic effect 
demonstrates highest CTR and CNR, of about 13 and 37 dB respectively. Those values are approximately 
12 dB higher than obtained for conventional B mode.  

To further improve the performance of the imaging sequence, several modifications can be made. MBs 
suspension with a narrow size distribution of the diameter will also have narrow distribution of the 
resonance frequencies. As a result, it is expected that responses at sub- and ultra-harmonics will be also 
more concentrated and easier to identify. Moreover, setting excitation frequency closer to the distinctive 
resonance frequency allows for more energy to be absorbed and scattered by MBs. Last but not least, the 
study will also benefit from the precise control of the pressure at the focused area, which ensures that the 
MBs oscillate in the nonlinear regime. 

Conclusions 
In this study the performance of six imaging techniques with PVA MBs was evaluated. Combination 

of sub-harmonic, ultra-harmonic and PI techniques demonstrated the best performance reaching 37.55 dB 
in CNR and 13.27 dB in CTR. 
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Introduction 
Acoustic angiography (AA) is a superharmonic contrast-enhanced ultrasound imaging technique for 

high-resolution, three-dimensional microvascular imaging. This technique utilizes a dual-frequency 
imaging strategy, exciting microbubble contrast agents at a low frequency and receiving the 
superharmonic signals generated at a high frequency, allowing separation of the microvasculature from the 
surrounding tissue. Because AA relies on superharmonic production by microbubbles, the sensitivity of 
the technique could be improved by optimizing microbubble parameters for AA. Previous literature has 
illustrated differences in microbubble scatter depending on microbubble size and composition; however, 
most previously reported data has utilized a relatively narrow frequency bandwidth centered around the 
excitation frequency, not the higher harmonics. Here, we evaluate the superharmonic response of 14 
microbubble contrast agents using a broadband dual-frequency system.  

Methods 
The contrast agents evaluated in this work are listed in Table 1. The size and stock concentration of all 

contrast agents was measured before data collection, and microbubbles were diluted to a matched 
concentration of 108 #/mL for comparison.A transducer with two confocally-aligned single elements was 
used to transmit at 4 MHz and receive at 25 MHz. Mechanical index was varied from 0.2 to 1.2. The 
experimental setup is depicted in Fig. 1. After digitization, RF data was processed in MATLAB, and 
superharmonic production was quantified by the area under the normalized frequency spectrum (AUC) of 
the RF data within the -6 dB bandwidth (8.5 to 35.7 MHz) of the receive element.  

Table 1. Summary of microbubble contrast agents. 

Group Name Shell Core Size Distribution Manufacturer 

Clinical and 
Preclinical 

Definity lipid C3F8 polydisperse Lantheus Medical Imaging 
Optison protein C3F8 polydisperse GE Healthcare 

Micromarker lipid N2 & C4F10 polydisperse FUJIFILM VisualSonics, Inc. 

Gas Core 
DFB lipid C4F10 polydisperse Dayton Lab 
OFP lipid C3F8 polydisperse Dayton Lab 
SF6 lipid SF6 polydisperse Dayton Lab 

Lipid Shell 

C16-2L lipid C3F8 polydisperse Dayton Lab 
C16-3L lipid C3F8 polydisperse Dayton Lab 
C18-2L lipid C3F8 polydisperse Dayton Lab 
C20-2L lipid C3F8 polydisperse Dayton Lab 

Bubble 
Diameter 

SIMB1-2 lipid C4F10 size-sorted Advanced Microbubbles Laboratories 
SIMB3-4 lipid C4F10 size-sorted Advanced Microbubbles Laboratories 
SIMB4-5 lipid C4F10 size-sorted Advanced Microbubbles Laboratories 
SIMB5-8 lipid C4F10 size-sorted Advanced Microbubbles Laboratories 
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Figure 1: Schematic diagram of the experimental setup. 

Results 
Our results are summarized in Fig. 2. In a comparison of two clinical agents, Definity and Optison, 

and one preclinical agent, Micromarker, Optison produced the smallest superharmonic signals, while 
Definity and Micromarker behaved similarly. Results comparing perfluorocarbon and sulfur hexafluoride 
core microbubbles indicated greater superharmonic production for bubbles containing perfluorocarbons. 
Microbubbles with longer acyl chains (18-20 C atoms) in their lipid shells generated greater 
superharmonic signals than those with shorter acyl chains (16 C atoms). Finally, as microbubble diameter 
increased from 1 to 4 µm, superharmonic generation decreased.  

Conclusions 
This study demonstrates that the superharmonic response of microbubbles follows different trends 

than shown in prior studies using a narrower frequency bandwidth centered around the excitation 
frequency. As such, the data presented here may not hold true for other contrast-enhanced ultrasound 
techniques performed within the bandwidth of a single clinical transducer. Future work will apply these 
results in vivo to optimize the sensitivity of acoustic angiography. 

 

Figure 2: Comparison of superharmonic response for A) clinical and preclinical agents, B) microbubbles with 
different gas cores, C) microbubbles with different lipid shells, and D) microbubbles of varying diameter. 
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Introduction 
With the development of contrast-enhanced ultrasound (CEUS) in a wide range of applications for 

pre-clinical and clinical purposes, there is a need for quantitative solutions to overcome the limitations of 
visual assessment of contrast enhancement. Perfusion quantification of CEUS has become mandatory for 
research purposes, as demonstrated by more than 300 publications on CEUS which rely on quantification 
software. Also, to enable monitoring of the treatment response, the combination of such quantification 
analyses with a follow-up tool could be a valuable asset. 

Methods 
Current quantification method for CEUS relies on the kinetics of Ultrasound Contrast Agent (UCA) 

uptake in the early phase following the injection of UCA. The average intensity within a Region Of 
Interest (ROI) is displayed as a function of time in the form of a Time-Intensity Curve (TIC), which 
describes the wash-in and wash-out of the UCA in the ROI. 

For this purpose, VueBox® (Bracco Suisse SA) enables linearization of the video signal recorded in 
DICOM datasets for all the ultrasound platforms allowing contrast imaging [1]. Fully automatic in-plane 
motion compensation and patented curve-fitting models allow a quantitative perfusion assessment [2,3], 
but also the vizualization of parametric images by integrating perfusion information at the pixel level 
using color coding. Recently, VueBox® 7.0 also upgraded with a follow-up tool to visualize in a single 
window various perfusion parameters over time for a single subject. 

To assess the value of combining quantification analyses with the new follow-up tool, cases of chemo-
induced rat mammary tumors were analyzed. Pre-pubescent female animals received a single 
intraperitoneal injection of N‐Nitroso‐N‐methylurea (NMU). When animals developed mammary tumors, 
the lesions were treated by an antiangiogenic agent (Sunitinib). For each animal, CEUS examinations 
(with bolus injection of the targeted contrast agent named BR55) were performed prior, during and after 
the treatment. Each acquisition was quantified off-line using VueBox® with the GI-Perfusion package. 
Finally, all the VueBox® analyses for each animal were processed in the follow-up tool to evaluate the 
response to the therapy. 

Results 
The use of the follow-up tool clearly facilitated the monitoring of tumor growth, perfusion and 

possible response to therapy, with a significant gain in time to perform the analyses and obtain the trends 
of the perfusion plus anatomical parameters. 

In the present example of one animal shown in Figure 1, results obtained using the follow-up tool 
indicate that tumor progression occurs during the week prior the first sunitinib dosing. At day 11, Peak 
Enhancement (PE), Wash-In Area Under the Curve (WiAUC) and area values represent 6%, 50% and 
43% of the initial value. Throughout the 13 days of treatment with a dose of 5 mg/kg/day, evolution charts 
show a stagnation of WiAUC and Area, but an increase of PE by a factor 1.3, suggesting that the treatment 
was not efficient. Then, when the dose was increased to 20 mg/kg/day during 7 days, the graphs showed a 
strong decrease of PE, WiAUC and area parameters divided by a factor of 2.2, 2.2 and 1.7 respectively. 
These results suggest that sunitinib treatment is effective both at an anatomical and functional levels by 
inducing a tumoral shrinkage and the diminution of the tumoral perfusion. Moreover, these parameters 
seem to be relevant indicators of the treatment efficacy. Finally, 15 days after the treatment was stopped, 
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PE and WiAUC perfusion parameters strongly increased by a factor of 2.9 and 2.2 respectively, indicating 
a resumption of the tumoral perfusion. Tumor area was also multiplied by a factor 1.75. 

Conclusions 
The implementation of the longitudinal follow-up tool into the VueBox® quantification software has 

proved to be valuable, providing a clear and easy way to quantitatively evaluate the treatment response in 
preclinical animal model. 

 

 
Figure 1 – Evolution charts and Time Intensity Curves results dashboard. 7 days after the first imaging, 

the animal was treated for 13 days with daily gavage of 5 mg/kg of Sunitinib. The dose was then increased to 
20 mg/kg of Sunitinib for 7 days. The treatment was finally stopped, and imaging was performed during 15 
days. Red arrows represent the daily gavage of Sunitinib. B-Mode snapshots are shown in the “Area” chart to 
highlight tumor size over time (at day 1, 18, 29 and 38). Contrast snapshots at the peak are shown in the 
“Peak Enhancement” chart to highlight the maximum perfusion intensity over time (also at day 1, 18, 29 and 
38). 
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Introduction 
Recent studies in radiotherapy have shown for some tumors a higher effectivity of larger single-dose 

irradiations [1]. To avoid damaging the surrounding healthy cells, single-dose therapies would require not 
only a good planning, but a delivered-dose measurement. So far, no dosimetric technique has emerged as a 
golden standard [2]. 

Based on the results from Verboven et Al. [3], that show a linear decrease in the attenuation with 
delivered dose for some microbubbles, we want to assess the feasibility of commercial Ultrasound 
Contrast Agents as possible non-invasive internal dosimeters. Here we study the temporary and permanent 
effects of high energy photon irradiation on the size, concentration and acoustic response of SonoVue, 
Definity and Optison populations. 

Methods 
One vial of each type, SonoVue, Definity and Optison, was activated according to the manufacturer 

indications. Bubble samples diluted in a closed container were placed in a water tank. A Linear Particle 
Accelerator was used to produce a 6 MV photon beam delivering a total dose of 15 Gy. Both transmission 
and scattering were measured before, during and after irradiation using three transducers. Broadband and 
narrowband acoustic pulses with 2.25 MHz center frequency and peak negative pressure below 50 kPa 
were used. After the acoustic measurements, the samples were counted and sized using a Multisizer 3 
(Coulters Beckman). 

Control measurements were done using a new sample from the same vial, following the same steps, 
and keeping the same time duration, without starting the beam irradiation. Unfortunately, there was a 15 
minutes delay for the counting and sizing measurement of the irradiated samples, which may have led to 
deviations in these measurements. For each vial, the study of two irradiated samples and two control 
samples was performed. 

Results 
The size distribution and bubble concentration of the irradiated and control samples were compared. 

We notice a slight deviation, likely due to the time different handling time. 
Searching for temporary effects, the transmission and scattering signals of the irradiated samples were 

compared just before and just after starting the photon irradiation. No difference in amplitude or frequency 
content was found. 

For both irradiated and control samples, total attenuation was calculated and the same behaviour was 
found, i.e. the value was decreasing over time. This effect was probably due to either bubble disruption or 
the flotation of larger bubbles. The total decrease was compared and the irradiated samples had lower final 
attenuation, in the order of 1 dB (Fig. 1). The scattering signal level was analysed and an increase over 
time was found. We attribute this effect to the attenuation drop. The second harmonic is below the noise 
level due to the high attenuation caused by a high bubble concentration. 
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Conclusions 
No remarkable difference was found in the scattering and attenuation signals before and during 

radiation, which suggest that there is no direct transient effect. The size distribution, concentration and 
acoustic responses of irradiated samples were compared with a control, finding only differences in the 
acoustic response. A permanent drop in attenuation in the order of 1 dB after a 15 Gy dose agrees with 
previous results [3]. Nevertheless, the effect is hardly repeatable and below a clinically relevant value. 

Both points together suggest that SonoVue, Definity and Optison are not directly suitable as 
dosimetric Ultrasound Contrast Agents. Other paths should be explored. 

Figure 1. Attenuation drop as function of time. Both vertical lines represent the start and end of X-ray 
irradiation 

Acknowledgment 
This project has received funding from the European Union’s Horizon 2020 research and innovation 

Program under grant agreement 766456 (AMPHORA). 

References 
[1]. Yamada Y, Bilsky MH, Lovelock DM, Venkatraman ES, Toner S, Johnson J, Zatcky J, Zelefsky MJ, Fuks Z, 

High-Dose, Single-Fraction Image-Guided Intensity-Modulated Radiotherapy for Metastatic Spinal Lesions, Int. 
J. Radiation Oncology Biol. Phys., Vol 71: 484-490, 2008. 

[2]. Mijnheer B, Beddar S, Izewska J, Reft C, In vivo dosimetry in external beam radiotherapy, Med. Phys., Vol 
40(7), July 2003 

[3]. Verboven E, D’Agostino E, Callens M, Pfeiffer H, Verellen D, D’hooge J, Van Den Abeele K., Ultrasound 
based dosimetry for radiotherapy: in-vitro proof of principle, IEEE International Ultrasonics Symposium 
Proceedings, 2014. 

 
  



The 24th European symposium on Ultrasound Contrast Imaging 
 

90 
 

Segmentation of stationary microbubbles: the foundation for 
targeted molecular imaging 

 
Ryan Hammond1, Zin Khaing1, Charles Tremblay-Darveau2 Christoph Hofstetter1, Matthew 

Bruce1 

 
1University of Washington, Seattle, USA 
2Philips Medical Systems, Bothell, USA 

Corresponding author: mbruce@uw.edu 

Introduction  
The use of targeted microbubbles to image the molecular expression of various vascular factors is an 

active area of research. In contrast to non-targeted ultrasound imaging of microbubbles, ultrasound 
molecular imaging consists of detecting and separating signals from a small fraction of molecularly 
attached microbubbles from freely circulating, non-attached microbubbles, assuming that only a small 
fraction (1% or less) of the injected targeted microbubbles actually bind to molecular targets.[1-2] 
Different indirect approaches have been used to separate bound microbubbles from those freely flowing in 
the vasculature.[1-3] In this work, we present a direct approach to classify bound microbubbles in the 
presence of surrounding free-flowing microbubbles, through processing of a nonlinear Doppler 
acquisition.  

Methods 
The Vantage ultrasound research platform (Verasonics, USA) was used to program plane-wave 

nonlinear Doppler sequences, using a 15 MHz linear array transducer (Vermon, France).[4-5]  A singular 
value decomposition of the nonlinear Doppler sequence was then used to separate the loweest frequency 
microbubble Doppler signals of stationary microbubbles from the higher frequency Doppler signals of 
flowing microbubbles.[6] The separation of stationary and flowing microbubbles was demonstrated both 
in both in-vitro and in-vivo experiments. The in-vitro setup consisted of an infusion pump pushing 
microbubbles through a 2mm diameter dialysis tube with a peak velocity of 3 cm/sec. Nonlinear Doppler 
acquisitions were acquired at two flow states: 1) stationary microbubbles. 2) flowing microbubbles. For 
in-vivo experiments, a rat spinal cord injury model was used to visual changes in blood flow. Access to the 
dorsal spinal cord for both injury and ultrasound imaging was obtained by laminectomy, where the 
laminae were surgically removed. [4] A contusion injury of the thoracic spinal cord (Infinite Horizon, 
USA) was then performed followed by ultrasound imaging. Bolus injections of Definity (Lantheus, USA) 
were administered via a tail vein followed by nonlinear Doppler acquisitions. This approach enabled 
visualization of flowing microbubbles in the microcirculation and macrocirculation as well as 
microbubbles whose passage through the vasculature had been impeded surrounding the contusion injury. 

Results 
Figure 1a and 1b illustrate the lowest frequency 

singular vectors capturing the component of stationary 
microbubble signals. Figure 1b shows microbubbles 
collecting on the upper wall of the dialysis tube in the 
presence of flowing microbubbles. Figure 1c and 1d 
show the higher frequency components of the 
decomposition of the nonlinear Doppler signal.  The 
absence of flowing microbubbles for the no-flow 
microbubble state leads to a corresponding absence in 
higher frequency Doppler signals as shown in Figure 
1c. Figure 2 illustrates the nonlinear signal of  

Figure 1 
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microbubbles in a median sagittal slice of a rat’s 
spinal cord following injury. The background 
greyscale image of Figure 2 shows the perfusion 
signal composed of a group of the lowest 
frequency singular vectors, with the hypoechoic 
region outlining the disruption of the 
microcirculation from the contusion injury. The 
central region of the spinal cord is composed of 
grey matter having a higher vascular density and 
resulting brighter perfusion signal. The separation 
of the stationary microbubble signals (i.e. the very 
lowest frequency singular vectors) is shown in green over the perfusion microbubble signal shown in grey. 
The stationary microbubble signal predominantly accumulated in the area of injury. The alteration in 
kinetics of these microbubbles passage through the vasculature might be due to multiple factors. Trauma 
to the spinal cord tissue leads to endothelial defects, clots and vasospasm, which impede blood flow in 
areas surrounding the spinal cord injury. Moreover, marked increases in the intraspinal pressure arising 
from haemorrhage and edema result in a loss of perfusion pressure. Lastly, a neuroinflammatory response 
to spinal cord injury leads to the accumulation of leukocytes in the area of injury.[7]  The retention of 
microbubbles has been observed in regions of inflammation, where it was demonstrated that microbubbles 
can adhere to activated leukocytes attached to the endothelium following ischemic injury.[1] 

Conclusions 
We demonstrate an approach to segment stationary microbubbles from surrounding flowing 

microbubbles in both in-vitro and in-vivo experiments. Non-targeted microbubbles were seen to collect 
surrounding a contusion injury of a rat spinal cord. This work demonstrates a potential to separate bound 
targeted microbubbles from free-flowing microbubbles without having to wait for the clearance of 
microbubbles from vasculature. This would enable the imaging of bound microbubbles to a molecular 
target, when the number of microbubbles available for binding is maximal (i.e. in the presence of free 
flowing microbubbles).   
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Introduction 
The use of flow focusing microfluidic devices (FFMDs) have been investigated over recent years as a 

means for creating a stream of microbubbles suitable for imaging or drug delivery. Although an FFMD 
provides an exceptional degree of control over size of produced microbubbles, the method also has some 
serious limitations. The microbubbles are frequently relatively large ( > 5 µm diameter), possess a short in 
vivo lifetime (a few minutes), may require an additional “washing” step and production rates are low 
relative to many requirements (typically < 106/s). We previously determined that we can accommodate, or 
even exploit, these same limitations for a specific application – sonothrombolysis1. Thrombolysis is a 
challenge in the context of stroke, deep vein thrombosis and pulmonary embolism. The limitations of our 
FFMD generated microbubbles necessitate that the FFMD be placed near to the intended 
sonothrombolysis site – i.e. near the tip of catheter introduced to the vicinity of the target blood clot. We 
have previously demonstrated basic protoype FFMD catheter devices and now add capabilities to support 
the potential pathway to translation to clinical usage.  This necessitates that the in situ device perform 
several basic “quality control” functions on generated microbubbles. These include: 1) a means to count 
microbubbles, 2) a means to size-quantify microbubbles, 3) a means to test for basic forms of device 
malfunction (e.g. “stable operation” or no production due to either “liquid flood” or “gas flood”) and 4) a 
means to assess the progress of the thrombolytic process. These requirements can be viewed as a form of 
minimal in situ “quality control” that would be necessary to inform a physician using the device that the 
catheter is operating properly and for visualizing or monitoring the clot erosion process. 

Methods 
We have developed a Micro Coulter Particle Counter (µCPC) as part of the microfluidic device to 

enable electrical impedance-based microbubble characterization (counting and sizing)2. The counter 
comprises a Wheatstone bridge to facilitate measurements of differential impedance, and consequent 
voltage potential, as a non-conducting microbubble passes through the sensing zone adjacent to a pair of 
electrodes near the outlet of the FFMD. In this presentation, we satisfy the requirement to assess progress 
of the clot erosion process by using a small piezoelectric transducer to probe blood / clot during the 
sonothrombolysis procedure. This may use the same transducer as intended for delivery sonothrombolysis 
ultrasound or a second one optimized for imaging (i.e. high frequency). In the current case, we chose to 
use the transducer intended for sonothrombolysis delivery. It was necessary to use a principal component 
analysis (PCA) method to reduce problematic near field reverberation arising from the transducer lying in 
a tightly constrained catheter package.  

Results 
The µCPC is capable of accurate counting (no detectable error) and sizing (at least down to our 

minimum diameter of 8 µm), over the extent of any envisaged operating parameter set (i.e. all viable 
liquid and gas permutations relevant to our devices). Pairs of electrodes in the inlet liquid and gas channels 
enable facile detection of “liquid flood” (lower impedance) or “gas flood” (higher impedance). A PCA 
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approach applied to the transducer echo analysis reduced problemative reverberation energy by 99% and 
enabled detection of small blood echo signals that were otherwise undetectable. Over a period of 120 
minutes of usage, signal correlation reduced from r2 > 0.95 to r2 ~ 0.70  indicating the viability of the 
approach for detecting clot erosion related echo changes. An initial prototype device, comprising a 
functional µCPC-FFMD catheter device, approximately 1.5 mm in cross-sectional dimension, is also 
presented.  

Conclusions 
We have previously described the unique potential of relative small numbers of large, but unstable, 

microbubbles generated from an FFMD device placed at the tip of a catheter. The potential has been 
previously explored in vitro and in vivo in a small animal stroke model. Although the pathway to any 
future clinical adoption is prolonged, a necessary initial step is to show a viable technical pathway to 
assuring the most basic “quality control” and safety essential from a physician’s, and a medical device 
regulator’s, perspective. The results in this presentation demonstrate a capacity to count and size a stream 
of produced microbubbles, identify critical fault conditions (“liquid flood” and “gas flood”) and use of an 
ultrasound transducer in a catheter to assess the clot erosion progress. 
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Introduction 
Study of left ventricular (LV) flow patterns may reveal early stage biomarkers of cardiac 

dysfunction[1]. However, standard clinically available techniques for flow estimation, such as color and 
pulsed-wave (PW) Doppler, are limited to measuring only the axial velocity components. Echo-particle 
image velocimetry (echoPIV) is an image processing technique that tracks the displacement of ultrasound 
contrast agent (UCA) microbubbles to estimate flow patterns in 2D. However, echoPIV using standard 
line-scanning echocardiography (~50 fps) is known to severly underestimate the high velocity flows 
associated with diastolic filling [2]. High frame rate (HFR) echocardiography, using diverging wave 
transmission sequences, can be benifical with frame rates 100x that of standard line-scanning 
echocardiography. We have shown previously, in an in vitro LV model, that HFR echoPIV can accurately 
estimate the high velocity flows associated with diastolic filling [3]. In this study we assess whether the 
use of HFR echoPIV can also estimate the transient and high velocity diastolic flow patterns  in patients 
with heart failure. 

Methods 
Preliminary data from a single patient (out of a 20 patient group) with heart failure was scanned using 

both a clinical scanner (Phillips EPIQ 7, Phillips) and an open research scanner (Verasonics Vantage 256, 
Verasonics). The clinical scanner was used to obtain PW Doppler estimates at the mitral valve and aortic  
outflow tract, as well as to verify that the desired UCA concentration was obtained in the LV. Continuous 
infusion of UCA (SonoVue®, Bracco) was administered at 0.6 ml/min using an infusion pump (VueJect 
BR-INF 100, Bracco). For the HFR acquisitions, a P4-1 probe (center frequency = 1.5 MHz, ATL) was 
used to transmit two-angled (-7°, 7°) diverging-waves in a pulse-inversion sequence at a PRF of 4900 Hz, 
resulting in an imaging frame rate of 1225 Hz. For echoPIV analysis a custom PIV implementation was 
used that calculated correlation for each angle separately [3]. Subsequently, correlation compounding was 
performed  on 5 frames of each angle to further improve SNR (10 frames total correlation compounding), 
resulting in a vector-frame rate of 244 Hz. Normalized cross-correlation was performed in the polar 
domain with an iterative, window refinement and deformation scheme [4]. Kernel size was 10° by 10mm 
for 3 iterations, followed by 5° by 5mm for 2 iterations, with an overlap of 75%, resulting in a final grid 
resolution of 1.25° by 1.25 mm. Post-processing included a 3-element temporal moving average and 3x3 
gaussian spatial smoothing filter.  

Results 
HFR echoPIV vector sequences were obtained at 244 Hz, allowing for detailed flow structures to be 

followed as they develop and traverse the scan-plane (Figure 1. Right). The diastolic jet velocities 
corresponded well with the PW Doppler spectrum obtained in the same location (Figure 1. Top-left). 
Systolic correspondence was also good but the systolic HFR echoPIV data had more variance than in 
the diastolic position (Figure 1. Bottom-left).  
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Figure 1: Left: Mean velocity measured in the diastolic (top) and systolic (bottom) jets using HFR echoPIV 
overlaid (red curves) on PW Doppler spectrum from clinical machine in the same position. Right: HFR 
echoPIV snapshots during early filling (top) and 30ms later (bottom) showing central vortex development.  

 

Conclusions 
High frame rate echoPIV could measure the high velocity diastolic and systolic jets of the left 

ventrical in 2D, with good correspondence to PW Doppler. Additionally, the high temporal resolution of 
the calculated vectors may reveal transient flow structures that would otherwise go unnoticed when using 
low frame rate imaging sequences. 
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Introduction 
Recently, a coherent multi-transducer ultrasound imaging system has been developed by our group 

[1]. Such a method allows coherent combination of all the received radio frequency (RF) data sets from 
the multiple probes of the system. As a result, one larger effective aperture is obtained, improving the 
ultrasound imaging performance. The approach relies on the detection of multiple isolated point-like 
targets within the imaging region, which are in the common field of view (FoV) of the transducers that 
form the system.  

This study proposes the use of microbubbles to generate the point-like targets that the coherent multi-
transducer method requires. A sparse population of microbubbles is introduced into the imaging region of 
interest, which are then detected and localized through a similar approach to that in ultrasound super-
resolution ultrasound imaging [2]. Finally, the optimum beamforming parameters, including transducer 
positions and average speed of sound, are calculated using the localized microbubbles and following the 
approach proposed by the coherent multi-transducer method [1]. 

Methods 
The feasibility of microbubbles as reference points to localise multiple transducers with enough 

precision to coherently increase the effective aperture of the imaging system was investigated using an 
ultrasound phantom. The ultrasound phantom was immersed in a water tank containing a dilute suspension 
of Sonovue (Bracco, Milan) microbubbles (40 μl SonoVue in 2.2 l water). The microbubble suspension 
was stirred to ensure a uniform distribution within the FoV.  

 
Figure 1. Schematic diagram of the proposed methodology  
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The experimental imaging setup consists of two synchronised 256-channel Ultrasound Advances Open 
Platform (ULA-OP 256) systems (University of Florence, Italy). Each ULA-OP 256 system was used to 
drive an LA332 ultrasonic linear array (Esaote, Italy) and transmit a plane wave (PW) at 3 MHz and pulse 
repetition frequency of 7 kHz, in an alternating sequence. The experimental sequence starts with probe 1 
transmitting a PW into the common FoV. Then, the backscattered ultrasound field is received by both 
transducers. This sequence is repeated but transmitting with probe 2 and again recording the backscattered 
echoes with both transducers. Since every transmitted PW is received by both probes, including the 
transmitting one, the experimental sequence yields four RF datasets in total. Using this sequence, RF data 
of the ultrasound phantom immersed in the microbubble suspension was acquired over 3 minutes. 

Microbubbles present in the common FoV of both transducers were detected, localized and then used 
as input to the coherent multi-transducer ultrasound imaging method [3]. The optimum beamforming 
parameters were calculated by maximising the spatial coherence of (1) the echoes backscattered from the 
microbubbles and (2) from the point-like targets of the phantom, as originally described in the coherent 
multi-transducer ultrasound imaging method [1]. A schematic diagram of the proposed method is shown 
in Fig.1. 

Results 
All RF data acquired by both probes in one sequence (four RF datasets in total) was coherently 

beamformed into an improved image. Resulting images obtained using microbubbles and the classical 
approach were compared. There were not significant differences in the optimum parameters that define 
probe localisation and average speed of sound between both methods.  

Conclusions 
In this work, the feasibility of microbubbles to optimize the beamforming parameters in a coherent 

multi-transducer ultrasound imaging system has been investigated. Preliminary results show potentials of 
microbubble contrast agents for this use. 

References 
[1]. Peralta, L., Gomez, A., Hajnal, J. V., and Eckersley, R. J., “Feasibility study of a coherent multi-transducer US 

imaging system,” in [Ultrasonics Symposium (IUS), 2018 IEEE International], IEEE (2018). 
[2]. Christensen-Jeffries, K., Browning, R. J., Tang, M.-X., Dunsby, C., and Eckersley, R. J., “In vivo acoustic 

super-resolution and super-resolved velocity mapping using microbubbles,” IEEE transactions on medical 
imaging, vol. 34, no. 2, pp. 433–440, 2015.  

[3]. Christensen-Jeffries, K., Harput, S., Brown, J., Wells, P. N., Aljabar, P., Dunsby, C., Tang, M.-X., and 
Eckersley, R. J., “Microbubble axial localization errors in ultrasound super-resolution imaging,” IEEE 
transactions on ultrasonics, ferroelectrics, and frequency control, vol. 64, no. 11, pp. 1644–1654, 2017. 

  



The 24th European symposium on Ultrasound Contrast Imaging 
 

98 
 

Contrast-Enhanced Ultrasound for velocimetry in the 
diseased aorto-iliac tract 

 
Stefan Engelhard1,3,4, Majorie van Helvert1, Jason Voorneveld2, Guillaume Lajoinie3, 

Hendrik Vos2, Johan Bosch2, Erik Groot Jebbink1,4, Michel Versluis3,4, Michel Reijnen1,4. 
1 Department of Vascular Surgery, Rijnstate Hospital, Arnhem, The Netherlands 

2 Department of Biomedical Engineering, Thorax Center, Erasmus MC, Rotterdam, The Netherlands 
3 Physics of Fluids group, TechMed centre, University of Twente, Enschede, The Netherlands 

4 Multimodality Medical Imaging Group, TechMed centre, University of Twente, Enschede, The 
Netherlands 

Corresponding author: s.a.j.engelhard@utwente.nl 
 

Introduction  
Blood flow quantification in the aorto-iliac arteries is challenging due to complex flow phenomena 

near the aortic bifurcation. These flow phenomena are clinically relevant as they can affect atherosclerotic 
disease progression and stent patency. High-frame-rate, contrast-enhanced ultrasound (HFR-CEUS) in 
combination with particle image velocimetry (PIV), or echoPIV, can be used to quantify blood flow in 
real-time. However, the clinical application of echoPIV remains challenging. For example, calcifications 
found in stenotic lesions may lead to imaging artifacts. Furthermore, the potential of HFR-CEUS in stents 
in-vivo is unexplored. Here, we present a first preliminary study of the clinical applicability of HFR-
CEUS imaging, for the purpose of PIV blood flow quantification, in patients with atherosclerotic lesions 
in the aorto-iliac tract, with and without stents. 

Method  
9 patients with a stenotic lesion in the aorto-iliac tract were included, of which 6 were treated with 

supervised exercise therapy and 3 patients by endovascular stent placement. All patients underwent 4 
HFR-CEUS measurements and a CTA scan within 3 weeks after treatment. In the conservatively treated 
patients this means the start of exercise therapy. Different transmit voltages (5V and 10V) and contrast 
dosages (0.5mL and 1.0mL) were used for the HFR-CEUS measurements. Intravascular contrast signal in 
the HFR-CEUS images was compared between healthy regions, stented regions and diseased regions with 
and without calcifications, using the CTA scan as a reference for vessel geometry and tissue 
characteristics. A further analysis of the Contrast-to-Background ratio of signal intensity in these regions 
is presently on-going.  

Results  
The imaged vessels, the aorta and iliac arteries, were located at a depth of 20-70 mm on the HFR-

CEUS images. The average Mechanical Index (MI) at this depth was: 0.04-0.06 (transmit voltage 5 V) and 
0.08-0.12 (transmit voltage 10 V). During diastole, implying a slow blood flow, minor bubble destruction 
was observed in 2 out of 9 patients in the 10 V measurement.  

In stented vessels, the contrast signal was lower when compared to neighboring unstented vessel 
regions, but contrast was clearly visible. Calcifications lead to shadowing and a substantial drop in the 
contrast signal, making the microbubbles undetectable in heavily calcified lesions. 

Conclusion 
Blood flow quantification with echoPIV in diseased aorto-iliac arteries is expected to be feasible, both 

in stented and non-stented regions. Calcifications, however, may cause a significant signal drop in the 
HFR-CEUS images, making accurate PIV analysis in these particular areas very challenging. Improved 
imaging methods for UCA visualization (e.g. angular compounding) may assist the clinical application of 
echoPIV near calcified stenotic lesions.  
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Introduction  
Transrectal ultrasound (TRUS)-guided systematic biopsy (SBx) has been the cornerstone of prostate 

cancer (PCa) diagnosis for decades. Due to its ability to detect significant PCa while reducing 
overdetection of insignificant PCa, multiparametric magnetic resonance imaging (mpMRI) has evolved as 
an increasingly appealing tool [1]. Targeted biopsy (TBx) of mpMRI suspicious lesions is therefore 
currently recommended for previously biopsied men [2]. However, the role of mpMRI before the first 
biopsy is currently unclear. mpMRI-TBx misses non-negligible significant PCa while resources, such as 
radiologic and urologic expertise and MRI gantry time, and costs for reimbursement also represent a 
logistic and financial challenge [3]–[6]. 

Meanwhile, contrast-enhanced ultrasound (CEUS) has been considered as an alternative imaging 
modality for PCa diagnosis based on the fact that ultrasound is widely available, less expensive in 
machine purchase, portable and familiar to the urologist [7]. In CEUS, a suspension of gas-filled 
microbubbles is used for visualization of the microvascular network of the prostate based on the 
hypothesis that this vascular network undergoes alterations caused by angiogenesis [8]. Over the years, we 
have developed several quantification algorithms to extract these angiogenetic features by modeling the 
transport of a contrast bolus through the prostate vasculature as a convective-dispersion process from two-
dimensional (2D) CEUS recordings. These algorithms are generally referred to as contrast-ultrasound 
dispersion imaging (CUDI) [9]. Various CUDI parameters related to contrast-agent dispersion and 
velocity have been proven to be useful for the localization of PCa in studies compared to radical 
prostatectomy specimens [10]–[12].  

Based on the fact that radical prostatectomy data is biased (men must test positive for PCa and choose 
to have surgery), this work aimed at evaluating the diagnostic potential of CEUS with CUDI in a clinical 
setting, with prostate biopsy as the reference standard. In this IRB approved, prospective clinical trial, the 
significant PCa detection rates for mpMRI-TBx and CEUS/CUDI-TBx with standard SBx in biopsy-naïve 
men (e.g. men with no previous prostate biopsy) with a suspicion of PCa were compared. 

Methods 
150 biopsy-naïve men with a suspicion of PCa based on an elevated prostate-specific antigen (PSA) 

level and/or suspicious digital rectal examination (DRE) at the Amsterdam UMC, University of 
Amsterdam were included. After signing informed consent, all included men underwent mpMRI and 
CEUS imaging during the first visit and prostate biopsy in the second visit. As a consequence, all men 
served as their own control. Prebiopsy mpMRI consisted of T2-weighted, diffusion-weighted and dynamic 
contrast-enhanced imaging in line with ESUR guidelines [13]. 2D CEUS imaging consisted of 4 prostate 
plane recordings using a 2.4 mL bolus injection of SonoVue® (Bracco, Milan, Italy) on a Philips iU22 
ultrasound scanner with a C10-3V endorectal probe (Philips Healthcare, Bothell, USA). The 2D CEUS 
recordings were subsequently extracted from the device and subjected to CUDI quantification analyses. 
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Four different CUDI parametric maps were generated, representing spatiotemporal correlation, Péclet 
number , flow velocity and a combination of these parameters. We refer to earlier publications for a more 
elaborate explanation of these individual techniques [10]–[12].  

The mpMRI and CEUS with CUDI parametric maps were evaluated in a blinded fashion by a 
radiologist and ultrasound performer with PIRADSv2 (Prostate Imaging and Reporting Data System) and 
a 1 to 5 Likert Scale, respectively [14]. Hereafter, an operator blinded for mpMRI and CEUS/CUDI 
imaging performed a TRUS-guided 12-core SBx. A second operator performed a cognitive TBx from 
CEUS/CUDI suspicious lesions (Likert score ≥3) and a TBx from mpMRI suspicious lesions (PI-RADS ≥ 
3) using a MRI-TRUS fusion device (Artemis®, Eigen, Grass Valley, CA, USA). Detection rates of 
significant PCa (defined as Gleason score (GS)≥7) and insignificant PCa (defined as GS=6) were 
compared between the different biopsy regimens. Negative (NPV) and positive predictive values (PPV) of 
mpMRI and CEUS for significant PCa were also determined. 

Results 
Data of 140 men was available for final analysis. Men had a median PSA of 6.2 ng/mL (IQR: 4.6 – 

8.0). A total of 78 men (56%) had PCa. 61 men (44%) had significant PCa (GS≥7) while 17 men (12%) 
had insignificant PCa (GS=6).  Figure 1 demonstrates a study example. 
 

Figure 1. Study example: 66 years old men with a PSA of 5.8 ng/mL and a suspicious DRE on the right 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

A, B and C: mpMRI imaging: A: T2-weighted image, B: Diffusion-weighted ADC map, C: Dynamic 
Contrast-Enhanced image. D and E: US imaging: D: contrast-enhanced image (single frame), E: CUDI 
parametric image. In all MRI and US imaging modalities a clear lesion (circle and arrows) is visible. F: 
Artemis® image fusion: Suspicious lesion in pink with biopsy tracking (SBx and TBx). Biopsy Results: 
mpMRI- and CEUS-TBx: Gleason score 4+3=7 PCa; SBx: Gleason score 3+4=7 PCa. 
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Table 1. Comparison of PCa detection between the different biopsy regimens 

*p-values indicate a statistically significant difference with the McNemar test between SBx outcome with 
the outcome of interest (MRI-TBx or CEUS-TBx) 
 

As seen in Table 1, SBx detected more significant PCa (39%) and insignificant PCa (15%) as compared to 
MRI-TBx (29% and 1%) and CEUS-TBx (28% and 3%), respectively (all p<0.05). The NPV and PPV of 
mpMRI for significant PCa was 81% (74/91) and 82% (40/49). The NPV and PPV of CEUS/CUDI for 
significant PCa was 83% (49/59) and 48% (39/81), respectively.  

 
Conclusions 

This work is the first to compare the diagnostic value of mpMRI-TBx and CEUS/CUDI-TBx with 
standard SBx for detection of significant PCa. Despite avoidance of biopsy in men without PCa and men 
with insignficant  PCa, an MRI-TBx or CEUS/CUDI-TBx only approach missed non-negligible 
significant PCa as compared to SBx. mpMRI and CEUS have a comparable detection rate (29% vs 28%) 
and NPV (81% vs 83%) for significant PCa, but mpMRI provided a higher PPV (82% vs 48%) compared 
to CEUS. 

We recognize that biopsy-core histopathology as reference standard has limitations by its tendency to 
harbour both random and systematic errors, as recently confirmed by the PROMIS trial [15]. However, we 
addressed the more pragmatic clinical question as to whether an mpMRI-TBx or CEUS/CUDI-TBx could 
replace SBx biopsy. If the NPV and PPV of mpMRI and CEUS/CUDI were sufficiently high in 
comparison with the reference standard of SBx, then in practice one could indeed avoid the need for SBx.  

In the future, we hope to further improve our CUDI quantification analysis. Further assessment of 
possible benign disease in false-positive regions of interest and more extensive machine learning strategies 
might elucidate on the relation between CUDI parameters and underlying physiology and improve our 
currently low PPV. Furthermore, three-dimensional (3D) CEUS, shortening the procedure time and 
alleviating the limitation of being bound to a 2D plane, might be used in the future to enable full 3D 
modelling of the kinetic behaviour of microbubbles in the prostate and improve NPV by reducing the risk 
of missing a lesions [16], [17]. 
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 SBx  MRI-TBx  CEUS-TBx  
Imaging 
Negative imaging; no biopsy  - 91 (65) 59 (42) 
Biopsy performed 140 (100) 49 (35) 81 (58) 
Biopsy outcome 
All PCa, n (%) 76 (54) 41 (29) p<0.001* 42 (30) p<0.001* 
Insignificant PCa (GS=6), n (%) 21 (15) 1 (1) p<0.001* 4 (3) p<0.001* 
Significant PCa (GS≥7), n (%) 

   3+4 
   4+3 
   8 

          9-10 

55 (39) 
   35 (25) 
   13 (9) 
   2 (1) 
   5 (4) 

40 (29) 
  18 (13) 
  14 (10) 
  5 (4) 
  3 (2) 

p=0.004* 39 (28) 
   21 (15) 
   9 (6) 
   5 (4) 
   4 (3) 

p=0.002* 
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Introduction  
Bladder cancer is the ninth most common cancer worldwide. Almost 70% are non-muscle invasive 

bladder cancer (NMIBC) at the initial diagnosis. The standard therapy is transurethral resection of visible 
tumors, followed by intravesical chemotherapy or Bacillus Calmette-Guérin (BCG) therapy. However, 50-
70% of patients relapse within 5-year and up to 30% progress to muscle invasive cancer [1]. Although 
radical cystectomy remains the standard therapy after the BCG failure, it may have impacts on quality of 
life. In addition, current shortage of BCC requires non-BCG alternative intravesical therapy [2].  

Drug delivery using ultrasound (US)-triggered microbubble cavitation would be one of the most 
promising tools for intravesical chemotherapy. Intravesical instillation enables microbubbles to directly 
attach to the surface of bladder. Since NIMBC limited in urothelium/lamina propria, US-triggered 
microbubble cavitation in bladder would be effective with high tumor specificity.  We previously showed 
the temporal and spatial profile of drug delivery by US-triggered microbubble cavitation in a bladder 
cancer model [3]. In this ex vivo study, we evaluated the feasibility of the US-triggered microbubble 
cavitation for intravesical chemothrerapy. 

Methods 
Two freshly excised dog bladders were used in this study. The bladders were filled with 20 mL saline 

containing cisplatin and microbubbles. The concentrations of cisplatin and microbubbles were 0.5 μg/mL 
and 6 × 106  microbubbles/mL, respectively. A liniar array probe (PLT-704SBT; Cannon Medical 
Systems) was attached to the bladder. The probe was operated in the pulsed subtraction imaging mode of a 
diagnostic US machine (Aplio-XG SSA-790; Cannon Medical Systems). The transmitting frequency was 
5 MHz and the MI value on the screen was 1.39. The bladder was placed on an acoustic obsorber and was 
exposed to US for 2 mins. After the exposure, bladder wall samples were taken from three different 
regions (Fig. 1) . Tissue samples were washed with phosphate buffered solution and were divided into two 
pieces. One piece was digested in 60% nitric acid overnight for platinum quantification using an 
inductively coupled plasma mass spectrometry (Agilent 7700x ICP-MS). The others was placed in neutal-
buffered 10% formalin at room temperature and was used for histological evaluation. 

 

Figure 1. Resected bladder.  

Tissue samples were taken from three regions. #1 was the sonicated region, #2 was the contralateral side of 
sonicated region, and #3 was a region distant form the sonicated region. 
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Results 
Figure 2 shows the platinum concentration of the tissue samples taken from three different regions of 

the bladder. Although platinum was detectable in all three regions, the platinum concentration in the 
sonicated region was higher than that of other two reigons. There were not any obervable differences in 
bladder mocosa in hematoxylin an eosin staining.  

 
Figure 2. Platinum concentration in bladder wall.  

Platinum level in bladder wall was measured by ICP-MS. #1 was the sonicated region, #2 was the contralateral 
side of sonicated region, and #3 was a region distant form the sonicated region. 

Conclusions 
This preliminary study shows the feasibility of US-triggered microbubble cavitation for intravesical 

chemothrapy. Meanwhile, passive diffusion of intravesical cisplatin may have some impacts on US-
assisted intravesical chemotherapy. Further studies are needed to evaluate phamacokinetics of intravesical 
cisplatin and to optimize treatment procedures. 
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Introduction 

Ultrasound-sensitive liposomes (USL) are liposomes that have been loaded with perfluorocarbon 
(PFC) nanoemulsions that can respond to external ultrasound stimuli. By applying ultrasound, PFC 
droplets undergo phase transition from liquid to gas thus rupturing the lipid bilayer of the USL and 
releasing the drug [1,2]. The use of toxic proteins and other biotherapeutics have gained relevance in the 
cancer treatment arena due to their high potency. The toxic protein mistletoe lectin-1 (ML1, 60 kDa) has 
been studied in the context of cancer treatement using thermosensitive liposomes as nanocarriers [3], but 
the release was limited by the underlying release mechanism of this class of liposomes. The objective of 
this study was to investigate the feasibility of USL for encapsulation and triggered release of ML1. 

 
Methods 

The 200 nm-size liposomes were prepared by thin film hydration method and extrusion and were 
composed of DPPC, cholesterol and DSPE-PEG2000 (DSPE-PEG2000 content 5, 10, 20% mol; USL5, 
USL10, USL20, respectively). ML1 was encapsulated in the liposomes and used as active ingredient. Oil 
in water nanoemulsions were composed of perfluoropentane (PFC5) as oil-like phase and DPPC as 
surfactant and were prepared by sonication (Branson sonifier, 20 kHz), followed by extrusion (100 nm). 
USLs were finaly obtained by mixing and sonicating liposomes and nanoemulsion in 1:1 v/v. Plain 
liposomes, i.e. not containing nanoemulsion, were prepared similarly. Sucrose gradients were used to 
separate free drug, un-encapsulated emulsions, empty liposomes and USL. The resulting fractions were 
characterized in terms of size/PDI, stability at sorage conditions, phosphate content, HIFU triggered 
release, and bioactivity of released ML1 against CT26 colon adenocarcinoma cells. 

High-intensity focused ultrasound (HIFU) release experiments were performed with a single element 
focused ultrasound transducer (Imasonic, Besançon, France) operated at 1.3 MHz, Duty Cycle = 1%, 
Pulse Repetion Periode = 50 ms. The dimensions of the focal point were 1×1×3 mm3 (at −3 dB). A PCR 
tube (Bio rad, California USA), containing 3 µL of USL in 167 µL buffer, was positioned in the focal 
point and sonicated for 1 minute at different pressures ranging between 1 and 50 MPa. Time dependent 
release experiments were performed at constant acoustic pressure (2 and 25 MPa) and exposure times 
varying between 30 s and 8 min. For in vitro proof of concept experiments, the PCR tube containing 3 µL 
of USL in 167 µL cell culture medium, was positioned in the focal point and sonicated for 1 minute at 2 
and 25 MPa. The mixture was then tranferred to the cells and incubated during 4 h, without any further 
purification (i.e, no separation between released cargo and USL), to allow released ML1 uptake. After the 
incubation/uptake period, the medium was replaced by drug-free medium and MTS was measured 44 h 
later. The goal was to assess the integrity of the protein after HIFU exposure and to determine if the 
released amounts could induce cell killing. 
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Results 
USL5 and USL10 complied with all requirements: homogeneous size, storage stability, HIFU 

triggered release (Figure 1A) and in vitro tests, contrarily to USL20, that revealed colloidal instability 
during the first days after preparation. The best release conditions were found to be in the range of 2-
25MPa, therefore we used the two extremes to continue with the experiments. Plain liposomes also 
released their cargo upon HIFU treatment as showed before [4] but the release was 4-fold improved when 
the PFC5 nanoemulsion was located inside the liposomes. State of the art confocal live cell imaging of 
CT26 cells allowed visualization of the uptake of the ML1 that was released from USLs after HIFU 
treatment. Released ML1 potently inhibited tumor cell viability, reaching 60-70% killing of the cancer 
cells (Figure 1B).  
 

 
Fig. 1. – HIFU triggered release of ML1 toxin from USLs (A). After HIFU treatment of USL, the released ML1 
inhibited cell viability as measured by MTS (B). In both graphs, black line corresponds to liposomal 
formulation USL20, dark-grey to USL10 and light-grey to USL5. 

 
Conclusion 

We demonstrate that USL can be used for triggered delivery of macromolecules including cytotoxins 
that can induce tumor cell death. The detailed analysis of the acoustic behavior of the nanoemulsion and 
USL is ongoing. Encapsulation of cytotoxic proteins in USL can be an attractive approach to increase their 
safety, target site accumulation and enhance their potential to induce cytotoxicity, by a combination of 
nanoparticle driven tumor uptake followed by local HIFU stimulation and consequent cargo release. 
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Introduction 
Ultrasound (US) application activates tetrapyrrole sensitizers causing cell killing effects via elevated 

oxidative stress, referred to as sonodynamic therapy (SDT). In response to sonication, the cells may also 
undergo irreversible sonoporation (SP) resulting cell damage and reversible SP facilitating the intracellular 
delivery of tetrapyrrole sensitizers. Our study quantitatively separates the cytotoxic effects produced by 
sonoporation and sonodynamic therapy when combining US, microbubble (MB) contrast agent and 
sensitizer treatment. 

Methods 
Human malignant melanoma Me45 cells were exposed to 0.3 – 1.1 MPa  acoustic peak negative 

pressures (PNP) generated by 6 mm diameter US transducer (Sonitron 2000, Richmar, USA) operating at 
1 MHz frequency, continuous wave mode. For sonodynamic reaction, 150 μl of Me45 cells were 
suspended in electroporation medium (106 cells/ml) with addition of sensitizer chlorin e6 (Ce6, Frontier 
Sci., USA) at 170 μM final concentration. Cells in SP group, w/o Ce6, were added with air-filled MBs at 
390:1 or 66:1 MB-cell ratio prepared by using BG7573 (Bracco, Switzerland) lipids. Cells in US control 
group were insonicated without MBs administration. US transducer was placed 2 mm bellow exposure 
chamber, made of thin (70 μm) plastic of 12 mm internal diameter and 6 mm height, and US was applied 
for 2, 10, 25, 60, 120 and 180 s. After insonication the cells were incubated for 10 min at 20 oC, then 
allowed to grow for 24 h (or 72 h) incubated at 37 oC in 5 % CO2 for cell viability determination by MTT 
assay. Cell apoptosis was additionally analysed using TUNEL assay, visualized using an ApopTag kit 
(Millipore, USA) after 120 h incubation. Intracellular accumulation of Ce6 was compared between SDT 
groups using fluorescence microscopy (Leica DMi8, Germany; ex 540 – 580 nm, dichroic 585 nm; em. 
592 – 668 nm; exposure 3 s) and spectrofluorimetry (AvaSpec ULS2048L, Avantes, Netherlands; 473 nm 
excitation coupled to Y-shaped fiber bundle FC-UV400-2-SR) within 1 h after insonication. 

Results 
Me45 cell membrane permeability to Ce6 was significantly enhanced by US application, increasing 

Ce6 fluorescence in cell cytoplasm. Compared with US control groups, Ce6 mediated sonodynamic 
therapy induced higher cytotoxicity at the same insonication conditions, evaluated by MTT assay. Me45 
cell apoptosis was detected by TUNEL assay after sonodynamic reaction. The most efficient sonodynamic 
activation of sensitizer Ce6 was produced by relatively low PNP (0.3 MPa) US treatment applied for 1min 
interval, without additional contrast agent MBs added, resulting in 50 % decrease of cell viability. The 
application of MBs at 390:1 MB-cell ratio induced the highest effect of irreversible cell sonoporation, 
however with low significance of sonodynamic cytotoxicity. Maximum 70 % of cells were killed by US 
induced MB cavitation, applying 0.6 MPa PNP for 2 min, whereas only ~5 % of cells were additionally 
affected by SDT. 

Conclusion 
The ability of MB cavitation to induce cell apoptosis extends its application area of into a field of 

SDT, however the highest induced cytotoxicity in vitro was related to MB cavitation, but not to 
sonodynamic reaction. 
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Introduction  
Head and Neck Sqamous Cell Carcinoma (HNSCC) is a common group of malignancies in humans. 

Most patients present with locally advanced disease, where primary surgery is often not an option. Despite 
treatment with combined modalities, approximately half of the patients develop (often incurable) local 
recurrences. Therefore, there is a clear clinical need for improved local therapy in HNSCC.  

The combination of ultrasound and microbubbles (USMB) has been shown to increase local tumor 
uptake and to enhance the efficacy of several drugs.[1] In particular, the nonpermeant drug bleomycin 
may benefit from the combination with USMB. In vitro, USMB increased bleomycin cytotoxicity,[2,3] 
while in vivo, adding USMB to bleomycin improved growth inhibition of HNSCC in mice.[2]  

Feline Oral Squamous Cell Carcinoma (FOSCC) patients provide a valuable model for evaluation of 
HNSCC therapies. The combination of bleomycin chemotherapy with USMB could become a low-burden 
alternative treatment for these cats, and simultaneously provide valuable information for clinical 
translation of the USMB technique. 

Here we present the design of a veterinary study with the objective to evaluate the safety, feasibility 
and efficacy of bleomycin plus USMB in FOSCC patients. As a preparation for this veterinary study we 
confirmed the efficacy of bleomycin plus USMB in a HNSCC cell-line, and compared the sonoporation 
efficacy between an optimized single element set-up and a clinical US imager that will be used during the 
veterinary study.   

Methods 
In vitro experiments. We performed in vitro experiments using an unfocused single element transducer 
(Precision Acoustics, Dorchester, United Kingdom) with a diameter of 20 mm. FaDu cells were sonicated 
in CLINIcells (Mabio) in the presence of SYTOX green (conc. 2.1µM) or bleomycin (5 µg/mL, 2 hours 
incubation) and microbubbles (700µL per CLINIcell, SonoVue, Bracco, conc. 1-5x108 bubbles/mL) with 
different ultrasound transducers and settings (see table 1 for overview of performed experiments). Cell 
viability was evaluated 24 hours after sonoporation with an Alamar Blue assay.  
 

Table 1. Overview of experiments and used ultrasound parameters 

 SYTOX/BL
M 

f (MHz) Cycli/pulse PRF 
(kHz) 

Pneg 
(MPa) 

Rel. I 
(dB) 

Indicated 
MI 

Exposure 
time (s)  

US 
area 
(cm2) 

Single 
element 
transducer 

YES/YES 1.5 150 1.0 
0.4 
0.5 
0.6 

- - 60 25 

EPIQ 7,  
Probe S12-4 YES/NO 4 67 1.8 - 

-3 
-1.5 

0 

0.2 
0.3 
0.4 

10 ±4.2 

EPIQ 7, 
probe S8-3 YES/NO 3 46 1.8 - -1.5 

0 
0.3 
0.3 10 ±4.2 
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Veterinary study design. We will perform a single-arm prospective study, in 10 feline companion animals 
with spontaneously arisen FOSCC without other suitable treatment options except for palliative care. 
During procedural sedation, intravenous bleomycin (10.000 IU/m2) will be combined with USMB 
treatment of the oral tumor, which can be repeated to a maximum of three sessions in two weeks. 
Ultrasound parameters will be based on in vitro experiments performed with the clinical ultrasound 
device. Feasibility of the treatment, adverse events, clinical performance and body condition score will be 
monitored, questionnaires will be used to evaluate quality of life. Clinical response will be evaluated by 
measurement of the tumor after 1, 2 and 5 weeks. 

Results 
In vitro experiments 

Bleomycin or USMB alone had little effect on cell viability, whereas the combination of bleomycin 
and UMSB significantly reduced the cell viability. The cell viability decreased with increasing US 
pressure when applied as combination (Fig. 1a). SYTOX green uptake was highest (31%) after USMB 
with the single element transducer at 0.6MPa Pneg. (Fig. 1b). After USMB with the US imager and the 
S8-3 probe at 0dB, SYTOX green uptake (i.e 23%) approached that of the single element transducer. The 
S12-4 probe increased SYTOX green uptake to a lesser extent and achieved a maximum uptake similar to 
that of the single element transducer at 0.5MPa Pneg (i.e. 5%).   

 

  
Figure 1a. Cell viability 24 hours after bleomycin + USMB    b.SYTOX green uptake  
 
Veterinary study We expect to start patient inclusion in the beginning of 2019. 

Conclusions 
USMB treatment increases the cytotoxic effect of bleomycin on FaDu cells in vitro. Cell permeability 

can also be increased in vitro using a clinical ultrasound device, which will be used in the planned 
veterinary study.  
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Introduction  
The blood-brain barrier (BBB) is a specialised interface between the blood and the brain interstitial 

fluid that prevents therapeutic agents from entering the brain [1]. As a result the BBB impedes the 
treatment of brain diseases, such as Alzheimer’s disease, which currently has no effective treatment [2]. 
By use of ultrasound and lipid shell microbubbles the blood-brain barrier permeability can be altered in a 
non-invasive, localised and temporary manor allowing for a wider range of compounds to be delivered to 
the brain in a safe and well documented way [3]. We have recently demonstrated that short pulses of 
ultrasound emitted in a rapid short pulse (RaSP) sequence can produce short-duration blood-brain barrier 
permeability changes and reduce the brain’s exposure to neurotoxic blood proteins [4]. However, those 
studies were performed in mice with pulses with a centre frequency of 1-MHz, which does not easily pass 
through the thick human skull. The purpose of this study is to determine whether short ultrasound pulses at 
300-kHz can deliver drugs across the blood-brain barrier and characterise how different acoustic 
parameters alter the drug delivery pattern.  

Methods 
Fluorescently tagged model drugs (Texas Red 3 kDa dextran and FITC 645 Da biotin) were injected 

intravenously into wild type mice (C57BL/6) after a bolus injection of SonoVue® or homemade lipid 
microbubbles. During and after the injections focused ultrasound pulses (centre frequency 0.3 MHz, pulse 
length 1-5 cycles, peak-rarefactional pressures: 0.1 - 0.4 MPa) were non-invasively applied to the left 
hemisphere of the mouse’s brain in bursts of rapidly emitted pulses (pulse repetition frequency 0.1 – 3.75 
kHz). A total of 125 bursts were emitted at a burst repetition frequency of 0.5 Hz with 13-250 pulses per 
burst. The in vivo cavitation activity was monitored by capturing the microbubble response recorded on a 
centrally mounted passive cavitation detector for analysis.  

After sonication, the mice were euthanised and perfused with formalin (10%). The mouse brains were 
removed, cryoprotected in sucrose (15-30%) for 24 hours, sectioned and imaged using fluorescence 
microscopy. 

Results 
Drugs were delivered across the blood-brain barrier using a low-pressure 1-cycle, 300-kHz pulse. The 

acoustic pressure threshold for drug delivery was between 0.1 and 0.2 MPa. Increasing levels of drug 
delivery were observed from 0.2 to 0.4 MPa. At lower pressures it was found that a greater number of 
pulses were required per burst to achieve increased BBB permeability. It was observed that the energy of 
the microbubble acoustic emissions decayed with every pulse within each burst. This suggested that 
microbubbles replenished the target tissue during the interval between bursts. The average acoustic 
emission energy from each pulse was observed to decrease at a fast rate for the first 10-15 pulses of each 
burst and settled to a lower decay rate for the remaining pulses. For a large proportion of bursts 
microbubble emissions were still persistent after at least 38 pulses for many of the parameter sets tested. 
Co-injecting dextran and biotin suggests a BBB permeabilisation size dependence, with the smaller biotin 
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often being more prevalent in the brain post-sonication than the larger dextran, particularly at lower 
pressures tested (0.2 MPa or less). Further to this it was observed that the biotin distribution was often 
more uniform than the dextran distribution. 

Conclusions 
 Here we demonstrate increased BBB permeability using bursts of short and rapid pulses of 

ultrasound at a clinically applicable frequency with the transducer driven with a single input cycle per 
pulse. This study shows a wide range of parameters which have been explored in an attempt to optimise 
low-frequency BBB permeabilisation specifically with clinical translation in mind and hope to show that 
single cycle rapidly pulsed ultrasound may be used to create safe BBB permeability enhancement in 
humans in the future.   

 

Figure 1. Drug delivery across the blood-brain barrier using 1-cycle 300 kHz pulses at (a) 0.2 
MPa and (b) 0.3 MPa. The left hippocampus of the mouse brain was sonicated at a pulse repetition 
frequency of 1.25 kHz, 38 pulses per burst and a burst repetition frequency of 0.5 Hz for a total of 125 
bursts. Each pulse was 1-cycle-long and with a centre frequency of 300 kHz. At the start of sonication 
100µl of microbubbles were injected into the mice intravenously followed by 100µl of the model drug, 
with injections completed by the 30th burst. Regions of high intensity indicate the presence of a model 
drug having permeated the blood-brain barrier. Some artefacts can be seen in each image which occurred 
during cryo-sectioning. Scale bars indicate 1000 µm. 
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Introduction  
Delivering chemotherapeutic agents with the use of microbubble-assisted ultrasound is also referred to 

as sonochemotherapy. Microbubbles can be locally activated by a targeted ultrasound beam, which can 
result in several bio-effects. For drug delivery, microbubble-assisted ultrasound is used to increase 
vascular- and plasma membrane permeability for facilitating drug extravasation and the cellular uptake of 
drugs in the treated region, respectively. The therapeutic effects can also be produced by bursting the 
microbubble (localized in tumors) under certain ultrasound intensity. 3D cell cultures possess several in 
vivo features of tumors such as cell-cell interaction, hypoxia, drug penetration, response and resistance, 
and production/deposition of extracellular matrix. All of these factors shift growth dependence away from 
the phenotype of unrestrained proliferation, which is dominant in standard 2D cultures. Furthermore, the 
study of cancer cell dynamics in a 3D context allows us to recapitulate the architecture of living tissue and 
to better investigate the pathobiology of tumor. 3D Spheroids could fill the gap between conventional 2D 
in vitro testing and animal models, and many researchers recommend the use of 3D cell cultures in drug 
screening programs as support for conventional 2D monolayer studies and before activating animal 
protocols. 

Methods 
To develop a robust spheroid model for USMB studies, it is crucial to monitor the growth, size 

mortality and metabolic activity of the spheroid structure. Using Geltrex as extracellular matrix, tumor 
spheroids are grown in “Ultra-low Attachment” microplate (Corning) seeding MDA-MB-231 cells in well. 
Different conditioning regimens of Geltrex (0-6%) and cell density (5000-10,000 cells/well) were tested to 
optimise the cell aggregation (scattered, loose or compact aggregates) and to develop spheroids of 
different sizes (200-2000 µm). Metabolic activity of the spheroids was measured by the colorimetric 
resazurin test involving the reduction of resazurin into resorufin by metabolically active mitochondria of 
cells. The growth and proliferation of each spheroid in the well was monitored over time through high 
content imaging using Image express microscopic system. Based on the metabolic activity and viability, 
optimum size of spheroids for further studies was determined. The qualitative viability analysis of 
ultrasound and chemo drug treated spheroids was assessed by the Live/Dead® kit (Viability/Cytotoxicity 
kit, Molecular ProbesTM) and compared with control. The in-vitro drug uptake and penetration was 
investigated by high content imaging of thin section of spheroids. The spheroid model was developed such 
that it resembles the heterogeneity of real tumors with complex hypoxic regions. Using Image-iT Green 
Hypoxia Reagent (Thermo Scientififc), USMB+drug treated spheroids was studied for hypoxic analysis 
using confocal imaging. 

Results 
200-2000µm size of tumor spheroids was developed and monitored for their metabolic activity. These 

spheroids show well developed hypoxic core, observed with high content imaging system. The drug 
uptake in USMB treated spheroids was significantly increased (4-5 fold). With the help of fluoresce 

mailto:misra.rahul87@gmail.com


The 24th European symposium on Ultrasound Contrast Imaging 
 

113 
 

microscopy, it was observed that the flowurescent drug molecules of Doxorubcin was diffused through the 
inner regions of spheroids by USMB treatment and produce DNA damage as observed  through COMET 
assay. The 3D clonogenic cytotoxicity and survival was investigated and it was observed that the post 
USMB treatment the growth of tumor spheroids was stopped representing the loss of clonogenicity.  

Conclusions 
3D Spheroid model found to be relevant for predicting the behavior of USMB therapeutic treatments 

in xenografts. The 3D tumor model gave more clear understanding of clinical complications and 
implementation of sonochemotherapy. The tumor spheroids shown the potential of Ultrasound and 
bubbles for delivering the drugs and how effectively and deep these drug molecules can penetrate the 
tumors. This model is also helpful in optimising the USMB parameters for treating xenografts and getting 
maximum therapeutic benefits.  
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Introduction  
The signal transducer and activator of transcription 3 (STAT3) is an oncogenic transcription factor that 

has been implicated in carcinogenesis, tumor progression and drug resistance in many cancers, including 
head and neck squamous cell carcinoma (HNSCC) [1,2]. The main objective of this study was to develop 
and compare 2 microbubble (MB) delivery vehicles:  cationic lipid-based microubbles (MBs) vs. MB-
liposome complex to enhance localized delivery of STAT3 decoy. For this purpose, decoy oligonucleotide 
(ODN) was loaded in microbubbles and combined with ultrasound-targeted microbubble cavitation 
(UTMC). The present study was undertaken to develop UTMC technology to enhance focal delivery of 
the STAT3 decoy in human HNSCC tumors. 

Methods 
Two types of MBs were prepared to load STAT3 Decoy. The synthesis of STAT3 decoy-loaded 

cationic lipid microbubbles (Mod-159) was reported previously [3]. Cationic liposome containing STAT3 
Decoy was prepared by extrusion method first and conjugated to lipid MB via biotin-streptavidin 
interaction to form liposome-MB complex (LPX). To evaluate in vitro anticancer efficacy, human 
squamous carcinoma cell line CAL-33 cells were plated and incubated for 24 h until nearly confluent. 
Cells were treated with ultrasound and respective MBs at a concentration equivalent to 10 MB/cell with 
MBs maximally loaded with decoy. UTMC was performed with a single element immersion transducer (1 
MHz, 0.50 MPa PNP, 10 µs pulse duration, 1 ms pulse interval) for 10 s. Treatment efficacy was 
evaluated using a viability assay, apoptosis assay, and Hoechst 33342 staining. Anticancer efficacy in vivo 
was performed in a HNSCC-based xenograft model in mice. Therapeutic ultrasound was applied (1 MHz, 
0.7 MPa PNP, 100 µs pulse duration repeated 5 times with 1 ms pulse interval every 2 s) during 15 min of 
STAT3 Decoy MB infusion for a total of 3 treatments at 3-day intervals. UTMC with MB carrying 
STAT3 decoy mutant (Mutant Decoy MB) and untreated (NT) groups were used as controls. The tumor 
was serially imaged using a high-resolution 3-D ultrasound imaging system (Vevo 2100, VisualSonics). 
Tumor volume was automatically computed from the 3-D reconstructions of the outlines drawn on the 
crossectional images. Survival rate was calculated based on animal sacrifice once the tumor volume 
reached 1,000 mm3. The antitumor efficacy was evaluated in terms of tumor volume and survival rate. 
Statistical comparision for survival index was performed by Log-rank (Mantel-Cox) Test using GraphPad 
Prism (version 7.0) software. In a sperate group of animals, tumors were extracted 48 h after UTMC and 
analysed for gene expression. 

Results 
UTMC with both species of STAT3 decoy-loaded MB showed significantly more cytotoxicity 

compared to that of mutant control (p<0.05). UTMC in vitro with Mod159 carrying STAT3 decoy showed 
significantly lower cell viability (p<0.05) of 56.8±8.4% compared to 84.5±8.8% for LPX in CAL-33 cell 
line, indicating superior therapeutic efficacy compared to the LPX formuation. Therefore, Mod159 was 
used for all subsequent in vitro and in vivo experiments. Flow cytometric analysis of Annexin 
V/propidium iodide–stained cells demonstrated that compared to the mutant control-loaded MBs, STAT3 
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decoy-loaded MBs + UTMC caused  significant (p<0.05) apoptosis of CAL33 cells, indicating that cell 
death was mainly attributed to the induction of apoptosis at the in vitro level. In vivo studies illustrated 
that UTMC with STAT3 Decoy MB had strong antitumor effect, with significant reduction in the tumor 
burden in xenograft mice compared to that of UTMC with decoy mutant-loaded MB and untreated animal 
groups (p<0.05, Figure 1A). Kaplan-Meier survival curves were concordant with the aforementioned 
results, with STAT3 decoy-treated group having 100% of mice still surviving at day 15 compared to a 
survival rate of 33% and 14% for mutant and NT group, respectively (p<0.05, Figure 1B). Relative to the 
mutant control group, tumors in the STAT3 decoy-treated mice exhibited ~45% and ~38% (p<0.05) 
decrease in downstream target gene expression of Bcl-xL and cyclin D1, respectively, by protein analysis. 
Consistent with the immunoblot analysis, there was approximately 30% reduction in Bcl-xL and cyclin D1 
mRNA transcripts in STAT3 decoy treated mice (PCR analysis). 

 
Figure 1: (A) Antitumor efficacy of UTMC with STAT3 decoy MB in vivo in a subcutaneous xenograft 
model of human head and neck cancers in mice with CAL-33 cells; (B) Kaplan–Meier survival analysis. 
Asterisks (*) indicate p<0.05 for STAT3 Decoy MB + US vs Mut Decoy MB + US. 
 

Conclusions 
This study demonstrated the potential of oligonucleotide-loaded microbubbles and US in the treatment 

of human head and neck cancers. UTMC with STAT3 decoy-loaded MBs significantly reduced human 
tumor burden in xenograft mice, resulting in a higher survival rate compared to that of mutant decoy-
treated and non-treated tumor-bearing animals.  
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Introduction 
Infective endocarditis (IE) is a life-threatening infection of the cardiac valves, endocardial surface, or 

artificial implants such as cardiac devices. Cardiac device infections have mortality rates of ~29% for 
pacemakers, implantable cardioverter defibrillators (ICDs), and cardiac resynchronization therapy devices 
(CRTs)1, ~30% for prosthetic valves2, and ~50% for left ventricular assist devices (LVADs)3. Removal of 
the devices is either not possible or a major undertaking with a risk of death or significant complications1. 
The infections are biofilm infections4, i.e. device-bound, matrix-enclosed microbial communities. Treating 
these infections is a major challenge because bacteria embedded in a biofilm are up to 1,000 times more 
resistant to antibiotics than non-embedded bacteria5. A targeted, non-invasive treatment is desperately 
needed, but currently unavailable because of the complex disease.  

We have recently shown that sonobactericide, the combination of ultrasound (US), microbubbles, and 
therapeutics, shows great potential to treat IE in vitro6. However, in vivo targeted microbubbles will be 
crucial as rapid blood flow will hamper contact of non-targeted microbubbles with the IE-biofilm. This 
study aimed to produce novel targeted microbubbles and treat Staphylococcus aureus (S. aureus) biofilms 
with ultrasound-activated targeted microbubbles, see Figure 1. We focused on S. aureus because cardiac 
device biofilm infections are mainly 
caused by Gram-positive 
Staphylococci (~60%)4,7,8. Moreover, 
S. aureus is associated with longer 
hospital stays, elevated costs, and the 
highest mortality rate9,10. 
 
Figure 1. 3D Illustration of the hypothesized 
effect on a biofilm caused by ultrasound-
activated bound targeted microbubbles. 
After insonification of the targeted 
microbubbles with ultrasound, bacteria killing 
and detachment can be achieved.  

 

Methods 
The antibiotic vancomycin was used as the targeting component and was chemically coupled via its 

amine group to DSPE-PEG(3400)-NHS. DSPC was used as the main phospholipid component of the 
microbubble shell with perfluorobutane (C4F10) as the gas core. DiD was used to fluorescently label the 
microbubbles. Non-targeted microbubbles were made without vancomycin. For the in-house 
manufacturing of the  microbubbles a probe sonicator was used11.  

IbiTreat μ-Slides (ibidi GmbH, Germany) were used as cardiac device mimics to grow biofilms with 
an S. aureus clinical isolate of IE. Each channel was filled with a diluted bacterial suspension in IMDM 
(1·104 CFU/mL). Slides were incubated at 37 °C under agitation (150 rpm) for 24 hours. 
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 Ibidi channels containing the biofilms were incubated with vancomycin-targeted or non-targeted 
microbubbles (5·106 MBs/ml) and allowed to adhere prior to confocal microscopy. The ibiTreat µ-Slide 
was mounted in the set-up such that the bound microbubbles were on top of the biofilm. Unbound 
microbubbles floated to the topside of the channel due to the upward buoyancy force of the microbubble. 
Live and dead bacteria were stained using respectively Syto9 and propidium iodide (PI). To assess 
specificity of the vancomycin-targeted microbubbles, a competition assay was performed with 
vancomycin concentrations ranging from 0 to 1 mg/ml added prior to the addition of the targeted-
microbubbles. For treatment, a low (250 kPa ) and high (1 MPa) peak negative acoustic pressure 
ultrasound pulse ranging from 100 to 10,000 cycles at a frequency of 2 MHz were investigated. The 
ultrasound frequency of 2 MHz was chosen as this is a clinically representable echocardiography 
frequency12. Microbubble behaviour during insonification was recorded with the Brandaris 128 ultra-high 
speed camera coupled to a custom build Nikon A1R confocal microscope.  

Results 
The vancomycin-targeted microbubbles bound to the S. aureus biofilm whereas non-targeted 

microbubbles did not, as shown in Figure 2A and B. Figure 2c and 2d show representative images of the 
upper area of the ibiTreat µ-Slide, i.e. the location where non-bound microbubbles would float up to. 
Interestingly, the vancomycin-targeted microbubbles present at the upper area were covered with bacteria 
(Figure 2c) whereas non-targeted microbubbles were not (Figure 2d). Moreover, the vancomycin 
competition assay showed that increasing concentrations of vancomycin added prior to the addition of the 
targeted microbubbles significantly reduced the amount of bound targeted microbubbles to the biofilm. 

 
Figure 2. Microbubble binding to S. aureus. (A) Vancomycin-targeted microbubbles bound to the biofilm. (B) Non-targeted 
microbubbles did not bind to the biofilm. (C) In the upper area of the IbiTreat μ-Slides vancomycin-targeted microbubbles were 
decorated with bound bacteria. (D) In the upper area of the IbiTreat μ-Slides non-targeted microbubbles were not decorated with 
bacteria. For the confocal microscopy, living bacteria were stained with Syto9 (green), dead bacteria with PI (red), and 
microbubbles with DiD (pink). 

Insonification of the bound targeted microbubbles with the two diverse ultrasound settings resulted in 
a different microbubble-biofilm interaction. The high acoustic pressure (1 MPa) burst of 100 cycles of 
ultrasound resulted in microbubble collapse with minimal visual impact on the biofilm. By contrast, the 
long bursts of 10,000 cycles of ultrasound at a low acoustic pressure (250 kPa) resulted in substantial 
biofilm- destructive behaviour (Figure 3). During insonificaion, the targeted microbubbles formed clusters 
by migrating towards each other, a phenomenon known as Bjerknes forces13,14. This resulted in 
deformation and removal of the biofilm (Figure 3B). Also, a greater amount of movement of bacteria was 
noticed in the path where the microbubble had been.  

Figure 3. Biofilm reducing effect of 
vancomycin-targeted microbubbles in 
combination with ultrasound. (A) Before 
and (B) after insonification. The targeted 
bound microbubbles formed clusters and the 
biofilm partly detached. For the confocal 
microscopy, living bacteria were stained with 
Syto9 (green), dead bacteria with PI (red), and 
microbubbles with DiD (pink). 
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Conclusions  
Vancomycin-targeted microbubbles were developed that specifically bound to in vitro Staphylococcus 

aureus biofilms. In addition, ultrasound insonification of these bound targeted microbubbles had a 
mechanical effect on the biofilm. Deformations and detachment of the biofilm were observed when 2 
MHz ultrasound was applied at a low acoustic pressure (250 kPa) for 10,000 cycles. This succesful 
detachment of bacteria from biofilms by targeted microbubbles may assist in the treatment of infective 
endocarditis in a more efficient and less invasive manner. Therapeutics may need to be given alongside to 
prevent the detached bacteria from readhering. 
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Introduction  
The unique anatomy and presence of biological barriers between the different ocular tissues make drug 

delivery to the posterior segment of the eye one of greatest challenges in ophthalmology [1-2]. Currently, 
the most widely applied method for treatment of posterior eye-segment diseases is injection of therapeutic 
compounds in the vitreous. This administration route is often related to severe adverse effects (e.g. retinal 
detachment, ocular inflammations, increase of the intraocular pressure). Therefore, there is a need for 
development of novel minimally invasive techniques that allow for efficient adminstration of drugs while 
preserving patient comfort.  

The aim of this study is to compare the ultrasound and microbubbles (USMB) induced intracellular 
uptake of a model drug by retinal pigment epithelial cells (ARPE-19) and a commonly used cell line in our 
lab (FaDu). Additionally, the temporal window of the uptake by ARPE-19 cells is investigated in vitro. 
Furthermore, an ex vivo model has been developed in order to study the effects of USMB on 
extracorporeal arterially perfused porcine eyes. This latter method allows for preservation of integrity and 
complexity of the ocular tissues, which is essential for retinal drug delivery applications.  

Methods 

In vitro model 
To study the intracellular uptake after USMB exposure, a cell membrane impermeable fluorescent dye 

(Sytox Green) was used as model drug. Human-derived retinal pigment epithelial cells (ARPE-19) or 
human pharyngeal squamous  carcinoma cells (FaDu) were seeded in cell culture cassettes (CliniCell, 
Mabio, France) one day prior the US experiment. Immediately before US exposure, microbubbles (2 x 107 
microbubbles/ml) were mixed with Sytox Green (2 uM) and culture medium, and were injected in the 
CliniCell. Subsequently, US was applied using an unfocused single-element transducer (frequency = 1.5 
MHz, PRF = 1 kHz, duty cycle = 10%, sonication time = 60 s, and Pneg = 0.5 MPa).  

For the temporal window experiments ARPE-19 cells were used and the ultrasound parameters were 
kept the same. However, additional samples were used where Sytox Green was added 15, 60, or 120 
minutes post-sonication. At each time point cells were incubated with Sytox Green for 20 minutes in a 37 
˚C incubator. Subsequently cells were fixated with PFA and cell nuclei were stained with DAPI.  

For all samples fuorescence microscopy images were acquired (Keyence, BZ-9000) and Sytox Green 
positive cells showing a fluorescent signal above a fixed threshold were counted automatically (ImageJ). 
The percentage of Sytox Green positive cells was calculated by comparing the Sytox Green positive cells 
with the total number of cells as counted from the DAPI images. 
 
Ex vivo model 

Fresh porcine eyes are enucleated at a local abbattoir directly after animal termination, and transported 
to the laboratory. Using an operational microscope the ophthalmic artery is localized and isolated. An 
incision is created and a cannula is inserted in the ophthalmic artery. Subsequently, the cannula is 
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connected to a syringe pump which perfuses the eye at a flow of 0.1 ml/hr. Successful cannulation can be 
tested by perfusion of the eye with a dye (e.g. fluorescein). 

Results 
The results from the uptake of Sytox Green by ARPE-19 cells, indicated the highest uptake when the 

dye was present during sonication (Figure 1, A), with the number of positive cells reaching 98% (Figure 1, 
B). The number of Sytox Green positive cells decreased by increasing time between sonication and 
addition of the model drug. However, even 120 minutes after sonication there was uptake of the dye by 
30% of the cells, indicating that the sonoporation effect can still be potent a few hours after exposure to 
ultrasound. In contrast, using the same US parameters, only 19% of FaDu cells showed uptake when the 
dye was present during sonication. The duration of USMB-enhanced cell membrane permeability was 
previously investigated by Lammerking et al. for other cell lines [3]. 

In Figure 2, an example of retinal perfusion with fluorescein in an extracorpereal, cannulated porcine 
eye is shown. The images represent different perfusion time points depicting firstly the native blood that 
was remained inside the retinal blood vessels (Figure 2, A). Subsequently, fluorescein arrived in the retinal 
arteries (Figure 2, B) and a few seconds later in the retinal veins (Figure 2, C). 

Conclusions 
In this study, it was shown that USMB can be used for the internalization of low molecular weight 

model drugs in retinal pigment epithelial and pharyngeal squamous  carcinoma cells. Almost all ARPE-19 
cells show Sytox Green uptake in comparison to only 19% of the FaDu cells. Investigation of the duration 
of the cell membrane permeability indicated that the number of Sytox Green positive cells decreased by 
increasing time between sonication and addition of the model drug. 

We hereby present an ex vivo porcine ocular model which can be used as an experimental platform to 
test novel drug delivery systems or surgical techniques. This model allows for preservation of the complex 
physiology of the ocular tissues, while controlled perfusion and viability can be reached. In the future, this 
system will be used to study the effect of USMB on the retinal tissue. Fluorescent dyes of various 
molecular weights will be used and the uptake by the retinal cells will be studied using fluorescence 
microscopy of the retina. Additionally, histopathological evaluation will be performed in order to study 
the safety of the method. 

 
 

 
Figure 1: (A) Fluorescent microscopy images of ARPE-19 cells after exposure to USMB. Sytox Green 
was added 15 min, 30 min, 60 min and 120 min after sonication of cells. In one sample Sytox Green was 
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added just prior to sonication (0 min). The highest uptake of the fluorescent dye was observed when the 
dye was present during sonication. Left: DAPI, middle: Sytox Green, right: overlay of phase contrast, 
DAPI and Sytox green images. (B) Percentage of the number of Sytox Green positive cells corresponding 
to the different points of addition of Sytox Green. 
 

 

 
Figure 2: Operational microscopy images of the retinal vessels of an ex vivo arterially perfused porcine 
eye during the perfusion with fluorescein. Before the perfusion starts the native blood is still observed (A). 
When fluorescein is injected the retinal arteries are firstly filled with the dye (B). A few seconds later, the 
retinal veins are also perfused (C).  
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Introduction 
Pathological remission under neoadjuiavnt chemotherapy is a reliable surrogat marker for clinical 

outcome, with improved overall and breast cancer specific survival in patients reaching a complete 
pathological response. One possibility to improve response rates could be an enhanced accumulation of 
therapeutic substances in the tumor tissue. This could be achieved by mechanical manipulation of the 
tumor vasculature using shear forces resulting from the local destruction of ultrasound contrast agents [1]. 
The present study shows initial results of the impact of destructive contrast enhanced ultrasound (dCEUS)-
treatment on tumor vascularity during neoadjuvant chemotherapy (CTx) in breast cancer patients.   

Methods 
The study was approved by the RWTH Aachen University ethics committee, registered on 

clinicaltrials.gov (NCT03385200) and written informed consent was obtained from all participants. N = 8 
patients with primary breast cancer who received neoadjuvant CTx were allocated in a blinded manner to 
either a control or therapy group. In all patients tumor size was measured (Toshiba Aplio 500 equipped 
with 10MHz PLT 1005BT transducer, mechanical index (MI) 0.07, thermal index (TI) below 0.4) prior to 
each chemotherapy cycle. Tumor perfusion was assessed by slow administration of 0.5 ml Sonovue 
(Bracco, Italy) before and after infusion of CTx. Patients of the therapy group additionally received 18 
minutes of CEUS-treatment during CTx infusion, consisting of 6 consecutive injections of 0.5 ml Sonovue 
with continuous destruction of the contrast agent in the tumor area ( Philips iU22 equipped with 15 MHz 
L17-5 transducer, MI 0.7, TI 0.2). Before and after each injection multiple pictures of the tumor were 
recorded to assess the percentage of perfused tumor area. Data were post-processed and analyzed using 
ImalyticsPreclinical (Gremse IT). All results are presented as mean +/- standard deviation. 

Results 
Peak enhancement (PE) in tumors of the control group decreased after CTx (pre CTx 5.19 +- 8.08 

signal intensity (SI) [a.u.], post CTx 1.4 +/- 1.5 SI [a.u.]), whereas PE in tumors of the CEUS-treatment 
group predominantly increased from 1.78 +/- 3.05 SI [a.u.] to 4.76 +/- 3.15 SI [a.u.]. Furthermore, 
maximum intensity over time (MIOT) curves showed an increase in maxMIOT in tumors after CEUS-
treatment (pre CTx 20.57 +/- 26.68 SI [a.u.]; post CTx 43.55 +/- 31.21 SI [a.u.]), whereas a decrease could 
be obseverd in tumors of the control group (pre CTx: 33 +/- 35 SI [a.u.]; post CTx: 24 +/- 20 SI [a.u.]).  

Conclusions 
Promising initial results of CEUS-treatment in breast cancer patients show an increase in tumor 

perfusion indicated by an increase in PE, as well as an increase in the relative blood volume estimated 
from MIOT curves. An increase in tumor perfusion and relative blood volume could contribute to an 
enhanced accumulation of chemotherapy in the tumor tissue and therefore lead to a better therapeutic 
efficacy. Nevertheless, more patients have to be included in the study to verify this hypothesis 
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Introduction 
Due to locally advanced disease and the prevalence of extreme desmoplasia of pancreatic cancer, 

patients always lose the opportunity of surgery and are insensitive to radiotherapy or chemotherapy, so a 
novel therapeutic intervention conducted by Norway researchers via ultrasound combined with 
microbubbles has caused wide attention.[1] But the underlining mechanism still remains undiscovered. In 
our study, we found that low frequency ultrasound cimbined with microbubbles can cause apoptosis of 
pancreatic cancer. Piezo1[2], a mechanosensitive channel, has played an irreplaceable role in this course.  

Methods 
Annexin V-PI staining was used to assess apoptosis of pancreatic cancer under different ultrasounic 

parameters combined with microbubbles and the optimal combination was choosen. To explore the 
electrophysiological character of Piezo1, patch-clamp recording and calcium imaging was obtained in 
virtue of three different typical cell lines. Then we tried to illuminate the function of mitochondria via the 
following two methods, first, JC-1 staining was used to test the membrane potential; second, the ATP 
concentration was detected. Finally, we used western blot to prove the expression of apoptosis related 
proteins.  

Results 
Low frequency ultrasound combined with microbubbles can lead to apoptosis of pancreatic cancer. 

Piezo1 played an important role in this course. We found that the inhibitor of Piezo1can alleviated the 
extent of apoptosis. Calcium increased in the soma when ultrasound was used. Cells suffered from 
mitochondrial dysfunction including decreased membrane potential and ATP content and the expression 
of apoptpsis related proteins was increased in the ultrasound intervened group. 

Conclusions 
Low frequency ultrasound combined with microbubbles can lead to apoptosis of pancreatic cancer. 

This can be explained by the Piezo1 inducted calcium influx and the consequent dysfunction of 
mitochondria in this process. 
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Introduction 
The use of ultrasound and microbubbles to enhance therapeutic efficacy is commonly known as 

sonoporation. In combination with chemotherapy sonoporation has been found to enhance the efficacy of 
cancer therapy both in preclinical trials [1, 2] and in a Phase I clinical trial [3]. The primary mechanism of 
sonoporation has typically been defined as the formation of transient pores in cell membranes caused by 
the ultrasound itself, or by the microbubbles excited by ultrasound. The main hypothesis for the improved 
treatment efficacy is that the formation of pores enhances drug uptake into the cells. The exact 
mechanisms leading to improvement in therapy is however not clearly understood, and there is limited 
knowledge on the intracellular mechanisms following sonoporation. Thus, the primary aim of this study 
was to interrogate a multitude of intracellular pathways following sonoporation. Furthermore, it is not yet 
fully known how various ultrasound parameters and microbubble formulations influence drug uptake and 
cellular response; parameters which must be optimised to maximise sonoporation efficacy. We aim to 
elucidate the intracellular mechanisms of sonoporation in two cell types, at three ultrasound conditions, 
using two commercially available ultrasound contrast agents. 

Methods 
The leukemic cell-line MOLM-13 and healthy peripheral blood mononuclear cells (PBMC) were 

treated at three different levels of ultrasound intensities (ISPTA= 74, 501 & 2079 mW/cm2) with and 
without microbubbles (SonoVue® and Sonazoid™) using a custom-made plate sonicator [4]. Calcein, a 
cell impermeable fluorescent dye, was used as a model drug. The percentage of calcein positive cells and 
fluorescence intensity (analysed by flow cytometry) was used as marker for sonoporation efficacy. Cell 
viability was assessed immediately following treatment and 24 hours later (Tryphan Blue, Hoechst 33343, 
and colony forming assay).  

Flow cytometry was used to elucidate the phosphorylation status of 18 intracellular proteins 
immediately, 30 minutes, and 2 hours after treatment. Western Blot analysis was performed to validate 
responses. 

Results 
In agreement with existing literature our results show that sonoporation significantly enhances uptake 

of the model drug. Thereby, ultrasound intensity corelated to the percentage of calcein positive cells and 
the calcein concentration within the cells. The addition of microbubbles further increased both the number 
of cells with calcein uptake and the intracellular concentration. At clinically diagnostic ultrasound 
intensities (i.e., below 720 mW/cm2) Sonazoid™ was more efficient than SonoVue® as it resulted in a 
higher percentage of calcein positive cells (p<0.0001). When surpassing the clinical diagnostic threshold, 
Sonazoid™ resulted in cells taking up more calcein than SonoVue® (p<0.001). 

Interestingly healthy blood cells (PBMCs) demonstrated approximately 4-fold less uptake of calcein 
in comparison to MOLM-13 cells at similar conditions. 

Accordingly, significant changes in intracellular signalling pathways were only found in MOLM-13 
cells. Specifically an increase in phosphorylation of ERK and p38 (MAP-Kinases), transcription factor 
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CREB, ER-stress protein eIF2α, Akt (PI3K-pathway) and STAT3 (JAK/STAT-pathway) could be shown. 
Other proteins such as FAK or Src showed no change in phosphorylation.  

Conclusions 
Our results show that sonoporation efficacy is determined by many factors such as ultrasound 

conditions, microbubble formulation, and type of cell treated. In addition, sonoporation can significantly 
alter intracellular signalling and cell viability but this depends on the type of cell. As the sonoporation 
effect was significantly larger in all aspects on the cancerous MOLM-13 cells versus the healthy PBMC 
cell this can be an advantage for cancer therapy using sonoporation. 
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Introduction  
Biofilm formation remains one of the most pervasive means by which bacteria may thrive 

cooperatively within a given environment, by augmenting their ability to capture resources and share 
information. Given that over 90% of chronic infections are attributed to underlying presence of biofilms, 
the subsequent risk to public health is clear [1]. A treatment strategy that has been suggested in the past to 
facilitate healing of chronic wounds, is the administration of nitric oxide. However, the therapeutic 
application of nitric oxide has historically been problematic, due to its high reactivity with exogenous 
molecules such as oxygen and endogenous scavengers like haemoglobin [2]. A solution to this problem is 
to utilise shelled microbubbles as carrier for nitric oxide; the typical architecture of the microbubble 
consists of a polymer, protein or phospholipid layer, which usually encapsulates a fluorinated gas core [3]. 
The microbubble shell can therefore protect the nitric oxide core from its external environment, allowing 
the release of nitric oxide to be spatially and temporally controlled by the administration of ultrasound. 
This provides the unique opportunity to capitalise on the bioactive effect of nitric oxide, combined with 
the mechanical action of an oscillating microbubble [4]. 

Methods 
Nitric oxide microbubbles (NOMBs) with respective mean post-production diameters of 2.85 µm (SD 

±2.002) and 3.306 µm (SD ±1.897) composed of 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) or 
1,2-dibehenoyl-sn-glycero-3-phosphocholine (DBPC) and polyoxyethylene (40) stearate (PEG40s), in a 
9:1 molar ratio were generated by sonication. For dynamic tests an antibiotic-NOMB suspension in 
volumetric ratios of 1:1 to 1:10 was applied to a Pseudomonas aeruginosa biofilm, which was grown on a 
polypropylene coupon in a CDC bioreactor [5]. The suspension was allowed to interact with the biofilm for 
15-60 minutes, before being exposed to pulsed ultrasound for five minutes (1 MHz, 0.6 MPa). In all 
experiments, the US frequency was 1 MHz and a sub-inhibitory concentration for biofilm eradication (<10 
µg/ml) of the aminoglycoside gentamicin was used. In static tests a NOMB suspension was applied to P. 
aeruginosa biofilms grown at the fluid-air interface of wells on a microtiter plate, after 60 minutes the 
NOMB suspension was removed and the remaining biomass stained using 1% (aq) crystal violet. In both 
dynamic and static experiments, mirobubbles with a core of ambient ‘room’ air (RAMBs) were used as a 
control for the effect of the constiuent gas core.  

Results 
The sub inhibitory concentration of gentamicin alone used in dynamic experiments, achieved on 

average < 1-Log reduction in viable cells. However, the administration of NOMBs and ultrasound 
achieved up to a 3-Log reduction in the number of viable cells, with an average reduction of 99.68% and 
95.93% for DBPC and DSPC respectively (Figure 1). Microbubbles with an air core were unable to 
achieve a Log reduction greater than 1, reducing the number of viable cells by 92.92%, . The static 
incubation of DSPC and DBPC NOMBs achieved on average a 23.96% and 63.28% reduction in total 
biomass respectively, whereas air filled microbubbles caused an apparent increase in biomass of 9.71% 
compared to untreated control biofilms.  
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Figure 1 - The relative log reduction and associated percentage decrease in the number of viable biofilm 

cells, achieved by exposing a suspension containing microbubbles and a sub-inhibitory concentration of the 
antibiotic gentamicin to pulsed ultrasound for 5 minutes (1 MHz, 0.6 MPa). The antibiotic:microbubble 

suspension was applied in volumetric ratio of 1:10, nitric oxide microbubbles (NOMBs) or room air 
microbubbles (RAMBs) composed of either a DBPC or DSPC and PEG40s shell were used. 

Conclusions 
Building upon our previous work utilising microbubbles for the elimination of bacterial biofilms, this 

research is providing a new insight into the application of bioactive microbubbles (BOMBs). The most 
promising aspect of this work is that not only are NOMBs capable of significantly enhancing the efficacy 
of sub-inhibitory concentrations of antibiotics, but there is clear evidence that they are capable of inducing 
dispersal. Building on this early success, it is our aim to enhance the contact of NOMBs with the biofilm 
with the use of charge. Though the biofilm constituents vary significantly, the net charge remains 
consistent. Our early data on this area of work shows promise; cationic charged microbubbles are capable 
of sustaining an interaction with a negatively charged surface, upon exposure to increasing levels of fluid 
shear stress.  
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Introduction  
Functionalised nanoparticles have been widely studied as versatile platforms for in vivo imaging and 

therapy. In particular, nanoparticles coated with a dense layer of DNA are promising due to their high 
tailorability, ability to enter over fifty different cell types without the need for an external transfecting 
agent and lack of toxicity [1-5]. However, due to their size, the use of nanoparticles to image and/or treat 
the brain is limited as they are often unable to cross the blood-brain barrier (BBB). As of now, the only 
method to disrupt the BBB in a non-invasive, transient and targeted manner is with focused ultrasound and 
microbubbles [6]. To date, focused ultrasound-mediated BBB disruption has been used to deliver a variety 
of small molecules into the brains of rodents and non-human primates, but there are significantly fewer 
examples involving nanoparticles. A reason for this is that the dependency of focused ultrasound-mediated 
delivery on nanoparticle size has not been investigated, making it difficult to design nanoparticles tailored 
for this application: larger nanoparticles allow for higher payloads of drug to be delivered to the target 
location, but may not be delivered as efficiently into the brain using focused ultrasound. In this work, we 
have synthesised a range of DNA-coated gold nanoparticles of different sizes, show that they can be 
successfully delivered into the brains of mice using focused ultrasound and investigate the size-
dependency of focused ultrasound-mediated nanoparticle delivery across the BBB [7]. 

Methods 
Three sets of gold nanoparticles of different sizes were synthesised and coated with Cy5-labelled DNA 

strands. Synthesised DNA-coated gold nanoparticles (hydrodynamic diameters: 21.6 ± 3.3 nm (A), 
23.3 ± 2.6 nm (B) and 25.2 ± 1.9 nm (C)) were delivered into the left thalamus of C57LB/6 mice using 
focused ultrasound (frequency = 1 MHz, peak-negative pressure = 530 kPa, pulse length = 10 ms, pulse 
repetition frequency = 0.5 Hz, sonication duration = 250 s; n = 5 for each set of nanoparticles). Following 
sonication, brains were sectioned into 30 μm sections, imaged and stained with haemotoxylin and eosin. 
The efficiency of delivery using focused ultrasound-mediated BBB disruption was investigated by 
calculating the normalised optical density – the average fluorescence intensity in the targeted region 
normalised by the control region – from fluorescence images. A two-sided Student’s t-test was performed 
to assess statistical significance. 

Results 
Successful BBB disruption in the left thalamus was observed in all experiments. Signal corresponding 

to the gold nanoparticle cores was seen in brightfield images at the same location as fluorescence signal 
from the attached Cy5-labelled DNA strands, suggesting that the synthesised nanoparticles remained 
intact as they crossed the BBB. Furthermore, the smallest nanoparticles used in this study were delivered 
across the BBB six times more efficiently than the largest nanoparticles using the same ultrasound 
parameters (Fig. 1). In agreement to prior work, the size-dependency observed suggests that the increased 
BBB permeability induced by focused ultrasound and microbubbles is primarily due to enhanced 
paracellular transport rather than enhanced vesicular transport [8]. 
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Figure 1. a) Representative fluorescence images from the delivery of Cy5-labelled DNA-coated gold nanoparticles 
(hydrodynamic diameters: 21.6 ± 3.3 nm (A), 23.3 ± 2.6 nm (B) and 25.2 ± 1.9 nm (C)) across the BBB using focused ultrasound. 
b) Normalised optical density was calculated from fluorescence images as a measure of the nanoparticle dose delivered across the 
BBB (n = 5 for each set of nanoparticles; p < 0.05).  

Conclusions 
Fluorescently-labelled DNA-coated gold nanoparticles of different sizes were synthesised and 

delivered across the BBB in mice using focused ultrasound. To the best of our knowledge, this is the first 
time that DNA-coated nanoparticles have been delivered across the BBB in vivo using focused ultrasound. 
In addition to this, more efficient delivery across the BBB was observed for the smallest nanoparticles 
tested. Since the difference in diameter between the smallest and largest nanoparticles used in this study is 
< 5 nm, nanoparticle diameter is an important criterion to take into account if one wishes to deliver 
nanoparticles into the brain using focused ultrasound. 
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Introduction 
The permeabilisation of cell membranes when exposed to ultrasound (US) and microbubbles (MBs) 

has considerable potential for improving therapeutic delivery, and similar mechanisms are thought to 
underlie ultrasound mediated blood brain barrier disruption (US-BBBD). Recent studies have 
demonstrated that transfer of material takes place between phospholipid-coated MBs and cell membranes. 
This study investigates the effect of this transfer on cancer cell membrane fluidity and sonoporation in 
vitro using MBs formulated with different phospholipids and subsequently on US-BBBD in vitro and in 
vivo. 

Methods 
MBs were formulated using phosphatidylcholines of different molecular weights and/or 

lysophosphatidylcholines (lyso-MBs). MBs were separated from unincorporated lipid and emulsifier 
solution by centrifugation. Quantitative fluoresence microscopy techniques were used to quantify changes 
in the molecular packing, viscosity and permeability to model drugs of cancer cells under mild ultrasound 
exposure in vitro (1 MHz, 250 kPa peak to peak, 10% DC, 15s exposure). MBs were size and 
concentration matched before all experiments and no significant difference in acoustic emissions was 
observed. Similar experiments were then performed using an in vitro BBB model consisting of a 
monolayer of MDCK cells whose transendothelial electrical resisitance (TEER) could be measured. 

To assess US-BBBD in vivo, Evans Blue (EB), Gadolinium-DTPA (Gd) and MBs were coinjected 
approximately 120s after the start of ultrasound exposure (500kHz, 200, 300 and 400kPa peak to peak, 1% 
DC, 5 mins exposure (2 and 3 mins pre and post injection respectively)). Cavitation activity was measured 
by comparing the acoustic emissions before and after MB injection. Pre/post T1-weighted MRI was used 
to assess Gd extravasation; histological analysis was used to assess EB and IgG extravasation. 

Results 
Removal of unincorporatred emulsifier from the MB solution, reducing the lipid chain length and 

incorporating lysolipid into the MB shells all significantly decreased the molecular packing of cancer cell 
membranes in the absence of US. Lyso-MBs were also found to give a ~6 fold increase in sonoporation in 
vitro (p<0.0001), while remaining non-toxic to cells in the absence of US over the timescales tested. Lyso-
MBs were found to be more stable than control-MBs consisting of the same material without lysolipid. 
Lysolipid was also found to transiently reduce the TEER of a cell monolayer, indicating temporary cell-
cell tight junction opening. 

In the absence of US, both control-MBs and lyso-MBs are stable and safe to inject in mice without 
altering the BBB. At the three ultrasound pressures tested, Lyso-MBs are as effective as control-MBs at 
causing US-BBBD, as detected from the percentage hyperintensity across the whole brain on the post-Gd 
T1 weighted images. 
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Figure 1: The effect of the concentration of lysolipid in the microbubble formulation on in vitro cell 
sonoporation as measured by uptake of propidium iodide, a cell nuclear stain. Lyso-MBs do not increase 

the permeabilisation of cell membranes in the absence of ultrasound when compared to control-MBs (data 
not shown).  

Conclusions 
The composition of the microbubble shell plays an important role in both cell membrane fluidity and 

sonoporation in vitro. Lyso-MBs significantly increase the percentage of cells sonoporated in an in vitro 
setup, and remain non-toxic to cells in the absence of ultrasound.  

Lyso-MBs also present a stable, non-toxic and effective agent for in vivo US-BBBD at low ultrasound 
pressures as measured using Gd and MRI. Histological analyses and experimentation using different 
ultrasound conditions are ongoing and will be discussed. The merits and a comparison of each of the 
methods of measuring US-BBBD will be presented. Plans to further optimise the composition of the 
microbubble shell for sonoporation and US-BBBD will also be discussed. 
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Introduction 
Microembolization during percutaneous coronary intervention for acute myocardial infarction causes 

microvascular obstruction (MVO). We have previously shown that sonoreperfusion therapy using 
ultrasound (US) and microbubbles restores microvascular perfusion in an in vitro model of MVO, and that 
reperfusion efficacy increases with US pulse length and with US acoustic pressure [1]. In preparation for 
clinical translation of this technique, we compared the reperfusion efficacy of an experimental US system 
(modified Philips EPIQ) capable of long US pulses to that of a clinical US system (Philips Sonos 7500) 
with short US pulses in a rat hindlimb model of MVO. We hypothesized that the experimental long-pulse 
US delivery system would relieve MVO to a greater extent than would the short-pulse US delivery 
system. 

Methods 
We used our previously developed rat hindlimb model of MVO [2]. This model was created by 

injecting microthrombi into the arterial circulation of the hindlimb muscle via the contralateral femoral 
artery. Lipid encapsulated microbubbles were infused through the femoral artery while therapeutic US was 
delivered to the obstructed microvasculature for two 10-minute sessions using one of four US conditions: 
(1) Sonos 7500 in ultraharmonic mode; 1.3 MHz, 1.3 MPa (MI=1.1), 27 µs pulse length (total), time 
triggered, 1 frame every 3 sec; spatial peak time average intensity (ISPTA) 0.5 mW/cm2; (2) Sonos 7500 in 
ultraharmonic mode; 1.3 MHz, 1.3 MPa (MI=1.1), 27 µs pulse length (total), time triggered, 23 frames 
every 3 sec; ISPTA 11.6 mW/cm2; (3) EPIQ in SonoLysis mode; 1.6 MHz, 0.5 MPa, 1 ms pulse length, time 
triggered, 8.3 frames every 3 sec; ISPTA 23.0 mW/cm2; and (4) EPIQ in SonoLysis mode; 1.6 MHz, 1.44 
MPa, 1 ms pulse length, time triggered, 1 frame every 3 sec; ISPTA 23.0 mW/cm2. Control rats were 
injected with microthrombi but did not receive US therapy. 

Contrast enhanced US perfusion imaging (Sequoia, CPS, 7 MHz) of the microvasculature was 
conducted at four timepoints: (1) baseline (BL); (2) 10 min after microthrombi injection (MVO); (3) post-
treatment 1 (Tx1); and (4) post-treatment 2 (Tx2). DEFINITY® microbubble contrast agent was infused 
through the jugular vein during perfusion imaging. Microvascular blood volume (MBV) calculated from 
video intensity-time data measured in hindlimb muscle regions of interest was used as a measure of 
reperfusion efficacy. Measurements were analyzed using repeated measures two-way ANOVA with 
Tukey’s HSD for post-hoc analysis to compare reperfusion efficacy across experimental groups and 
within experimental groups over time. 

Results 
MBV was similar across all experimental groups at baseline and after microthrombi injection, yielding 

an MVO state with markedly reduced MBV. MBV for each group over all time points are shown in Fig. 1 
with accompanying indications of post-hoc statistical significance (p < 0.05 for statistical significance of 
post-hoc comparisons). 
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Repeated measures two-way ANOVA resulted in significant time, treatment, and interaction effects (p 
< 0.005). For post-hoc analysis between different experimental groups after the first 10-minute treatment, 
only the EPIQ high pressure group showed significantly higher blood volume relative to the control group. 
Additionally, the EPIQ high pressure group had significantly higher blood volume than did the EPIQ low 
pressure group. After the second 10-minute treatment, only the EPIQ high pressure group showed 
significantly higher blood volume relative to all other experimental groups, while the EPIQ low pressure 
and Sonos multi-frame groups had higher blood volumes than did the control group. For within treatment 
group comparisons over time, the EPIQ high pressure group was the only treatment to show a restoration 
of blood volume to baseline values, while all other treatment groups had significantly lower blood 
volumes after the second treatment compared to baseline. 
  

Figure 1: Microvascular blood volume in the treated hindlimb for all experimental groups. Data points 
and error bars represent mean and SD. Time points of measurement include baseline prior to treatment (BL), 10 
min after microthrombi injection (MVO), immediately after first 10-min US treatment (TX1), and immediately 

after second 10-min US treatment (TX2). Groups marked with the same letter are not statistically different. 
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Conclusions 
These data demonstrate the superior reperfusion efficacy of a long pulse, high acoustic pressure US 

delivery system. This observation corroborates our previous in vitro findings that longer pulse lengths and 
higher acoustic pressures are associated with greater reperfusion efficacy [1]. Of note, the EPIQ high 
pressure group (1.44 MPa, ISPTA 23.0 mW/cm2) was significantly more efficacious at restoring MBV than 
was the energy-matched EPIQ low pressure group (0.5 MPa, ISPTA 23.0 mW/cm2), suggesting that higher 
acoustic pressures enhance reperfusion efficacy when accounting for total energy delivered to the 
obstructed microvasculature. Additionally, the EPIQ low pressure group (0.5 MPa, ISPTA 23.0 mW/cm2) 
was just as efficacious at restoring MBV as was the one-half energy-matched Sonos multi-frame group 
(1.3 MPa, ISPTA 11.6 mW/cm2), suggesting that higher acoustic pressures can elicit comparable reperfusion 
efficacy using less total energy. Results obtained from this study demonstrate that clinically available US 
systems may allow for sonoreperfusion after MVO using long pulses coupled with high acoustic 
pressures. 
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Introduction  
Doxorubicin (Dox) is one of the most widely used chemotherapeutic agents and is standard of care for 

the treatment of sarcomas and other cancers.  Unfortunately, Dox also induces cardiac damage in a dose-
dependent manner [1].  Anti-tumor efficacy, similarly dependent on Dox dose, is compromised when 
dosage must be decreased due to cardiotoxicity.  An alternative preparation, pegylated liposomal Dox 
(Doxil®), putatively reduces cardiotoxicity [2]. However, in clinical studies, Doxil® did not improve the 
maximal tolerated dose compared to free Dox, and prolonged circulation of encapsulated Dox caused a 
new dose-limiting toxicity, palmar-plantar erythrodysesthesia (PPE)[3]. Thus, an optimal delivery 
platform for Dox remains elusive.  

Microbubbles (MBs) are intravenously injectable gas-filled microspheres that are clinically used as 
ultrasound (US) contrast agents. Polymer MBs are also suitable drug or gene carriers that can prolong the 
half-life of the therapeutic substances and undergo disease site-specific US-triggered unloading of cargo 
via navigation of the US beam [4, 5]. In this study, we developed polymer MBs carrying liposomal Dox 
with US targeted microbubble cavitation (UTMC) directed at the tumor site to inhibit tumor growth in a 
murine sarcoma model while reducing cardiotoxicity. 

Methods 
Liposomal Dox-loaded polymer MBs, called Dox lipopolyplexes (DoxLPX), were developed (~6×10-7 

μg/MB) (Fig. 1). The polymer MBs used in this study were composed of an outer layer of crosslinked 
human albumin, an inner shell of (poly-D,L-lactide, PLA) and a core of nitrogen gas. The liposomal Dox 
was conjugated to MBs via biotin-avidin interaction. C57BL/6 mice received a subcutaneous injection of 
2×106 MCA205 cells in the lower flank near the base of the tail to establish soft tissue sarcoma (STS). 
Treatments commenced when tumor volume grew to 40-80 mm3.  A complex US waveform (1 MHz, 5-µs 
duration at 1,000 kPa followed by 495-µs duration at 170 kPa, repeated 500 times in 1 ms intervals every 
2.5 sec), optimized for Dox release, was delivered for 15 min aiming the tumor site during intravenous 
(i.v.) infusion of DoxLPX (5 mg/kg equiv. Dox per treatment). Controls received an equivalent dose of i.v. 
liposomal Dox+MB co-administration with the same US regime or free i.v. Dox, i.v. liposomal Dox, i.v. 
saline and US mediated i.v. empty LPX carrier. Treatments were given every 3.5 days (total 4 treatments).  

 
Figure 1. Intravenous administrated formulations (left), from left: MB+liposomal Dox co-administration, DoxLPX, 
Empty LPX, liposome Dox, free Dox; and DoxLPX under microscope, brightfield (middle) and fluorescence image 

(right). 

Tumor volume and cardiac function were serially monitored with high-resolution ultrasound imaging 
(Vevo 2100). Tumor volume was plotted vs. time and the tumor doubling time was calculated. Left 
ventricular ejection fraction (EF), fractional shortening (FS), global radial strain, and left ventricle (LV) 
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mass were calculated using the Vevo LAB software. Apoptosis signal (caspase-3 activity) in heart tissue 
and histologic myocardial fibrosis in DoxLPX+US treated animals was compared with that from controls. 

Results 
Treatment with US+empty LPX carrier (without drug) did not show therapeutic efficacy. DoxLPX + 

US treated mice had numerically the smallest mean normalized tumor volume of all the groups, which was 
significantly smaller than that in mice treated with free Dox and liposomal Dox treated tumors on day 17.5 
(Fig. 2). Compared to free Dox and liposomal Dox, DoxLPX + US treatment was associated with 
enhanced accumulation of Dox in the tumors, inhibited tumor growth rates, and increased median survival 
time.  Intravenous co-administration of MB and liposomal Dox + US generally caused tumor growth 
inhibition, but the magnitude was highly variable, such that overall difference in tumor size vs. mice 
treated with free Dox or liposomal Dox was not statistically significant.  Echocardiographic analysis and 
histological staining suggested that DoxLPX + US attenuated adverse effects of Dox on cardiac function; 
i.e. fewer animals had a decline in EF, FS or an increase in LV mass, and histologic analysis showed less 
myocardial collagen deposition compared to the other Dox-treated groups. 
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Figure 2. Normalized tumor size of C57BL/6J mice soft tissue sarcoma tumor model (MCA205) with US mediated 
DoxLPX, MB+LDox or ELPX treatments. Saline, free Dox and liposomal Dox were used as controls on day 10.5, 14 
and 17.5. 

Conclusions 
DoxLPX-loaded MBs combined with ultrasound targets doxorubicin delivery to the tumor site, 

resulting in tumor growth inhibition equivalent to that achieved by free Dox, and with relative sparing of 
cardiotoxicity.    
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Introduction  
Histotripsy is a focused ultrasound therapy that utilizes the mechanical action of bubble clouds to 

liquefy tissue [1]. Conventional B-mode imaging, the primary method for histotripsy image guidance, can 
detect the presence of a bubble cloud via echogenicity but does not quantify the degree of bubble activity 
[2], [3]. Variability in tissue properties and the immediate physiological response to the histotripsy 
insonation also limit quantative assessment of liquefaction with B-mode imaging [2]-[4]. Acoustic 
emissions generated by bubbles are a surrogate for the strength and type of their mechanical activity. 
Passive cavitation imaging maps bubble-generated acoustic emissions spatially and temporally [5]-[7]. 
The purpose of this study was to investigate passive cavitation imaging as a means to classify histotripsy-
induced liquefaction location within an in vitro phantom.  

 

Methods 
Prostate tissue phantoms composed of agarose and evaporated milk [8] were exposed to histotripsy 

pulses with a 1-MHz fundamental frequency over a range of pulse durations (5 – 20 µs) and peak negative 
pressures (12 – 23 MPa). A total of 2000 shocked histotripsy pulses were applied at a 20-Hz rate, and five 
replicates were performed for each set of insonation conditions. During application of the histotripsy 
pulse, acoustic emissions generated by the bubble cloud were recorded passively with a linear array (L7-4, 
ATL Inc., Bothell, WA). Emissions were processed with a delay, sum, and integrate beamformer to 
generate passive cavitaiton images [7]1. To assess bubble cloud echogenicitiy, a plane-wave B-mode 
image was acquired with the same imaging array 1 ms after transmission of the histotripsy pulse.   

Following insonation, the phantom was sectioned and stained (periodic acid-Schiff) to delineate the 
liquefaction extent. Passive cavitation and plane-wave B-mode images were co-registered with stained 
sections of the phantom (Fig. 1). Receiver operator characteristic (ROC) analysis was conducted based on 
the beamformed acoustic emission power or grayscale value along the central axis of the liquefaction 
zone. The analysis was only performed along the central axis of the liquefaction zone due to the 
documented limited axial resolution of the point spread function for a linear array [5]. Data was analyzed 
in aggregate across all pulse durations and peak negative pressures. The threshold acoustic power or 
grayscale value for phantom liquefaction was extracted from the ROC curve at the point closest to a true 
positive rate of 1, and false positive rate of 0 [9]. The accuracy, sensitivity, and specificity of each imaging 
modality prediction for phantom liquefaction were extracted from the ROC curves at the threshold point.  
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Fig 1. (Left) Histotripsy liquefaction zone in prostate phantom. (Center) Plane wave B-mode image co-
registered with gross observation of phantom liquefaction. (Right) Passive cavitation image co-registered 
with gross observation of phantom liquefaction. The histotripsy pulse (20-µs pulse duration, 23-MPa peak 

negative pressure) propagated from left to right in the image. The extent of the liquefaction zone is outline in 
blue for the center and right panels. The bar in the lower left corner of each panel corresponds to 1 mm.  

 

 

Results 
Bubble cloud activity was intiated for all insonation conditions, as evidenced by strong acoustic 

emissions and hyperechogenicity (Fig. 1). The area under the ROC curve was greater for passive 
cavitation images compared to plane-wave B-mode images (p < 0.05, Fig. 2). The threshold acoustic 
power and grayscale values were 9.36 × 1010 ± 6.42 × 108 mV2/µs and 1.94 × 108 ± 1.66  × 103, 
respectively.  The corresponding acccuracy, sensitivity, and specificity were 90 ± 3%, 81 ± 5%, and 93 ± 
2% for passive cavitation images, and 83 ± 1%, 49 ± 6%, and 95 ± 1% for plane-wave B-mode images, 
respectively. The accuracy and sensitivity were significantly greater for passive cavitation relative to 
plane-wave B-mode images (p < 0.05). Specificity was not significantly different between the two 
imaging modalities (Fig. 3).  
 

Fig 2. Receiver operator characteristics for aggregated plane-wave B-mode grayscale and passive 
cavitation image acoustic power prediction of phantom liquefaction. The dashed black line represents an area 

under the ROC curve of 0.5 (i.e. random guessing).  

 

 
 
 
 
 



The 24th European symposium on Ultrasound Contrast Imaging 
 

139 
 

Fig 3. The area under the ROC curve, accuracy, sensitivity, and specificity of plane wave B-mode and 
passive cavitation imaging for predicting phantom liquefaction. Blue bars with an asterisk denote statistically 

significant difference in the data (p < 0.05).  

 

 

Conclusions 
Though temperature is monitored to predict thermal tissue ablation, mechanical ablation lacks an 

equivalent means to assess the mechanism of therapeutic action and therefore treatment efficacy. Here, 
acoustic emissions mapped with passive cavitation imaging were used to assess overall mechanical 
activity of histotripsy-induced bubble clouds. These results highlight a stronger correlation between 
histotripsy-induced liquefaction and passive cavitation images compared to plane wave B-mode images, 
albeit within the context of a limited passive cavitation image range resolution.  
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Introduction 
Radial modulation imaging improves the detection of microbubbles at high frequency [1-4], where 

other nonlinear techniques, as pulse inversion and amplitude modulation, often lock the emission pulse 
frequency close to the bubble resonance frequency (below 10 MHz), and consequently limit image 
resolution. Radial modulation imaging uses two ultrasonics excitations: a low-frequency excitation to 
manipulate microbubbles diameter and a higher frequency excitation to image them. The synchronization 
between the imaging pulses in RMI is non-trivial because microbubbles need to be interrogated in the 
compression and in the rarefaction phase and not between them (ie, in nodes of the modulation pressure) 
and the time-delay difference corresponding to the dispersion of the imaging pulse by the modulation 
pulse have to be corrected [2, 5]. We propose to simplify RMI by sampling the oscillations of 
microbubbles induced by the modulation pulse with ultrafast imaging. Ultrafast nonlinear imaging allows 
to increase microbubbles contrast when compared to conventional ultrasound imaging [6-7]. For radial 
modulation imaging, we suggest that the modulation frequency can be filtered more efficiently, in the 
slow-time, on long ensembles of images comparably to ultrasensitive Doppler [8]. We describe an 
implementation of ultrafast RMI (uRMI) where a beat frequency between the modulation pulse and the 
ultrafast pulse-repetition frequency is exploited to separate microbubbles from tissue phantom in vitro. In 
this way, recording microbubbles in different states of the modulation period translates to a modulated 
images set in the spectral domain of the slow-time. The microbubbles images may then be evaluated by 
demodulation of the images through a lock-in-amplifier. 

 
Methods 

Diluted Sonovue (1/3000) was injected in a flow phantom with a flow speed from 0 to 20 mL/min. It 
was insonified by two confocal transducers, one array at 15MHz and a single element at 1 MHz.  The 1-
MHz transducer generated a continuous excitation close to 1 MHz using a function generator. The 15-
MHz probe was connected to a Verasonics Vantage and performed ultrafast imaging with plane waves 
(300 kPa, 1 cycle, PRF 1/60 μs). One thousand images were acquired for each acquisition, with a varying 
number of compounding angles. Ultrafast radial-modulation imaging consisted in addressing the 
microbubbles at different stage of their oscillations. The 1-MHz modulation wave was modulated in 
frequency so that high-frequency pulses reached microbubble at 3, 4, 5 or 10 modulation-states. Radio-
frequency data were beamformed and filtered by a lock-in-amplifier in the slow time. Reconstruction of 
images was performed by combining coherently the compounding angles. The contrast-to-tissue ratio was 
estimated for the sum in intensity of the 1000 processed images. Acquisitions were repeated 3 times to 
study the effect of the number of sampled modulation states, the number of angles of imaging plane waves 
acquisitions, the amplitude of the modulation pulse and the flow speed. The uRMI technique was also 
compared to other techniques to detect microbubbles: amplitude modulation at 15 MHz, microbubble 
disruption and SVD filter. 

Results 
In our experimental conditions, a contrast-to-tissue ratio from 7.2 to 14.8 dB was obtained with uRMI 

at 15 MHz. This contrast-to-tissue ratio was stable with the number compounding angles. It increased with 
the amplitude of excitation of the low frequency and with the number of microbubbles modulation-states. 
It decreased with the flow speed.  Without flow, uRMI (10 dB) provided a better contrast-to-tissue ratio 
than SVD filter (8 dB), microbubbles disruption (6 dB) and amplitude modulation (4 dB) (Figure 1). In 
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presence of flow, SVD filter provided the best contrast-to-tissue ratios (16 to 17 dB). The inherent 
limitation of uRMI and RMI techniques were the decorrelation of microbubbles through a higher flow 
velocity or a lower frame rate. This shows the complementarity of uRMI and SVD filtering of ultrafast 
imaging of microbubbles, which works well in the presence of flow.  

 
Figure 1. Contrast-to-tissue ratio between microbubbles in the vessel and the phantom as a function of 

the flow speed (3 angles, 4 modulation-states, 100 kPa low-frequency acquisition) and for amplitude 
modulation, SVD filtering (a). Examples of images for uRMI (b), SVD filter (c), amplitude modulation (d) and 

subtraction of an image with microbubbles to an image without microbubbles (e). The red and green 
rectangles correspond to the ROI of the vessel phantom and the agar, respectively. The scale bar represents 

1 mm and the colorbar is in dB. 

Conclusion 
In this study, we showed that RMI can be improved when combined to ultrafast imaging. This 

technique may then be suitable to improve the detection of targeted microbubbles in ultrasound molecular 
imaging applications. Moreover, it could be used to detect microbubbles moving extremely slowly in the 
finest vessels to improve ultrasound localization microscopy [9-11]. Furthermore, RMI may be less 
destructive than other nonlinear techniques as linear radial oscillations are enough to detect microbubbles 
whereas strong nonlinear oscillations (close from destruction regime) are needed for nonlinear contrast 
sequences. 
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Introduction 

The Bubble Counter is a sophisticated device developed by the University of Twente, as a part of a 
collaboration with Bracco, aiming to produce Monosize phospholipid-shell microbubbles in a reproducible 
and robust manner. With this device, microbubbles are produced using microfluidic flow-focusing 
technology, i.e. by focusing a gas thread between two liquid flows through a nozzle of a microfluidic chip. 
The gas thread destabilizes due to capillary instability and pinches off to produce microbubbles (Figure 1). 
Accurate control of the gas pressure, liquid flow and nozzle size allows producing highly calibrated 
microbubbles. A critical point of this technology is, however, to accurately control the liquid flow and gas 
pressure in the chip, which are very sensitive to the surface state of the glass chip, the presence of 
impurities and ambient temperature. For this purpose, the Bubble Counter was developed which counts 
and sizes the microbubble flow in the nozzle of the microfluidic chip in real-time during production. 

Methods 

The Bubble Counter consists of a laser and built-in microscope system allowing counting and sizing 
the microbubbles in real-time and control the phospholipid liquid flow and the gas pressure through a 
dedicated feedback loop system. Counting and sizing of microbubbles is performed directly in the nozzle 
of the chip using a violet laser beam (Figure 1). The laser beam is converted into a sheet by a custom 
optical bench and focused on the chip nozzle by the microscope lens. The microbubbles crossing the 
nozzle modulate the laser light that is collected by a photodiode whose signal is recorded on an integrated 
oscilloscope. The analysis of this signal allows determining different parameters such as bubble 
production frequency and bubble passing time, which, together with other known flow parameters such as 
liquid flow, laser sheet width and nozzle geometry, allow the calculation of the size of the bubbles 
produced in the nozzle. 

The knowledge in real time of the size of the produced bubbles has allowed the implementation of a 
feedback loop driving the production. Any drift from the desired size is compensated by automatically 
adjusting the phospholipid liquid flow rate while the gas pressure is kept constant. The feedback loop 
ensures the monodispersity of microbubble production over a long period of time as well as the 
repeatability of the size of the produced bubbles for a given setpoint value. 

Results 

The Bubble Counter device is capable to produce monosize microbubbles with diameter between 8 and 
12 µm measured by the laser (Figure 2A) which corresponds to a final size of about 2 times smaller after a 
stabilization period of 24 hours. The production rate reaches between 0.5 MHz and 1.5 MHz depending on 
the bubble size (i.e. between 0.5 and 1.5 million bubbles per second). Monosize microbubble samples 
were characterized (after stabilization) by Coulter Multisizer measurement (Figure 2B). The 
monodispersity was evaluated by the Geometric Standard Deviation (GSD) of the size distribution. Thus, 
microbubble samples were considered monodisperse when fulfilling the ad hoc criteria of GSD ≤ 1.1.The 
robustness of the production controlled by the feedback loop was assessed and it was observed that, for a 
given setpoint, the size (after stabilization) of the produced samples showed a relative standard deviation 
lower than 5% in the range 3-5.5 µm and lower than 10% in the range 5.5-7 µm. 
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Conclusion 

In conclusion, the Bubble Counter is a unique device aimed at improving the production of monosize 
microbubbles by real-time automated counting and sizing. A major advantage of the feedback loop is that 
it automatically controls the monodispersity of microbubble size over a long period of time, contrarily to 
manually controlled systems for which this has to be checked continuously. Our data demonstrate the 
robustness of this platform to generate monodisperse microbubbles over a large size ranging from 3.5 to 7 
µm. These results could be exploited for the scale-up of microbubble production by integrating a 
parallelization of the microfluidic chips. 

 

 

Figure 1: Microfluidic chip nozzle with the laser sheet. 
 

 

 

 

Figure 2: Microbubble size distributions for different size setpoints measured (A) on chip by the 
laser during production and (B) by Coulter Multisizer after 24h stabilization. 
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Introduction 
Heart-failure is one of the leading causes of death worldwide. About 5.7 million adults suffer from 

heart-failure in the United States [1]. Many cases are associated with cardiac dyssynchrony. In these cases, 
a clinically-proven treatment option is cardiac resynchronization therapy (CRT), which aims at improving 
pumping efficiency. Several clinical studies have also shown that impairment of the left ventricle (LV) 
function occurs at a very early stage in the course of heart-failure [2]. Therefore, recent guidelines give 
special emphasis on the diagnosis of LV dysfunction for management of heart-failure patients [3]. The 
ventricular function is strongly associated with blood flow patterns, that are determined by coordinated 
myocardial and valvular dynamics. Therefore, visualization of the spatial and temporal distribution of 
these patterns, aiding the diagnosis of LV dysfunction, has gained attention [2].  

Current techniques for visualization of blood flow are typically based on speckle-tracking using 
ultrafast ultrasound acquisitions. High frame rates are required to spatially track the fast motion of blood. 
As a result, these techniques are not suitable for low frame-rate, as typical in e.g. 3D ultrasound imaging, 
as the speckle decorrelates significantly between frames [4]. To address this limitation, we propose a 
novel technique for the visualization of LV blood-flow patterns by dynamic contrast-enhanced ultrasound 
(DCE-US) at low frame rates. By this technique, the dynamic velocity vector field and the relative 
pressure in the LV are estimated, and flow features related to the LV pumping efficacy are then derived. A 
preliminary validation of the method was performed by comparing the estimated flow features on 18 
patients (9 responders, 9 non-responders) before and after CRT. 

Methods 
Ultrasound acquisitions were performed at the Catharina Hospital (Eindhoven, the Netherlands) under 

approval granted by the local ethics committee. DCE-US imaging was performed with a Philips iE33 
ultrasound scanner (Philips Healthcare, Andover, MA, USA), at a frame rate of 23 Hz and pixel spacing of 
about 0.4 mm in both directions.  

The acquired 2D imaging data was pre-processed by a spatial Gaussian filter to reduce the impact of 
spatially incoherent noise [5]. An interpolation (time up-sampling) by a factor of 2 was performed to attain 
a virtual frame rate of 46 Hz. 

Velocity vectors were estimated by combining time-delay estimates and inter-pixel distance vectors 
within a circular kernel [6, 7]. As shown in Fig. 1, time intensity curves (TICs) at each kernel point were 
extracted by collecting pixel intensities over time at a set of neighboring pixels. Time-delays are obtained 
by maximizing the cross-correlation between the obtained TICs. Since velocities vary considerably during 
the cardiac cycle, multiple (one per cardiac cycle) moving time windows are first applied to collect TIC 
samples from the same phase of subsequent cardiac cycles, determined by synchronized 
electrocardiography (see Fig.1). Finally, the time delay is estimated by maximizing the cross-correlation 
between the TICs obtained for each phase of the cardiac cycle. The window length determines the actual 
temporal resolution of the estimator. In this way, a higher temporal resolution is obtained by processing 
multiple cardiac cycles for the duration of the full TIC. Based on distance vectors between all pairs in the 
circular kernel, the velocity vector at a specific location can then be obtained. By moving the kernel across 
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the entire LV, the spatiotemporal velocity vector field is constructed. A regularization strategy based on 
the Navier-Stokes equation is then applied to mitigate the impact of noise on the velocity estimates [8]. 
The relative pressure is finally calculated from the regularized velocity vector field using the Navier-
Stokes equation, which describes the motion of viscous fluid as a function of the relative pressure.  

Flow features such as vorticity, changes in relative pressure (dp/dt) in the LV outflow tract, and 
viscous energy loss are then derived from the estimated velocity vector field and relative pressure. Blood 
flow patterns are characterized in terms of these features, as they reflect the ejection efficiency. Since the 
goal of CRT is improving pumping efficiency, we evaluated the proposed method by comparing the 
proposed flow features on 18 heart-failure patients (9 responders, 9 non-responders) who underwent CRT.  

 
 

 
 

Fig. 1: An illustration of the time-delay estimation scheme: (a-b) TICs extraction by collecting pixel 
intensities along the DCE-US loop at each point of the circular kernel; (c-d), a moving window is 
used to collect TIC samples from the same phase of the cardiac cycle; (d) time-windowed TICs are 
obtained; (e) the time-delay is calculated by maximizing the cross-correlation between each pair of 
time-windowed TICs. 

Results 
The velocity vector field and relative pressure at four phases during the cardiac cycle are shown in Fig. 

2. During diastole, a pressure gradient can be observed across the left atrium and ventricle. This pressure 
difference, generated by relaxation and deformation of the LV, accelerates the blood from the atrium into 
ventricle through the mitral valve, thereby forming a vortex. With the flow filling the LV, the pressure 
gradient decreases, and the initial pressure differences are reversed, decelerating and redirecting the flow. 
From late diastole to the isovolumetric contraction phase, a counterclockwise vortex appears in the central 
region of the LV close to the apex. The closer to the center of this vortex, the lower the pressure. During 
systole, the high pressure at the apex accelerates blood towards the aortic-valve region along the wall. 
With blood flowing out of the LV, the pressure gradient reverses at the end of systole. 
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Fig. 2: Dynamic velocity vector field and relative pressure in the LV. 

By analysing the obtained flow features, we observed that, after CRT, the responder group evidenced a 
significant (p<0.05) increase in vorticity and peak dp/dt, and a non-significant decrease in viscous energy 
loss. No significant difference was found in the non-responder group. Relative feature variations before 
and after CRT evidenced a significant difference (p<0.05) between responders and non-responders for all 
the features. 

 

Fig. 3: Flow features for CRT responders at baseline and 3 months after treatment: (a) vorticity; (b) 
relative pressure change (peak dp/dt), and (c) viscous energy loss. Significant differences (p-value < 
0.05) are indicated by an asterisk. 

 

Fig. 4: Flow features for CRT non-responders at baseline and 3 months after treatment: (a) vorticity; 
(b) relative pressure change (peak dp/dt), and (c) viscous energy loss.  
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Fig. 5: Relative variation between baseline and 3 months after treatment for each flow feature in the 
responder and non-responder group: (a) vorticity; (b) relative pressure change (peak dp/dt), and (c) 
viscous energy loss. Relative variation for all these features are significant.  

 

Conclusions  
The proposed technique enables visualization and analysis of blood flow patterns by low-frame-rate 

DCE-US. It might represent a valuable option for 3D contrast-enhanced ultrasound, for which the volume 
rates are especially low. Our results also show the potential clinical value of the proposed method in the 
context of CRT.  

In the future, the feasibility of the proposed method for 3D DCE-US will be investigated. Moreover, 
further validation of the method based on simulations with realistic heart model will also be performed. 
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Introduction  
The non-linear response of microbubbles (MBs) provides the opportunity to extract the MB signal 

from surrounding tissue using non-linear processing techniques. Previously, several methods have been 
proposed to exploit this potential [1]. Since the non-linear components of the MB signals are much weaker 
than the linear, the receive gain of the ultrasound US system must be high to capture the non-linear 
response. However, this can cause the signal from strong tissue scattering to become saturated and then 
breakthrough the filtering process. This is a common problem in commercial ultrasound systems, with the 
saturated signal appearing as bright structures in the contrast enhanced image. In this work a simple high 
dynamic range (HDR) acquisition strategy for non-linear imaging is proposed.  

Methods 
The non-linear MB signal is isolated through the combination of sequential frames acquired at the 

maximum system gain (high gain) and frames acquired the highest gain before saturation occurs (low 
gain).  The received low gain signal is amplified during post processing and the data lost due to saturation 
of the high gain pulse replaced with that from the low gain acquisition.  Amplitude modulation [2] is then 
applied to the reconstructed data to extract the MB signal without being limited by the saturation.   

This was tested in-silico. k-Wave, a simulation package used to model acoustic wave propagation in 
tissue [3], has been combined with the Marmottant model [4] of microbubble dynamics to simulate 2D 
plane wave ultrasound images received with different gains. Improvement to images of a region of 
contrast and superficial fat and muscle layers was quantified using contrast to tissue (CTR) and contrast to 
acoustic noise ratio (CANR) values.  

Improvement using the technique was also quantified in vitro using a 200 µm copper wire provided a 
strong linear scatterer approximately 20 mm from the probe.  A diluted solution of Sonuvue™ (Bracco) 
MBs was drawn through a 200 µm cellulose tube using a syringe pump at a range of 30 µl/min.  Plane 
wave ultrasound data was acquired using the programmable ULA-OP system (MSD Lab, University of 
Florence) [5].  A pulse repetition frequency of 4kHz was used to ensure as little MB flow between frames 
as possible. The pulse sequence [Alow_gain, -Alow_gain, (A/2)low_gain, Ahigh_gain, -Ahigh_gain, (A/2)high_gain] where A 
is the pulse amplitude.   
 
Results 

Figure 1 shows the simulation geometry and an example of the improvement possible using this HDR 
technique in silico. Figure 1(A) shows an impedance map of the tissue structures and the positions of the 
MB contrast region and transducer.  Layers of fat and muscle generated strong linear reflections which are 
saturated upon receive.  Figure 1(B) shows that using high gain generates a stronger contrast signal from 
the MBs compared to the low gain image on the left.  However, the regions defined within the white 
rectangles show the artefact introduced due to signal saturation.  The right-hand column presents the HDR 
image where the strong contrast signal is captured, without the saturation artefact. 
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The in vitro results showed a mean 9.3 dB increase in CTR for HDR images compared to those 

filtered with AM using the high gain data and a 29% average increase in CANR for HDR images 
compared to those filtered using the low gain data.  

 
Conclusions 

Overall, the problem of visualising MB non-linear signal, without saturation of strong linearly 
scattering structure, has not previously been sufficiently addressed for contrast enhanced ultrasound 
imaging.  This proposed method does not affect MB behaviour as transmit pulse is unchanged, can be 
easily implemented on existing systems and, despite its simplicity, can significantly improve image 
quality. 
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Introduction  
In patients with acute brain injury, optimal cerebral perfusion and oxygenation is necessary. Therefore, 

adequate cerebral blood flow (CBF) is essential. [1] Contrast enhanced ultrasound (CEUS) is a promising 
technique for bedside quantification of CBF. However, previous research showed that intra- and inter 
individual variability in the measurements was high. [2] One of the possible causes of variation, might be 
the distance travelled by the ultrasound contrast agent (UCA). [3] When arrival of the UCA in the middle 
cerebral artery (MCA) is taken as reference for measurement of CBF in the microcirculation, this systemic 
blood flow derived source of variability may be reduced. We investigated whether repeatability of CEUS 
quantification of CBF in the microcirculation improves by using the MCA as a reference for arrival of 
UCA. We also investigated the influence of the injection rate and dose of UCA and of changes in CBF on 
repeatability in vitro. 

Methods 
We performed a post-hoc analysis of data derived from a previously published study to measure 

feasibility and repeatability of CEUS for the quantification of CBF in vivo. [2] CEUS was performed 3 
times in 10 healthy volunteers. In the CEUS measurements, 3 regions of interest (ROIs) were selected in 
the microcirculation and the MCA was selected as reference (figure 1). In these regions, time intensity 
curves (TICs) were created. The coefficient of variation (CV), defined as standard deviation divided by 
the mean, expressed as % of the mean, was calculated for both the standard perfusion parameters and 
several time difference parameters, with MCA as reference (figure 2). For the in-vitro measurements, an 
in-vitro flow phantom simulated the circulation from peripheral bubble injection towards the internal 
carotid artery (ICA), whereafter it divided into the MCA, and other vessels. Dual probe imaging with a 
Verasonics (Vantage 256) machine was performed of the ICA and MCA. Different contrast injection rates, 
dosages and CBFs were studied and the CVs were calculated.  

 
 
 
 

 

 
 

Figure 1: An transcranial contrast enhanced ultrasound image of the mesencephalic plane, MCA = 
middle cerebral artery, ROI = Region of Interest [2] 
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Results 
The results of the in-vivo data are presented in figure 2. The CV of the time-related parameter time of 

peak intensity (Tpi) was lowest (median CV of 8.2%). The CV of the other time-related parameter time to 
peak (TTP) was relatively low as well (median CV of 17.7%). The time difference between arrival of 
UCA in the MCA and the peak intensity of the ROI in the microcirculation, (TD) had the highest 
repeatability of the time difference parameters (CV below 15%). Since Tpi measures the time between 
injection to peak intensity, this parameter is highly influenced by cardiac output or the dispersion of UCA 
in the large central circulation. [4] TTP is a more representative measurement, since it is calculated with 
the arrival of the UCA in the ROI as reference. This suggest that using a different reference point for 
arrival of the UCA in the ultrasound field, might improve repeatability.  
 The in-vitro results show that the injection rate of 0.125 mL/s with an dosage of 1 mL had the lowest CV 
with a maximal CV of 15% for the ICA and 10% for the MCA. Normal CBF (10 ml/s) had the lowest 
CVs, with the PI being the most reliable parameter. However, we observed large differences in CVs with 
the chosen combination of injection rate and dosage when varying the CBF. In addition, we did not 
observe a pattern in these results, because the CVs inconstantly changed with increasing and decreasing 
the flow.  

 

 

 

 

 

 
 

Figure 2 Left: the dark time intensity curve (TIC) is of MCA as reference and the lighter TIC is of a region 
of interest in the microcirculation. PI indicates peak intensity of both TICs, T0 is de arrival of ultrasound 

contrast agent. TD is the time difference between T01 and PI of microcirculation. PD is the time difference 
between both PI and AD is the time difference between both T0. TTP is the time difference between T0 and 

time of PI (Tpi) [5] Right: Coefficient of variation (CV) of parameters in the different regions. Data are 
expressed as the median value with interquartile ranges 

Conclusions 
CEUS has the potential to measure CBF at the bedside. When the MCA is used as a reference for 

measurement of CBF in the microcirculation, repeatability improved in vivo. The injection rate and 
dosage of microbubbels are an important modulator of the variability of CEUS. In addition, differences in 
flow seem to strongly influence the optimal injection speed and dose, thus contributing to the high rate of 
variability. Therefore, we conclude that there is a significant interaction between flow, speed of injection 
and dose of microbubbels. Further studies are neccesary to elucidate this interaction to optimise the 
validity of CEUS. 
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CV (%) ROI 1 ROI 2 ROI 3 
TD  14.1[10.1-16.9] 14.9[10.7-23.5] 8.9[7.5-14.2] 
PD 26.5[14.5-31.6] 26.7[18.0-37.8] 22.5[17.8-28.2] 
TD  14.1[10.1-16.9] 14.9[10.7-23.5] 8.9[7.5-14.2] 
PI 40.3[34.9-62.0] 46.0[13.6-66.8] 53.7[32.6-57.6] 

TTP 17.7[11.4-26.0] 27.4[16.8-30.2] 14.5[8.1-21.8] 
Tpi 10.2[6.5-11.4] 8.2[7.4-11.8] 6.1[4.5-8.3] 
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Introduction 
Ultrasound imaging constitutes an important aid for diagnosis of cardiac dysfunction. It is 

advantageous over other imaging modalities, such as CT and MRI, being relatively cheap and easily 
accessible. The list of its applications is expanding to encompass a wider range of diagnostic information 
including 2-D or 3-D blood flow estimation, elasticity of the myocardium, wall motion and myocardial 
perfusion with microbubbles. Instead of using sequential focused beams to form the image line by line, a 
B-mode image can be reconstructed by transmitting a single diverging wave. The image contrast and 
resolution can be improved at the receiving side by coherent summation of echoes from multiple 
transmissions. Diverging wave imaging thus allows for a high frame rate (HRF) up to 6 kHz which is two 
orders of magnitude faster than the most clinical scanners. This HFR capability underpins a number of 
novel techniques, such as transient shear wave elastography, intracardiac flow velocimetry and coupling 
myocardium and vortex dynamics, for better understanding of cardiac function. However, spatial coherent 
compounding of diverging waves is susceptible to tissue motion artifacts as highlighted in [1]. Doppler-
based methods have been proposed to compensate for motion between multiple diverging wave 
transmissions prior to compounding, but the maximum velocity without aliasing is bound to cPRF/4f0 [1], 
where c indicates the speed of sound and f0 is the center frequency of the ultrasound pulse. This threshold 
could be small compared to the blood flow in the left ventricle (LV) when correction of microbubble 
motion is needed in HFR contrast-enhanced echocardiography (CEE) using diverging waves [2]. Image 
registration algorithms such as the one adapted from MRI have been used to correct motion artifacts in 
coherent diverging wave imaging in [2]. As opposed to image registration, the correlation-based motion 
tracking method could be also used for motion estimation and compensation in HFR CEE using diverging 
waves. In this study, a correlation-based method for 2-D motion compensation was proposed for HFR 
CEE, and compared to the state-of-the-art image registration method. The motion estimation field for 
compensation was then further processed to render flow vectors in the LV, allowing for a triplex cardiac 
imaging technique, consisting of B mode, contrast mode and 2-D vector flow imaging with a HFR of 250 
Hz. 

Methods 
A. Imaging Setup 
The pulsing scheme for diverging wave imaging was adapted from [1]. The 4-cycle 2.78 MHz 

ultrasound pulses with either a full or half amplitude were transmitted, emulating diverging waves using 
the full aperture at each steering angle and enabling amplitude modulation (AM) for contrast enhanced 
imaging. The sector angle which was determinant to the imaging field of view was set to 90o and 
unchanged during beam steering for compounding. The arrangement of the steering angles was (-10 o, -8 o, 
-6 o, -4 o, 4 o, 6 o, 8 o, 10 o). The University of Leeds Ultrasound Array Research Platform II (UARP II) 
equipped with a phased array transducer P4-2v (Verasonics, Inc., WA, USA) was used for in vivo 
measurements with a MI of 0.12 and a PRF of 4 kHz.  

B. Motion Estimation and Compensation 
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The proposed motion estimation algorithm used the correlation between angled diverging waves. A 
two-stage method was developed to find the correlation and subpixel displacement between angled low-
resolution images (LRIs) in the polar coordinate system. The first stage used rigid block matching with 
correlation correction, achieved by multiplying all available correlation maps from the successive LRI 
pairs in the set for coherent summation. The second stage used an iterative scheme to improve the 
resolution and accuracy of the motion estimation by recursively decreasing the kernel size and deforming 
the kernel based on the results in the previous iteration. The number of iterations was set to two in this 
study, with different kernel sizes in each stage. The resultant motion estimation in each pixel was then 
obtained by linearly interpolating the motion estimation results from the last iteration of motion 
estimation. Based on these estimated displacements, motion compensation was then performed by aligning 
image pixels of all LRIs prior to coherent compounding. All LRIs with motion were heuristically 
registered to the first LRI within the set that is used for coherent compounding. For comparison, the image 
registration model [2, 3] was also applied to the LRIs in the polar grid before coherent summation. During 
image registration, the default parameters for 2-D images [4] were used. 

Results 

 
Fig. 1. Typical B-mode and AM contrast-mode compound images. (a) and (d): no motion compensation. 
(b) and (e): motion compensated using image registration (IR) techniques. (c) and (f): motion 
compensated using the proposed method. 
 

The quality of the in vivo cardiac images was improved when integrated with motion compensation 
(Fig. 1). The effect of motion compensation was first manifest on B-mode images. For example, without 
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the use of motion compensation, the microbubbles appeared to be unevenly distributed in the LV, 
resulting in a total dark region in the vicinity of the septum (Fig. 1a). However, when using motion 
compensation it is clear that the microbubbles were present throughout the LV (Fig. 1c). With motion 
correction using the image registration technique, coherent diverging wave compounding was partially 
improved, with the dark region reduced as shown in Fig. 1b. Whist with the proposed method, the artifacts 
from the original B-mode image were totally removed without any smearing of the image as shown in Fig. 
1(c). The contrast-to-tissue ratio (CTR) between the LV (green box in Fig. 1a) and the surrounding tissue 
region (red box in Fig. 1a) was calculated for Fig. 1(d), (e) and (f). The proposed method in this study 
outperforms the image registration technique, with the enhanced delineation of the endocardial border 
thanks to the improvement of the CTR in Fig. 1(f) (10.8 dB compared to 3.6 dB in Fig. 1e). 

 
Fig. 2. Composite image of the LV by superimposing flow vectors onto its corresponding B-mode image. 

The motion estimation field used for motion compensation in Fig. 1 (f) was encoded to interpret 2-D blood 
flow vectors in Fig. 2. It demonstrates that the blood flow achieves its maximum at the regions 
corresponding to the dark regions in Fig. 1 (a) and (c), highlighting the necessity of development of 
methods for motion compensation in HFR CEE when using diverging waves.  

Conclusions 
The present study described the implementation of a correlation-based method for correcting motion 

artifacts in HFR CEE using diverging waves. Motion estimation was performed between angled LRIs 
prior to compounding and the estimated displacement field was used to counter-shift the motion to achieve 
coherent summation. Compared against the image registration method, the improved image quality in 
terms of CTR for AM contrast-mode compound images was quantitatively demonstrated. The 
combination of the encoded 2-D motion field enabled a multi-modality cardiac imaging tool by providing 
B-mode, contrast-mode and vector flow mapping simultaneously with a HFR of 250 Hz. Deciphering the 
interconnection between the simultaneous information (e.g., wall motion, vortex dynamics and myocardial 
perfusion) obtained from these three imaging modes could be of clinical relevance for early diagnosis of 
cardiac dysfunction. 
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Introduction 
The development of high speed programmable ultrasound systems and 2D arrays created new 

opportunities for 3D ultrasound imaging with high spatio-temporal resolution. Several research groups has 
adapted these developments to super resolution ultrasound (SR US) imaging and achieved 3D imaging by 
mechanically scanning a volume with a linear probe, by co-aligning multiple linear probes, by using 
multiplexed 3D clinical US systems, or by using 3D US research systems [1-5]. With the implementation 
of 3D SR US imaging using a 2D, existing limitations of 2D super-resolution imaging such as elevational 
resolution and 3D motion compensation can be overcome [6-8]. In this work, a 2D sparse array at a lower 
frequency closer to microbubble resonance was used to achieve SR in 3D [9,10]. Volumetric US imaging 
with plane waves was performed and experimental results of 3D SR US imaging are demonstrated. 

Methods 
The 2D sparse array was specifically fabricated for 3D SR US with an element size of 300 x 300 μm, 

center frequency of 3.7 MHz and a bandwidth of 60%. The sparse array was designed by selecting 512 
elements from a 32 x 35 gridded layout of a 2D matrix array (Vermon S.A., Tours, France) shown in 
Figure (left) below. Two ULA-OP256 systems were synchronized to transmit 9 plane waves steered 
within a range of ±10 degrees in the lateral and elevational directions from the 512 selected elements. 
Each compounded volume consisted of 9 volumetric datasets acquired in 3.6 ms at 2500 Hz PRF. A 
1:1000 diluted Sonovue (Bracco S.p.A, Milan, Italy) solution was flowed through two 200 μm tubes 
arranged in a double helix shape. A total of 3000 volumetric US frames were acquired in 120 seconds and 
3D localization of microbubbles were performed on every frame to generate the 3D super-resolved 
volumes. Singular value decomposition was used to separate the microbubble signals from the echoes 
originating from the tube.  

Results 
Figure (right) shows the volumetric B-mode and 3D SR US image of the sub-wavelength structures, 

where the imaging wavelength is 404 μm in water. A total of 2319 microbubbles were localized within the 
3000 volumes after compounding. 3D SR US images are plotted with depth information color-coded in the 
image. The FWHM of a single tube appeared as 234 μm at the widest point and 117 μm at the thinnest 
point. When rotated to the best viewing angle, 81% of the super-localizations were within a diameter of 
200 μm. 

Conclusions 
The main limitation of localization-based SR US imaging performed in 2D is the lack of super-

resolution in the elevation direction. In this study, this issue was addressed by using a bespoke 2D sparse 
array, which achieved super-resolution in the elevational direction and sufficient SNR for 3D SR US 
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imaging. Two 200 μm, smaller than half wavelength, tubes were resolved in 3D using the 2D spiral array 
probe. 

 
 
 

 

 

 

 

 

 

 

 

 

 

Figure (Left) shows the 2D sparse array with 512 elements and the radiated 3D ultrasound field from the 
sparse array while plane wave imaging. The sparse array layout is shown in the inset. (Right) shows the optical 
image of the 200 μm tubes, the corresponding volumetric B-mode image and the 3D super-resolution image. 
The super-resolution image is color coded with the depth information and zoomed in 200%. 
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Introduction 
Ultrasound (US) imaging is comparatively inexpensive, minimally invasive and provide real-time 

visualization. It is important to understand the vascular structure of tumor tissue. However, it is difficult to 
take the US imaging of blood flow in small vessel of tumor tissue. To solve this, microbubbles as US 
contrast agents have been developed. In Japan, the contrast agent Sonazoid is approved. It is applied for 
diagnostics of liver cancer as negative staining by being uptaken by kupffer cells in the liver, but not in 
tumor. However, because the blood clearance of Sonazoid is fast due to the liver accumulation, it would 
not be suitable for other tumors and disorders. In this study, we tried to develop novel microbubbles for 
long circulation to observe dynamics of blood flow. 

Methods 
Preparation of Lipid Bubbles (LB): Bubbles were prepared from liposomes of distearoyl 

phosphocholine (DSPC), distearoyl phosphatidylglycerol (DSPG) and 1,2 - distearoyl – sn- glycerol – 3- 
phosphoethanolamine - N - [methoxy (polyethylene glycol) - 2000] (DSPE-MPEG(2k)), which were 
homogenized together with perfluoropropane (C3F8) gas. Then, the bubbles were freeze-dried and 
rehydrated before use. 

Assessment of stability of LB in blood Mice: (ddY, female, 6 weeks), anesthetized with isoflurane, 
were intravenously administrated LB or Sonazoid (1 × 107 particles / 20 µL). Then the stability in blood 
was assessed by comparing intensity of US imaging in kidney. The intensity of US imaging was analyzed 
with ImageJ software. Then, the time until half of maximum intensity (T1/2) was calculated. 

Results 
T1/2 increased with increasing DSPG content. The longest T1/2 was achieved with LB containing 60 

mol% DSPG, T1/2 of LB containing 90% DSPG was shorter compared to LB containing 60% DSPG. In 
addition, we compared T1/2 in kidney between LB containing 60% DSPG and Sonazoid. T1/2 of LB 
containing 60% DSPG was longer than that of Sonazoid. From these results, it was thought that LB 
containing 60% DSPG could escape from the reticuloendothelial system such as liver. 

Conclusions 
We succeeded to develop the long circulating microbubble by adding DSPG to the shell of LB. There 

was optimal ratio of DSPG content of 60 mol%. We expect that our long circulating LB could be a useful 
for US diagnostics for various types of tumors where Sonazoid is not applicable.  
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Introduction  
Recent advances in radiotherapy aim at rising the therapeutic index by maximizing the tumor dose 

while keeping the healthy tissue exposure to a minimum. This leads to increasingly complex treatment 
plans and beam delivery techniques. However, current dose verification methods remain rudimentary and 
generally consist of offline measurements or point verifications on the patient’s skin. Uncertainties in 
patient positioning, patient anatomy, and machine output may lead to dose inhomogeneities, secondary 
malignancies, lack of tumor control, and organ failure. The objective of the AMPHORA project is to 
develop an in situ radiation dosimeter based on functionalized, radiosensitive ultrasound contrast agents 
(UCAs). 

Phase change contrast agents, or perfluorocarbon (PFC) nanodroplets (NDs), have been increasingly 
investigated over the past years because of their capability to extravasate owing to their sub-micron size, 
and to vaporize into a microbubble contrast agent when triggered by energy sources such as ultrasound 
(Acoustic Droplet Vaporization, or ADV) [1] or laser light (Optical Droplet Vaporization, or ODV) [2]. 
These two processes can be considered a suitable in situ method to generate microbubbles as a theranostic 
and multimodal imaging device for cancer diagnosis and therapy. Moreover, several studies have shown 
that PFC NDs can be detected by 19F magnetic resonance imaging (MRI) [3]. 

The vaporization of superheated droplets, suspended in a gel or polymer matrix, induced by high 
energy ionizing radiation has been extensively used in the field of neutron detection for the last decades, 
and dosimetry of photon and proton beams has also proven to be feasible. The vaporization threshold is 
mainly determined by the radiation energy deposited per unit length (LET) and the degree of superheat of 
the droplet liquid core [4]. To our knowledge, the feasability of radiation dosimetry based on droplet 
vaporization has never been assessed for shell-coated, nanometer-sized droplets diluted in fluids 
mimicking in vivo conditions. To this aim, polymerized lipid nanodroplets (PLND), mainly bearing 
diacetylene moieties, offer some advantages over nonpolymerized ones: enhanced chemical, structural and 
thermal stability as well as easiness of handling. 

In this contribution, we first report an acoustic study of the vaporization signals emitted by 
nanodroplets of  low boiling point perfluorobutane (PFB), b.p. -2°C, when the phase change is triggered 
by ultrasound (ADV). This is followed by a proof-of-concept experiment testing the capability of these 
nanodroplets to vaporize when exposed to ionizing radiation. We also report on their in vitro detection by 
19F MRI. 
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Methods 
The NDs employed in our experiments are made of liquefied PFB encapsulated in a fatty acid 

monolayer of 10,12-pentacosadiynoic acid (PCDA), subsequently polymerized by UV exposure. 
Structural characterization of the poly(PCDA)/PFB droplets’ shell was carried out by gel permeation 
chromatography (GPC) (Shimadzu, IT) and MALDI ToF mass spectrometry equipped with a nitrogen 
laser (337 nm) (Applied Biosystems, USA). The acoustic droplet vaporization signals were studied with 
an ultrasonic setup consisting of a water tank in which two focused transducers were immersed and 
positioned at 90°. One of the transducers (Panametrics V320, 7.5 MHz center frequency) was employed to 
generate the ADV pulse (4 cycles sine wave, 8 MHz, 477 kPa) and the other transducer (Panametrics 
V306, 2.25 MHz center frequency) monitored the acoustic signals emitted by vaporizing droplets, in a 
“pulse high”, “listen low” scheme [1]. The transducers were confocally aligned at the center of a 130 ml 
sample holder enclosing a fifty-fold dilution of NDs in cell culture medium. The arbitrary waveform 
generator and acquisition card were computer-controlled using LabVIEW. The received signals were 
corrected to account for the transducer’s receive transfer function and the electronics, yielding acoustic 
pressure values of the detected events. 

For the irradiation experiment, the acoustic setup was brought to the radiotherapy room and aligned 
with the sample holder located at isocenter. The water temperature was raised to 32°C. Two focused 
transducers, positioned at 0° and 180°, measured the transmission of broadband pulses through the sample 
holder, as well as the backscattered signal. A flat transducer was added at 90° for passive detection of 
radiation-induced droplet vaporization signals. Postprocessing involved filtering the signals with a 
Butterworth bandpass filter to remove artefacts generated by the linear accelerator and isolate the droplet 
vaporization signals [1]. The radiation beam was delivered by a 6 MV Varian TrueBeam system, in steps 
of 4 Gy, up to a total dose of 16 Gy (dose rate of 4.8 Gy/min). The field size was 5 x 6 cm2 and the gantry 
angle was 0°. Acoustic attenuation and scattering of the droplet suspension was measured in between each 
irradiation, while the passive detection of droplet vaporization was carried out during beam delivery. 

Additionally, in vitro 19F MRI axial and coronal scans of the nanodroplets embedded on a gelatin 
phantom were performed using a 9.4 T MRI scanner equipped with 19F and 1H transmit- receive coils. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Results 
The polymerization of the PCDA shell encapsulating PFB nanodroplets leads to the appearance of an 

intense blue colour as an evidence of the photocrosslinking. The length distribution of the poly(PCDA) 

Figure 1: Schematics of the setup for the acoustic detection of PCDA-PFB NDs vaporized by radiation. 
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chains, determined by gel permeation chromatography and MALDI ToF spectroscopy, is bimodal and 
characterized by two populations with degrees of polymerization (DP) of 14 and 22, respectively. 

The ADV study revealed that at 8 MHz, pressures above 240 kPa were sufficient to trigger the 
vaporization process. The detected vaporization signals lay in the range 0.4 – 1 MHz, indicating that the 
system is detecting the vaporization of large droplets, oscillating around their natural resonance frequency 
in an exponentially decaying trend, similarly to the results of Sheeran et al [1] (Fig. 2). The narrow 
bandwidth of the ADV pulse and the low center frequency of the receiving transducer allow to 
discriminate between droplet vaporization events and microbubble scattering signals, whose acoustic 
signatures differ both in the time and in the frequency domain.  

The irradiation experiment showed that it was possible to detect vaporization signals triggered by 
other means than ultrasound, although it is not clear yet whether those vaporization signals were due to 
exposure to ionizing radiation or to spontaneous vaporization, as droplet vaporization signals were both 
detected in the control measurement, prior to beam delivery, and in the recording during irradiation (Fig. 
3). The signals possess the same exponentially decaying trend and frequency content as vaporization 
signals triggered by ADV. The number of vaporization signals decreases with time which coincides with 
the build-up of large air bubbles on the inner walls of the sample holder, probably shielding the transducer 
from any vaporization signals arising within the sample holder. 

In vitro 19F MRI scans allowed for clear detection of the poly(PCDA)/PFB nanodroplets. The intensity 
of the MRI signals is proportional to the PFB concentration with a detection limit of about 20 mM (Fig.4). 

Conclusions 
Poly(PCDA)/PFB is a promising system which can behave as US contrast agents supporting a dual 

imaging modality as the PFB core allows for MRI detection. The acoustic signals emitted by nanodroplets 
during their vaporization have been examined, both for vaporization events triggered by ADV and 
potentially by ionizing radiation, and it was shown that they have similar temporal and spectral 
characteristics. While it is too early to draw conclusions on the capability of these poly(PCDA)/PFB 
droplets to vaporize due to radiation, our study demonstrated that the system can detect droplet 
vaporization signals caused by other sources than ADV. Improvements of the acoustic setup by replacing 
the sample holder by a vessel-mimicking tube and the passive detection transducer by a larger, focused 
transducer will drastically improve the sensitivity and limit of detection. Additionally, with a better control 
of the experimental conditions (temperature, absence of gas in the dilution liquid), future studies will 
elucidate whether the observed vaporization signals are induced by ionizing radiation or by spontaneous 
vaporization. As the degree of superheat of decafluorobutane might not be sufficient for photon detection 
at body temperature, octafluoropropane nanodroplets, which have a significantly higher degree of 
superheat, will be tested in photon beams. Besides, the droplet vaporization behaviour will be investigated 
under a variety of radiation sources, such as clinical proton beams, neutrons, or alpha radiation, to which 
decafluorobutane droplets are expected to be responsive. 
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Figure 2: (Top) - time domain signals of vaporization events. (Bottom)  - associated spectrums in the 

frequency domain, for droplet vaporization triggered by ADV. 

 

 

 
Figure 4: In vitro MRI image of poly(PCDA)/PFB nanodroplets in gelatin phantom (coronal scan). 
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Figure 3: (Top) - time domain signals of vaporization events. (Bottom)  - associated spectrums in the 
frequency domain. The droplet vaporization signals were detected before (0 Gy) and during beam delivery (4 

and 8 Gy). 
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Introduction 
Microbubbles have been widely explored in medical applications such as therapeutic delivery and 

diagnostic imaging. These small gas bubbles, ranging from 1 µm to 7 µm in size, are highly compressible 
and can expand and contract when exposed to an acoustic pulse [1]. Depending on an appropriate 
frequency and sufficient pressure, ultrasound can also be used to fragment or destroy microbubbles within 
the region being imaged. The microbubbles destruction during ultrasonic excitation leads to an increase in 
cell membrane permeability, enabling the use of microbubbles as therapeutic agents [2]. 

The use of thin lipid shells to stabilize the microbubbles gas-liquid interface make these applications 
possible, and offer different possibilities of tailoring the bubbles surface by using targeting ligands for 
specific tissue attachment and a local increase in ultrasound imaging signal [3]. 

In this context, microfluidic devices provide further opportunity for tuning the interfacial coverage of 
individual bubbles. Benefiting from microscale, microfluidics explores the manipulation of small amounts 
of fluids along with the development of particular hydrodynamic properties, such as laminar flow regime 
and minimized heat and mass transfer resistances. These features allow the synthesis of microbubbles with 
controlled physicochemical characteristics, such as precise size and monodispersity [4]. Moreover, 
compared to the commonly applied microbubbles production techniques, microfluidic devices enable the 
decrease of bubbles size to less than 10 µm by simple variations of gas pressure, liquid flow rate and 
microchannel design, enabling as well a precise control over the shell thickness and composition [1]. 

In this work, we present a targeted lipid shell microbubble as an ultrasound contrast reagent (UCR) 
that can be used to detect and treat adhesion-like fibrin formations using clinical diagnostic ultrasound 
scanners. Adhesions are post-surgical bands of fibrous scar tissue ligating apposing tissues/organs, which 
can cause different clinical complications, significant morbidity and mortality [5]. Herein, we describe the 
microfluidic synthesis of gas-core polymerized shell microbubbles (PSMs) that display the fibrin binding 
peptide CREKA [6] and include an UV cross-linkable lipid to enhance bubble stability. We assessed the 
bubbles final physicochemical characteristics, including size and stability over 48h. The bubbles showed 
the potential to identify adhesion-like fibrin formations, and may hold promise in blocking or breaking up 
fibrin formations in vivo. 
 

Methods 
Microfluidic chips fabrication 

The chips were fabricated with polydimethylsiloxane (PDMS) and glass, by applying standard soft 
lithography techniques. The molding silicon wafer was prepared with SU-8 photoresist by a two-step UV-
exposure procedure to obtain channels with a rectangular cross-section with heights of 1 µm and 20 µm 
(Fig. 1a), including a microfluidic array of 5 µm wide channels (Fig. 1b). The mold was replicated using 
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PDMS (Sylgard 184 elastomer kit, Dow Corning, Germany), and further cured inside an oven at 65°C for 
4 hr. Oxygen plasma treatment was used to irreversibly bond the PDMS layer with a microscope glass 
slide. 

 
Fig. 1. (a) Schematic drawing of the microfluidic step-emulsification geometry used to produce microbubbles. 
The chip has channels with heights of 1 µm (blue) and 20 µm (grey). (b) Optical image of the microchannel 
array at the end of the microfluidic chip, containing channels of 5 µm wide for bubble production (scale bar: 
100 µm). (Adapted from [9]) 

Microbubbles synthesis 
The microbubbles were composed by L-α-phosphatidylcholine hydrogenated soy, (hydrogenated soy 

PC), 1,2-distearoyl-sn-glycerol-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (m-
PEG2000-DSPE), (5-hydroxy-3-oxypentyl)-10-12-pentacosadiynamide (h-PEG1-PCDA), and 1,2-
distearoyl-sn-glycerol-3-phosphoethanolamine-N[amino(polyethylene glycol)-2000]-CREKA (CREKA-
PEG2000-DSPE). 

The lipid solution was added to the solution inlet and nitrogen gas to the air inlet of the microfluidic 
device (Fig. 1a). The gas pressure was increased to 18 psi with a solution flow rate of 0.25 mL/min. The 
microbubble solution was collected and polymerized with a Spectrolinker XL-1000 UV Crosslinker at 253 
nm and 5000 x 100 µJ/cm2 to form polymerized shell microbubbles (PSM). Non-targeted microbubbles 
were produced in the same manner except CREKA-PEG2000-DSPE was substituted with m-PEG-2000-
DSPE. 

 
Physicochemical characterization 

Microbubble size was measured under brightfield imaging using an inverted microscope. Images were 
recorded at 20x magnification with 200 ms of exposure time and were analyzed using the ImageJ particle 
sizer function to determine the diameter of the microbubbles. Microbubble stability was determined in 
phosphate buffered saline (PBS) and in LP-9 medium (containing Fetal Bovine Serum (FBS), Epidermal 
Growth Factor (EGF), and hydrocortisone) at a final concentration of 105 PSM/mL. The microbubble 
solutions were stored at 37°C. Size and concentration measurements were determined as described above 
at 2, 24 and 48 hr. 

 
Ultrasound citotoxicity 

LP-9 human mesothelial cells were cultured on collagen-coated plates and were exposed to 105 PSMs 
(targeted or non-targeted) per mL of growth media. Cells were allowed to acclimate to the presence of the 
PSMs for 30 min in a 37°C, 5% CO2 incubator. Cells in all conditions were treated with ultrasound 
generated by a Terason Ultrasound System equipped with a 7L3 probe for 1 min. Cells cultured in the 
absence of bubbles and the absence of ultrasound treatment served as controls. Following ultrasound 
exposure, all cells were washed with sterile PBS and stained with the Invitrogen LIVE/DEAD® 
Viability/Cytotoxicity Kit. Cellular viability was calculated from analyses of three images from each plate 
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in each experiment. The resulting fluorescent images were analyzed using Metamorph, ImageJ, Matlab, 
and Excel. 
 

Results 
The chips employed for microbubbles synthesis were based on step-emulsification. By applying this 

design, the bubbles are formed when the dispersed phase flows through an abrupt transition in the form of 
a step between the inlet channel and the reservoir [7]. The throughput of the microfluidic device was 
2.5x106 microbubbles/min on average and the microbubbles were UV cross-linked immediately after 
production, to yield PSMs. With a single device, this rapid rate of PSM production enables sufficient 
microbubbles for use in pre-clinical studies, which typically use ~108 microbubbles/mL. Moreover, the 
microfluidic chip generated microbubbles with tighter, more controlled, size distributions, which have 
been shown to improve US contrast intensity in vivo [8].  

In order to evaluate their stability, non-targeted and fibrin-targeted PSMs were incubated in both PBS 
and media at 37°C. Sizes of each PSM sample were measured at 2, 24 and 48 hr, as shown in Fig. 2a. The 
mean diameter and the standard deviation of all PSM formulations increased over time, specifically at 24 
and 48 hr; however, the mean diameter of the PSMs did not vary with statistical significance. In all the 
conditions, PSM populations demonstrate a consistent mean diameter of aproximately 3 µm. 

 
Fig. 2. (a) Diameter and Stability of non-targeted (NT-PSM) and fibrin-targeted (T-PSM) polymerized shell 
microbubbles (PSMs). The PSMs were incubated in PBS or media at 37°C for 48h. The data are expressed as 
the mean ± standard deviation. (b) LP-9 cellular viability after treatment with PSM and ultrasound. LP-9 cells 
were exposed to either 105 targeted and non-targeted PSM (T-PSM and NT-PSM, respectively) in the absence 
and presence of ultrasound treatment. Cellular viability was assessed in triplicate experiments using the 
LIVE/DEAD assay. Data is expressed as the mean ± S.E.M. (Adapted from ref. [9]). 

Our results reveal that the PSMs likely remain stable for even longer than 48 hr (Fig. 2a) [9]. Our 
group performed in vivo pilot studies that showed that 48 hr is the minimum amount of time for unbound 
PSMs to be cleared in the peritoneum, leaving only bound PSMs for accurate imaging and treatment (data 
not shown). Taking into account the importance of detecting and treating adhesions during the brief time 
frame in which they are still in their nascent, fibrinous state and most vulnerable, we can infer 48 hr as the 
time point that is most relevant to the potential clinical applications with these PSMs, such as ultrasound-
triggered treatment to break up fibrinous adhesions. 

In this context, we evaluated the effect of ultrasound in the presence of PSMs on the viability of 
cultured mesothelial cells. As the vibration of the PSMs in response to an ultrasound beam can disrupt the 
fibrin to which they are bound to treat the existing adhesions, we aimed to investigate whether the 
proposed treatment method could possibly damage the surrounding living mesothelial cells, resulting in 
the formation of further adhesions. Hence, we compared untreated cells to cells treated with ultrasound in 
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the presence of fibrin-targeted on non-targeted PSMs (no fibrin is externally added for all conditions) or 
no PSMs (Fig. 2b). 

As presented in Fig. 2b, in all conditions cell viability remained high, over 90%, and is similar to the 
untreated controls [9]. While further in vivo results over a longer time course are required to confirm 
whether ultrasound treatment in the presence of PSMs is not harmful to cells in the mesothelium and do 
not result in further inflammation and adhesion formation, these results show that our PSMs are promising 
alternatives to be applied as ultrasound constrast agents and ultrasound-triggered treatment for breaking up 
fibrinous adhesions. 

Conclusions 
In this work, we present CREKA-targeted polymerized shell microbubbles (PSMs) designed to allow 

ultrasound imaging of early adhesions for diagnostic and treatment purposes. By applying a microfluidic 
device based on step-emulsification, we were able to continuously produce microbubbles with controlled 
size, high throughput and stability for long periods of time (for approximately 4 days). These PSMs can be 
employed for evaluating success of potential treatments in clinical trials, while acting as a possible 
treatment themselves. This strategy represents a noninvasive technique to breakup early stage adhesions 
coupled with a reliable detection method aiming to provide an ideal solution to address adhesion-related 
complications. 
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Introduction  
Photoacoustic Imaging (PAI) is a new preclinical modality based on the photoacoustic effect and 

combining the high resolution of ultrasound imaging (US) with optical contrast in the near infrared (NIR) 
spectral region. Therefore PAI allows for a more expanded diagnostic range, i.e. anatomy and functional 
assessment and molecular imaging. However, developing exogeneous NIR contrast enhancers is key 
towards translating PAI from preclinical to clinics.[1] Herein, we report on hybrid US contrast agents 
(UCAs), i.e. microbubbles (MBs) and phase change nanodroplets (NDs), decorated with pristine graphene 
(Gr). Among others, graphene is a material with superior characteristics for PAI  as it strongly absorbs 
light in the NIR almost independently from the wavelength.[2] The acoustic and PA performances of the 
graphene UCAs were investigated. This work also shows how the biodistribution of graphene hybrid 
microbubbles can be assessed in vivo, and in real-time, with mulplixed PAI. 

Methods 
Pristine graphene aqueous dispersions were prepared via surfactant mediated ultrasonication of 

graphite powder (Sigma Aldrich, Italy). Gr was then tethered to two efficient UCAs: (i) poly(vinyl-
alcohol) (PVA) air filled MBs, whose surface was functionalized with poly(ethyleneglycol) (PEG) 
diamine spacer and  (ii) photopolymerized fatty acid, i.e. 10,12 pentacosadynoic acid, phase-change 
perfluoropentane NDs (poly(PCDA)/PFP). This was achieved via a strong covalent coupling using the 
functional groups of the adequate surfactant stabilizing graphene to the shell of either PEGylated PVA 
MBs or to poly(PCDA)/PFP NDs.   

     The acoustic attenuation properties of both Gr PVA MBs and Gr/poly(PCDA)/PFP NDs after 
acoustic droplet vaporization (1MHz, 3.6W/cm², 30s) were studied with an in-house made setup equipped 
with two flat 10 MHz transducers and a waveform generator producing sinusoidal bursts generating 
pressures below 60 kPa.  

The in vitro study of the photoacoustic performances of both Gr hybrid UCAs was carried out using 
Vevo LAZR X imaging system (Fujifilm VisualSonics, Amsterdam) equipped with a 15 MHz ultrasound 
transducer (central frequency) that has an axial resolution of 100 μm (MX 201). The transducer was 
modified in such a way that an optical fiber array of 36 mm arranged on both sides of the transducer to 
perform the multimodal imaging of ultrasound and photoacoustic. A commercially available phantom 
(Vevo Phantom, VisualSonics, Amsterdam) consisting of transparent plastic capillary tubes mounted in an 
acrylic dish and immersed in distilled water is used to image and characterize samples of MBs/NDs being 
injected at the desired concentrations into the tubes. The PA spectra were recorded from 680 to 970 nm, 
and saved by the VevoLab software for the subsequent spectral unmixing and deconvolution.  

An in vivo investigation on Gr PVA MBs was conducted on balb female mice under the animal 
license approved by The Netherlands (protocol number DVS06). The experiments were carried out using 
the same Vevo LAZR-X multimodal imaging system with the 15 MHz transducer and an array of narrow 
fiber (16 mm). The animals were injected with 80 µL of MBs (4×107 MBs) via the tail vein. This 
experiment was performed using a PA gain of 34 dB and a frequency of 15 MHz. The images were 
acquired by unmixing the spectra of the components, i.e., oxygenated haemoglobin, deoxygenated 
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haemoglobin, and Gr PVA MBs at selected wavelengths, 682, 710, 734, 924, and 944 nm. 3D full body 
scan was performed to investigate the biodistribution of the MBs within the range of 36.4 mm at a step 
size of 0.5 mm, after 20 min from injection.  To demonstrate the hybrid contrast functionality of the Gr 
PVA MBs, we also imaged the same region with a nonlinear contrast mode of ultrasound imaging. 

Results 
A stable anchoring of pristine graphene can be easily achieved to almost any UCAs platforms, for 

which a suitable choice of the surfactant stabilizing graphene is key. The main advantages of the approach 
of coupling graphene to UCAs are: (i) the unique optical and mechanical properties of intact graphene as a 
strong NIR absorber, and therefore an efficient enhancement of the PA signal in a wide NIR spectral 
range, (ii) the echogenicity and biocompatibility as a consequence of the robust anchoring of pristine 
graphene to the bioinert MBs/NDs shell. The Gr PVA MBs maintained their echogenicity as compared to 
the plain ones. However, a shift from 10 to 11 MHz and a slight decrease in the resonance attenuation was 
observed when PEG spacers were introduced as bridging moieties between graphene and the surface of 
PVA MBs. Also, the Gr poly(PCDA)/PFP NDs could efficiently undergo an acoustic droplet vaporization 
triggered by US. Their acoustic attenuation resonance is similar to lipidic MBs, i.e between 1-2 MHz, and 
no shift was observed as compared to plain poly(PCDA)/PFP NDs. Both hybrid contrast agents showed 
strong PA signals in vitro and their PA spectra exhibited a separable profile from endogenous species such 
as haemoglobins (see Figure 1).  

 
 
 
 
 
 
 
 
 

 
 

Figure 1. a) and b) In vitro phantom PAI of Gr PVA MBs (with PEG spacer of 2000 Da) and Gr poly(PCDA)/PFP   
NDs, respectively ( gain 24 dB); c) PA spectra of Gr PVA MBs (green), oxy haemoglobin(red), and deoxy 

haemoglobin (blue). 

 
Moreover, Gr PVA MBs demonstrated their efficiency in vivo by enhancing significantly contrast 

signals in both PA and US modes and without any adverse toxicological response, as preliminarily tested 
in mice (see Figure 2a-b). The interesting PA spectral features of this graphene hybrid construct allowed, 
for the first time, real-time track monitoring and assessment of its whole body biodistribution in mice by 
3D multiplexed PAI scan (See Figure 2a), as well as its quantification in specific organs such as kidneys 
and liver. The kinetics of perfusion to the kidney was followed in real-time and showed a significant 
enhancement of the PA signals within 50 s from injection which then decreased due to diffusion to the 
other organs. The Gr PVA MBs mainly accumulated in liver, spleen and lungs.[3] 

 
 
 
 
 
 

NDs 
(100µg Gr)

NDs
(200µg Gr)

MBs
50µg 25µg 12µg 5µg Gr

a)

b)

c)



The 24th European symposium on Ultrasound Contrast Imaging 
 

168 
 

 
 
 
 
 
 
 
 
 

 
Figure 2. a) In vivo biodistribution assessment of Gr PVA MBs by 3D multiplex scan PAI before and after IV 

injection in mouse. The components are: oxy hemoglobin (red), deoxy haemoglobin (blue) and Gr PVA MBs (green); 
b) 2D kidneys view: non-linear contrast US imaging before and after intravenous injection (frequency 12.5 MHz, 

contrast gain 2dB) of Gr PVA MBs. 

Conclusions 
Graphene hybrid contrast agents are promising systems for PA molecular imaging. As far as we 

know, this is the first study showing the whole body biodistribution of a pristine graphene hybrid medical 
contrast agent using a photoacoustic commercial setup. Developing and optimizing these Gr UCAs, as 
they represent a great potential in PAI, are keen to engineer their surface with bioactive molecules. Future 
studies are planned to determine the targeting, drug loading, and delivery capabilities of this devices for 
applications in cancer therapy. 
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Introduction 
The recent physico-chemical advances of polymer ultrasound (US) contrast agents (CAs) are 

transforming the concept of microbubbles (MBs) into invaluable new multi-responsive platforms of 
theranostic relevance, combining early diagnosis and therapeutics. On this line, we focused our attention 
on two case systems: i) crosslinked polyvinyl alcohol (PVA) MBs [1] and ii) "phase change" hybrid 
shelled microdoplets (MDs) [2] as intriguing proof of concepts to realize drug delivery and multimodal 
imaging tools for personalized medicine. 

i) PVA MBs are the proof of concept for promising theranostic CAs [1]. It has been demonstrated that 
the crosslinked PVA chains of the shell behave as a biocompatible elastomeric three-dimensional network, 
providing high stability and relevant echogenicity [1,3]. It is also noteworthy that the easy PVA 
derivatization allows for tunable strategies to realize environmental responsivity, as a controlled drug 
release. Despite this, up to now these intriguing peculiarities have not been focused in a unified vision of a 
theranostic platform, that could not be designed using other types of CAs. Herein, we will discuss the 
appealing hypothesis to immobilize and concentrate PVA MBs at high densities onto a suitable substrate. 
The aim of this approach is to develop a two-dimensional macroscopic checkpoint scaffold, where every 
single MB element maintains its stable and echogenic conformation together with the chemical reactivity. 
The MBs device would be thus customized for chemical release and molecular sensing. It could even be 
considered as an "echoserver" for extravascular ultrasound imaging identification. 

ii) The main asset of MDs is the possibility to conjugate their drugs and nanoparticles (Nps) cargo 
capability with the dramatically increased US echogenicity after their transition to MBs, mediated by the 
acoustic and/or optothermal core vaporization (named ADV and ODV, respectively) [4,5]. The 
introduction of MDs in the vast theranostics scenario mainly passes through the improvement of their 
shells to confer greater stability, versatility and higher vaporization efficiency, whilst keeping them to the 
smallest possible size. In this framework, some of us recently proposed novel double-shelled MDs 
composed of a perfluorocarbon (decafluoruropentane, DFP) liquid core, and an internal surfactant shell 
coated with a crosslinked polymer (dextran methacrylate, DexMa) [2]. The polymer layer provides higher 
stability as compared to the surfactant shelled MDs, also upon their transition to MBs. However, many 
efforts were still required for improving composition and stability of such double-shelled MDs, leading to 
realize an efficient multi-stimulated phase change MDs. 

Both case studies presented herein are schematically summarized in Figures 1 and Figure 2. Despite 
obvious chemical differences, the polymer network of the two micro-systems allowed for stably hosting 
photothermal Nps at the water interface, displaying dramatically enhanced responsiveness. 
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Figure 1.  (A) optical microscopy (left) and AFM image (right) together with the sketch of the two-
dimensional (2-D) MBs platform. (B) the acoustic response of the MBs substrate, given by the spatial peak 

temporal average Intensity (ISPTA) , plotted vs the control substrate in water. (C) release of drug model 
(phenolphtalein) from the MBs substrate derivatized with CDs and photothermal Nps; the equilibrium binding 

affinity, K, of drug-CD interaction was obtained according to Langmuir isotherm fit. 
 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. (A) From top to bottom: sketch of the hybrid MD composition; study of the system stability in 

time (left) and in temperature (right), with a CLSM z stack image; size distributions obtained before and after 
ADV by DLS; (B) From top to bottom: sketch of a MD conjugated with 60 nm AuNPs; size distributions 
superimposed to the corresponding CLSM images acquired before and after ODV; size distributions 

superimposed to the corresponding CLSM images acquired before and after ADV. Scale bars are 10µm. 

Methods 

i) Stable air-filled PVA MBs were obtained by crosslinking telechelic PVA via acetalization reaction 
at the water/air interface under high shear conditions [6]. Spherical shaped MBs with a narrow size 
distribution centered at 2 µm were obtained as measured by confocal laser scanning microscopy (CLSM), 
dynamic light scattering (DLS) and AFM (Figure 1A). To build the two-dimensional MBs substrate, a 
monolayer of PVA MBs was deposited by dip-coating onto a borosilicate cover glass, previously 
functionalized with aminosilanes. The acoustic behavior of the system was investigated with an US 
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exposure device composed by a signal generator, a piezo-ceramic transducer tuned at 1 MHz, and a needle 
hydrophone (Figure 1B). Loading and release of low and high molecular weight drugs were obtained by 
tuning the surface chemistry of the MBs with covalent binding to β-cyclodextrins (CDs). The amphiphilic 
nature of CDs was exploited to form an inclusion compound with a drug simulated herein by 
phenolphtalein, absorbing at λmax = 552 nm when released in solution. The release of the included 
molecules was followed as a function of temperature by an optical fiber microplate absorbance reader. An 
alternative near field photothermal strategy of release was conceived by co-loading of CDs and gold (Au) 
Nps on the MBs substrate surface. Laser irradiation (Power = 46 mW, λmax = 532 nm) was performed at 
the plasmon resonance absorbance peak of Nps (Figure 1C) and constant temperature. 

ii) The MDs were prepared by emulsification under controlled stirring of a premixed amount of 
ethanol, DFP and the surfactant dioctadecyldimethylammonium bromide (DDAB) in water solvent. Then 
the DexMa with a substitution degree of 50% (mole percentage of methacrylated units over total repeating 
units) was added. Both velocity and stirring time were tuned to optimize the yield of MDs in the few 
micrometer size range. The external DexMa shell of the MBs was subjected to photopolymerization, 
exposing the colloidal dispersion to ultraviolet source (λ = 365 nm) for 4 minutes under gentle stirring in 
the presence of a photoinitiator. The resulting MDs dispersion was centrifuged to further optimize the size 
at ~1 µm. The stability of the MDs was followed over time and temperature by DLS and CLSM 
measurements (Figure 2A). The thermodynamic features of the DDAB were analysed through differential 
scanning calorimetry (DSC) measurements. The AuNps conjugation process was followed by UV-Vis 
absorption spectroscopy, by monitoring the plasmon resonance absorbance peak. For the ADV 
experiments (Figure 2A), MDs were exposed at 1MHz US varying the intensity (0.5-3.6 mW/cm2) and the 
exposition time (30-900 s). The ODV experiments (Figure 2B) were performed by exploiting a green laser 
light centred at the AuNPs plasmonic resonance wavelength of 532 nm, thus allowing the photothermal 
process to be activated. The phenomenon was studied varying the laser power (5-50 mW) and the 
irradiation time (60-300 s). Both ADV and ODV phenomena were monitored by CLSM and DLS. 

Results 
We will detaily describe the development of two versatile contrast platforms: a two-dimensional 

echogenic device based on PVA MBs (Figure 1) and hybrid shelled MDs (Figure 2), both suitable for 
controlled molecular release. Experiments aimed to evaluate either acoustic responsiveness and capability 
to release molecules through thermal and photothermal stimuli were performed successfully. 

i) Specifically for the PVA MBs platform, the optical and near-field microscopy measurements clearly 
show the formation of two-dimensional highly dense PVA MBs assemblies tightly bonded onto glass 
substrates. Even if immobilized in such a configuration, the PVA MBs remain stable and mantain their 
spherical shape, in both air and in aqueous physiological environments (Figure 1A). Preliminary 
measurements show that our MBs substrates preserve the echogenic properties typical of MBs (Figure 
1B), also producing an amplified acoustic wavefront whose gain factor (the maximum value was 6.0±0.2) 
depends on the MBs surface density. The platform has been modified to accommodate CDs as molecular 
inclusion systems for thermally-tuned capture and release of a hydrophobic drug molecule model. The 
properties of this microplate system were characterized by absorption spectroscopy measurements, 
pointing out the thermodynamic features of the immobilized CDs interacting with the drug model, and 
showing a favorable binding affinity as compared to that measured in bulk solution. More interesting, we 
further improved the PVA MBs platform to accommodate photothermal Nps and CDs (Figure 1C). In this 
way we have shown that it is possible to provide a localized photothermal release of drugs optically 
tunable (at the plasmonic absorption frequency of the Nps), while keeping constant the temperature of the 
environment. 

ii) Concerning the second case system, the hybrid MDs, we optimized the fabrication protocol of such 
a  novel class of double-shelled phase change contrast agents, recently developed by our group [2], with 
the aim to improve the droplet stability and better control their size. As a surfactant monomolecular layer 
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at the interface between DexMA and DFP core we introduced the DDAB, a cationic synthetic "lipid" 
characterized by a very small cationic head and a long apolar tail, showing a gel-liquid crystalline 
transition at Tc ~45°C. Using this charged amphipilic layer coated with DexMa, a sharp size distribution of 
spherical shaped colloidal MDs, centred ad ~1μm, was obtained at physiolgical temperature. The stability 
of MDs was evaluated over 15 days, when the surfactant is fully composed by DDAB (Figure 2A). The 
resulting positive charge of the MDs not only improves the colloidal stability but allowed us to incorporate 
negatively charged AuNPs onto the MDs surface for several localized optothermal applications. We 
integrated the MDs shell with AuNPs demonstrating that it is possible to induce the perfluorocarbon core 
vaporization (Figure 2B), efficiently, by near-field photothermal energy [4]. Both ADV and ODV of the 
AuNP-MDs hybrid system were optimized depending on the acoustic/photon dose of stimulation. 
Noteworthy, focusing on DDAB shelled MDs decorated with AuNPs only (without DexMa), we will show 
that it is easy to overcome the transition point of DDAB assembly optothermally (as Tc of DDAB is not 
very far from the physiological temperature). In this way we destabilized the MD shell to allow for the 
release of the nanoparticles and of drugs trapped in the liquid core, while manteining the environmental 
temperature fixed at 37°C. 

Conclusions 
Two pivotal multifunctional MBs contrast platforms have been designed.  
i) The density of the PVA MBs units composing the two-dimensional system can be easily quantified 

and controlled. The stability of the system was tested in different stress conditions, such as US irradiation, 
temperature and different biomedical relevant environments. Moving towards imaging, our echodevice 
behaves as a secondary US emitter, strengthening the US wavefront produced by the source. The high 
resonance frequency (from 10 MHz to 20 MHz, depending on the size of the MB units) could be relevant 
for high spatial resolution US analysis.  Moreover, the control of the MBs immobilization could be 
improved by lithography to design patterns able to generate interference contrast profiles. In this respect 
our results could provide novel insights to fabricate an advanced checkpoint tool useful for extravascular 
and ex-vivo diagnostic imaging, and, more generally, for non-destructive material control. We 
demonstrated that the PVA MBs substrates can be easily derivatized and transformed into a reliable 
system to trigger, optically and thermally, in situ molecular release.  

ii) The upgrade of our double-shelled MDs to a dual optothermal and acoustic phase change CAs was 
succesfully undertaken. We optimized the MDs fabrication protocol (namely the emulsification process 
and the composition of the surfactant layer) to obtain a sharp size distribution, tunable in the few 
micrometer range, and suitable to be integrated with AuNPs. The decoration of AuNPs onto the MDs shell 
was achived, enlightening a dramatic enhancement in the droplets vaporization efficiency upon excitation 
with proper US and laser light excitation.  

In the perspective view of realizing multifunctional echodevices using MBs and MDs, the possibility 
to control the drug loading and release capacity by employing US will be considered. In both the case 
studies the well-known ability of AuNPs to release near-field photothermal energy could also be exploited 
to promote the photoacoustic effect for multimodal imaging. 
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Introduction  
Atherosclerosis is an inflammatory disease of the large arteries [1] that progresses silently over 

decades until it causes stroke and myocardial infarction. In order to prevent such late complications, an 
early and reliable diagnosis of atherosclerosis is clinically needed. Vascular cell adhesion molecule 1 
(VCAM-1) is expressed throughout the pathogenesis of atherosclerosis and promotes recruitment of 
monocytes to the vessel wall [2]. For this reason, non-invasive imaging of the expression of VCAM-1 
could be used for early detection and risk stratification. Contrast enhanced ultrasound molecular imaging 
(CEUMI) of VCAM-1 has been shown to be feasible in mouse models of atherosclerosis [3]. However, 
the ultrasound contrast agents that have been used so far have relied on biotin-streptavidin conjugation 
chemistry and full-size antibodies as targeting agents, which are expensive, potentially immunogenic and 
may have low targeting efficiency. For clinical translation there is thus a need for the development of 
ultrasound contrast agents that use smaller, easy to produce and highly specific ligands. Designed Ankyrin 
Repeat Proteins (DARPins) are multipurpose affinity reagents that have not just proven to recognize 
targets with exceptional specificity and selectivity, but that also may overcome the aforementioned 
limitations [4]. Therefore, our aim was to develop and characterize an ultrasound contrast agent carrying a 
DARPin ligand targeted to VCAM-1. 

Methods 
Selection: Ribosome display was used to select DARPin binders targeted against murine VCAM-1 [5]. 

Homogeneous time resolved fluorescence (HTRF) assays were performed to characterize the target 
binding properties of candidates [6]. To identify high-affinity binders, endothelial cells expressing 
VCAM-1 after TNF-alpha stimulation were incubated with crude DARPin extracts. Flow cytometry was 
employed to quantify attachment of individual DARPins to endothelial cells and the best candidates were 
purified and sequenced.  

Characterization: The monomeric state of the high affinity DARPins was verified by size exclusion 
chromatography (SEC). Microbubble (MB) ultrasound contrast agents were produced by sonication of a 
decafluorobutane-saturated aqueous solution containing 1,2-distearoyl-sn-glycero-3-phosphocholine 
(DSPC), polyoxyethylene (40) stearate (PEG40S) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
maleimide (DSPE-maleimide). DARPins were conjugated site-specifically via an engineered, unique 
Cysteine to the maleimide on the microbubble surface. Fluorescein-labeled DARPin was used to 
determine the amount of DARPin necessary to saturate the maleimide binding sites and to quantify the 
ligand density on the microbubble surface. The experiments were carried out in triplicates.  

Validation: Parallel plate flow chamber studies were conducted to examine the binding efficiency of 
microbubbles carrying the top DARPin candidates as determined on flow cytometry. Cell culture dishes 
with bEnd.3 mouse endothelial cells expressing VCAM-1 after TNF-alpha induction were placed in an 
inverted position on a microscope for video recording. Suspensions of fluorescently labeled MBDARPin 
and MBcontrol (3x106/ml) were drawn through the flow chamber at a flow rate resulting in calculated 
shear stress of 2 and 4 dynes/cm2. The number of microbubbles attached to the cells was counted for 20 
optical fields after five minutes of continuous flow. For in vivo assessment of attachment efficiency of 
microbubbles bearing DARPins targeted to VCAM-1, a mouse model of murine hind limb inflammation 
was used (n = 13). CEUMI of the hind limb was performed 4 h after intramuscular injection of tumor 
necrosis factor (TNF)–α (250 ng) [7] using power modulation and pulse inversion imaging at a centerline 
frequency of 7 MHz and mechanical index of 0.87. 
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Figure 1: Flow chamber validation: Retention of the 
microbubbles carrying a DARPin binder compared to 
control microbubbles (*p<0.05, **p<0.005, n=5-6 for 
each).  

Figure 2: CEUMI acoustic intensity of inflamed hind 
limb after injection of MBDARPin and MBcontrol (*p<0.05, 
**p<0.005, ***p<0.0005, n=13). 

Results 
Ribosome display yielded a large number of binders for VCAM-1 that were selected for further 

characterization. HTRF and flow cytometry on VCAM-1 expressing endothelial cells allowed to narrow 
down the number of candidate binders to six high affinity DARPins. All of the selected candidates were 
monomeric on SEC as well as monoclonal and unique as confirmed by DNA sequencing. Incubation of 
microbubbles with increasing concentrations of fluorescein labeled DARPin showed a saturation 
concentration of 120 µg per 1x108 microbubbles. The number of DARPins per microbubble was 
determined as 1.4x106 ± 7.9x105 and the number of DARPin molecules per µm2 as 1.5x105 ± 9.2x104.  
Flow chamber studies demonstrated selective retention of microbubbles carrying 1730-E12 DARPins 
compared to microbubbles carrying a non-specific control DARPin (2 dynes: 18±7 vs. 6±2 microbubbles 
per optical field, p<0.01, 4 dynes: 25±12 vs. 1±0.5), whereas the five remaining candidate binders tended 
to show increased retention, which was not significantly different from MBcontrol (Figure 1). In contrast 
to flow chamber studies, CEUMI of inflamed hind limb showed significant signal enhancement above 
control for 1732-F8 and 1730-C7 DARPin binders Figure 2). 
 

 
Conclusions 

We have developed and characterized six MB contrast agents, each carrying a different DARPin 
ligand for VCAM-1 using maleimide conjugation to the MB surface. While 1730-E12 showed selective 
adhesion to VCAM-1 in vitro on endothelial cells under flow conditions, this did not predict in vivo 
results. 1732-F8 and 1730-C7 showed increased retention in vivo and thus detection of VCAM-1 
expression in a hind limb inflammation model is possible using microbubbles carrying DARPin ligands.  
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Introduction 
Currently, ultrasound contrast agents (UCAs – also known as “microbubbles”) are thought of as 

single gas bubbles stabilized by a biocompatible shell with sizes ranging from 1-10 µm. We propose that 
the versatility of UCAs in contrast agent imaging and therapy can be improved through judicious design of 
the hierarchal structure. This study introduces a novel concept of physically cross-linking UCAs forming 
microbubble (MB) “clusters”. In contrast to traditional UCAs, microbubble clustering offers several 
unique advantages including more control over size, shell, and gas compositions that can be used to fine-
tune the acoustic response and generate novel responses in an ultrasound field. One of the most important 
challenges in developing cross-linked UCA clusters is controlling the aggregation process to produce 
cluster sizes viable for in vivo circulation and maintaining the stability of cluster after formulation.  In this 
study, we demonstrate that controlled aggregation of chemically cross-linked microbubble clusters 

(CCMCs) is feasible and can produce quasi-stable complexes 
that slowly fuse into bubbles with individual gas cores. 
Furthermore, we demonstrate that this process can be driven 
with low-intensity ultrasound pulses, enabling a rapid fusion of 
clusters in microseconds which could potentially be used to 
develop novel ultrasound contrast imaging and drug delivery 
strategies in future studies.  The development of novel 
microbubble clusters here presents a simple yet robust process 
for generating novel UCA’s with a design that will allow for 
more versatility in contrast-enhanced ultrasound (CEUS), 
molecular imaging, and drug delivery applications.    

Method 
In this study, we optimized the development of lipid-based 

microbubble clusters by mixing avidin-coated UCAs with a 
molar excess of biotinylated UCAs while varying injection 
speeds and molar ratios.  Flow cytometry and microscopy 
were used to demonstrate highly efficient cluster formation 
using fluorescently labelled microbubbles.  High speed 
ultrasound imaging in a custom flow through testing chamber 
was used to characterize the cluster response response 
following application of 2.25 MHz focused transducer 
(Olympus V303-FU, Waltham, MA) and broadband 
hydrophone (Sonic Concepts Y109, Seattle, WA).   

Results and Discussion 
In this study we demonstrate a rapid and facile means of increasing UCA sizes through chemical 

crosslinking.  By judiciously controlling the ratios of mixing of reactive bubbles, we demonstrate that 
CCMBs with median diameters of 3.4 µm (~2 fold increase in median diameter from unconjugated 
bubbles) can be generated, still small enough to be capable of circulating in vivo (<10μm in diameter).  
While the procedure in this study was optimized to minimize cluster sizes by over saturation of core 

Figure1. Microbubble Cluster Stability during 
US application.   Immediate microbubble 
fusion can be driven with low-intensity pulsed 
ultrasound application .  C) Avidin cross-
linked clusters are placed in a 200 um 
diameter capillary tube and imaged at 100 
frames per second to capture cluster 
formation before and immediately after a 
single low-intensity ultrasound pulse train is 
applied (100 kPa, 2.25 MHz, 5 pulses).  
Examples of 3 individual clusters fusing 
during ultrasound application is shown. 
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microbubbles that comprise the cluster, we expect that altering mixing ratios can be used to generate 
larger size clusters if desired.   

After formation, CCMBs will coalesce into individual bubbles in solution.  Our results indicate this 
phenomenon is due to Ostwald Ripening, wherin gas from smaller bubbles in the cluster will dissolve and 
redeposit into larger bubbles to lower the overall surface energy.  The kinetics of ripening are highly 
dependent on bubble concentration and sample polydispersity, however we are able to show almost 
complete fusion of CCMBs into individual bubbles at 72 hours using the mixing procedure outlined in the 
methodology.  Low-intensity ultrasound pulse trains applied to microbubble cluster (100 kPa, 2.25 MHz, 5 
pulses) showed rapid fusion into individual bubbles (Figure 1).   This rapid change in the hierarchal 
structure can potentially be exploited to develop novel contrast imaging and drug delivery strategies.  
 

Conclusion 
The goal of this project was to develop a simple method of controlled aggregation to produce stable 

microbubble clusters with size below 10 µm in diameter (sufficient to circulate in the body), which can be 
utilized for further studies.  In this study, optimize the formulation of microbubble “clusters” for 
biomedical applications using a controlled aggregation through avidin-biotin linkage interactions. 
Stoichiometric ratios of avidinated core MBs to biotinylated peripheral MBs were altered in order to 
maximize loading on core bubbles and minimize the size of the overall clusters. Flow cytometry and 
microscopy analysis were used to verify cluster formation and loading. The stability of clusters was 
evaluated over time, demonstrating a quasi-stability nature where clusters would preferentially fuse into 
larger single UCAs in 1-2 days.  Fusion of CCMCs could be accelerated using low-intensity application as 
well, a unique phenomenon that can be exploited to develop novel imaging and drug delivery strategies. 
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Introduction 
Microbubbles can be used for many applications such as contrast-enhanced ultrasound imaging, 

molecular imaging and enhanced drug delivery [1]. Single microbubble behavior is crucial and can for 
example make the difference between drug uptake or no effect at all. Previous work showed variability of 
the microbubble behavior in response to ultrasound of equal-sized lipid-coated microbubbles [2,3,4], 
challenging safe and controlled microbubble-mediated drug delivery. We hypothesize that this variability 
is caused by a heterogeneous lipid phase distribution of the microbubble coating. To test this, we aim to 
develop a new microbubble coating with miscible phospholipid components that are all in the same phase. 
Research on phospholipid monolayers has shown that cholesterol affects the lipid phase distribution [5]. 
Therefore we produced microbubbles with a cholesterol-containing phospholipid shell and studied the 
lipid phase distribution and ligand distribution using confocal microscopy. In addition we studied the 
microbubble response to ultrasound. 

Methods 
Phospholipid-coated microbubbles with a C4F10 gas core were made by sonication. The standard 

composition in mol% was: DSPC 59.4; PEG-40 stearate 35.7; DSPE-PEG(2000) 4.1; DSPE-PEG(2000)-
biotin 0.8. The ratio of these compounds was kept the same while different amounts of cholesterol were 
added (5-15 mol%). The effect of cholesterol on size distribution was studied using a Coulter Counter. 
The lipid phase distribution of the phospholipid-coating was studied using fluorescent dye Rhodamine-
DHPE (0.01-0.02 mol%) and the DSPE-PEG(2000)-biotin distribution (i.e. ligand distribution) was 
studied using fluorescent streptavidin-Oregon Green 488. High-axial-resolution 3D images were obtained 
with a 4Pi microscope. Finally, the Brandaris 128 ultra-high-speed camera was used to perform 
microbubble spectroscopy to assess the individual microbubble response to ultrasound (50 kPa, 1-4 MHz 
in steps of 200 kHz, single 8-cycle burst) [6]. Analyses of the Brandaris recordings including 
determination of resonance curves and eigenfrequencies (f0) were performed as described by van Rooij et 
al. [2] using MATLAB software and 3D visualisation was performed using AMIRA software. 

Results 
The mean size of the microbubbles decreased when more cholesterol was added to the coating (mean 

diameter 4.5 µm without cholesterol and 1.7 µm with 15% cholesterol). With 4Pi microscopy we observed 
a characteristic honeycomb structure in the lipid phase distribution of microbubbles without cholesterol 
(Fig. 1A). In microbubbles with 8% cholesterol the fluorescent dye Rhodamine-DHPE was distributed 
homogenously over the coating, indicating that all components were miscible and in the same phase (Fig. 
1B). The ligand on the outside of the coating was distributed homogenously for both the microbubbles 
with and without cholesterol. Microbubbles without (n=10) and with cholesterol (n=10, with 8% 
cholesterol) oscillated and showed resonance behavior.  From these resonance curves we determined the 
eigenfrequency f0 (Fig. 1C). We found a characteristic response to ultrasound for microbubbles with 8% 
cholesterol, comparable to the microbubbles without cholesterol. 
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Fig.1A+B) Lipid phase distribution in the coating of a DSPC-based microbubble (A) and DSPC-
cholesterol (8%) microbubble (B). Views extracted from a 3D acquisition using Rhodamine-DHPE as 
fluorescent dye. C) Eigenfrequencies (f0) as a function of initial diameter at 50 kPa peak negative pressure 
of DSPC-based and DSPC-cholesterol (8%) microbubbles. The eigenfrequency of an uncoated 
microbubble is shown by a dotted line. 

Conclusions 
We were able to produce DSPC-based microbubbles containing cholesterol. The lipids were phase 

separated in the coating of microbubbles without cholesterol, evident by a honeycomb pattern. Addition of 
cholesterol to the coating composition resulted in a decreased microbubble size and more homogenous 
lipid phase distribution in the coating. Cholesterol had no effect on the ligand distribution. DSPC-based 
microbubbles with 8% cholesterol responded to ultrasound in a similar way as our standard DSPC-based 
microbubbles without cholesterol. These new DSPC-based microbubbles with cholesterol are therefore a 
promising theranostic agent for molecular imaging and drug delivery. 
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Introduction 
Five-to-ten percent of bone fractures result in costly and debilitating conditions such as delayed or 

non-union, where the bone fails to heal properly [1]. Common therapeutic options include physical 
stimulation therapies (i.e. mechanical fixation, plaster casts and prostheses), and biological treatments (i.e. 
autograft, allograft and administration of hormones or protein) [2]. Common treatments are invasive and 
rely on the immobilisation of the fracture site and, notably, immobilisation leads to a decrease in patients' 
quality of life. Currently there is no clinically approved systemic therapy for their treatment. Systemic 
drugs may require high doses for therapeutic efficacy which could lead to possible off-target side-effects 
[3]. And therefore targeted delivery systems, such as ultrasound-responsive perfluorocarbon nanodroplets 
(NDs), may be of benefit in stimulation of bone formation in a non-invasive fashion.  

NDs can be loaded with drugs and release them upon exposure to ultrasound (US) waves. NDs are 
sufficiently small to extravasate and accumulate in a target tissue [4]. The MBs formed by ND 
vaporisation are highly echogenic; when stimulated with US they undergo volumetric oscillations, which 
can simultaneously release bioactive molecules and mechanically stimulate cells [5].  

The therapeutic efficacy of NDs is likely to be influenced by their dimensional properties and acoustic 
responsiveness at the fracture site. In this study, we tested the hypotheses that (i) different production 
methods and storage conditions can affect ND dimension, and (ii) NDs with different size display different 
acoustic behaviour in a fracture model.  

Methods 
Phospholipid-shelled NDs with a perfluoro-n-pentane (PFP) core stabilised by a layer of 

DSPC:PEG40S (9:1 molar ratio) were produced in phosphate buffered saline (PBS) by sonication, and 
their size was subsequently measured with a dynamic light scattering technique (DLS, Zetasizer Nano, 
Malvern Panalytical Ltd, Malvern, UK). The following parameters were varied to test the influence of 
production and storage conditions on ND size: PFP:PBS volume ratio (in the range 0.05:1 - 0.15:1, 
corresponding to concentrations of 50-150 μL/mL), intensity of sonication (in the range 24-72 W), 
sonication length (from 20 to 60 seconds), and storage temperature (either 4oC or 37oC). The effect of 
incorporating a lipophilic fluorophore (DiI, 1,1'-dioctadecyl-3,3,3',3'-tetra-methylindocarbocyanine 
perchlorate) was also investigated. Molar ratios of DSPC:PEG40S:Dil in the range 8.9:1.01:0.0025 - 
8.9:1.01:0.025 were tested.  

Two different experimental systems were developed to study the acoustic behaviour of NDs: (i) a 
microfluidic-based acoustic resonator (or acoustofluidic device), and (ii) a microscope-compatible water-
tank incorporating a passive cavitation detector (PCD). The acoustofluidic device acts as a resonant cavity, 
where an ultrasonic standing wave is established within its fluid layer; the device was used to assess 
whether NDs can phase-transition into microbubbles (MBs). It consists of a glass microcapillary with an 
elliptical cross-section (0.3 x 6 x 50 mm, thickness 0.3 mm, VitroCom, West Yorkshire, United Kingdom) 
coupled to a piezoelectric transducer with diameter of 10 mm and thickness of 1 mm (PZT26, Meggitt, 
Christchurch, Dorset, UK) and it can be primed with 100 μL of ND suspension. The water tank was 
designed to quantify cavitation activity of NDs upon US stimulation [6]. Both devices were designed 
using COMSOL Multiphysics (COMSOL Inc., Burlington, MA, USA) and tested in-vitro. Moreover, the 
water-tank apparatus allows investigating ND behaviour within physical models of bone fractures with 
different geometry. The bone was simulated using a material with comparable acoustic impedance (z = 
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5.41 x 106 kg/m2s, Sawbones, Washington, USA). Different fracture gaps (3.5-5.5 mm), thicknesses (2 
and 4 mm), and inclinations (45o and 90o) were evaluated. 

Results 
In a first series of experiments, the effect of changing the production conditions on ND size was 

evaluated. The size and size dispersity of NDs are important parameters, since they influence both their 
ability to extravasate and the response to US stimulation. A narrow size distribution is preferable, as it 
leads to a predictable and uniform acoustic behaviour [7]. By increasing the volume of PFP from 50 to 
150 μL/mL, ND diameter increased from 162.87 ± 49.42 to 308.17 ± 76.01 nm, as shown in Fig. 1A. An 
increase in sonication intensity from 48 to 72 W resulted in a decrease of ND diameter from 354.65 ± 
127.21 to 315.01 ± 100.56 nm. A sonication of 60 seconds considerably reduced ND size dispersity 
(diameter: 249.74 ± 9.67 nm). Finally, the addition of DiI at different molar ratios did not affect ND size. 
Importantly, NDs were stable at both 4oC (up to 6 days) and at 37oC (up to 110 minutes), as shown in Fig. 
1B; however, some evidence of ND-to-MB phase transition was observed after 40 minutes at 37oC. 
 

 
Figure 1: A) Diameter of NDs produced with different volumes of PFP in the range 50-150 μL/mL. By 

increasing the quantity of PFP, ND diameter increased from 162.87 ± 49.42 to 308.17 ± 76.01 nm (p < 0.0001). 
B) The graph shows that NDs are stable at 37oC. ND diameter was measured every 10 minutes for 110 

minutes. 
 

Using the acoustofluidic device, it was demonstrated that DSPC:PEG40s NDs transitioned into MBs 
upon acoustic stimulation (frequency = 1.75 MHz, driving voltage = 15 V), as shown in Fig. 2A and Fig. 
2B. Numerical simulations showed that it was possible to generate a uniform acoustic field at a target 
plane, within a compact apparatus designed to evaluate ND cavitation activity, as illustrated in Fig. 2C and 
Fig. 2D. The presence of a fracture model caused spatial perturbations to the acoustic pressure field, which 
depended on the geometrical characteristics of the fracture. Ongoing studies are investigating how these 
perturbations affect ND response. 

 

 
Figure 2: A,B) Microscope images showing phase transition of NDs to MBs, induced by an US 

stimulation of 10 seconds (frequency = 1.75 MHz, driving voltage = 15 V, continuous wave). C) Schematic of 
the microscope-compatible water-tank for stimulating NDs. D) Acoustic pressure field determined from 

numerical simulations. The setup allows the generation of relatively homogeneous US stimulation conditions 
at the target plane, and is designed to accommodate physical models of bone fractures.  
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Conclusions 
A protocol was established to produce DSPC:PEG40s NDs with clinically acceptable diameter and 

size dispersity. It involved the use of 100 μL/mL PFP, which was sonicated for 60 seconds with an 
intensity of 72 W. Moreover, experimental systems were developed to characterise NDs phase transition 
in-vitro, under well-defined acoustic stimulation regimes.  

Future work will focus on characterising the acoustic response of NDs within physical models of bone 
fractures. Further studies will also investigate the relationship between ND acoustic response and the 
release of biologically active compounds. 
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Introduction 
Acoustic droplet vaporization (ADV) is a phenomenon in which volatile microdroplets are phase-

changed into vapor bubbles by acoustic pulses. The ADV process receives increasing attention as a 
promising technique for medical diagnosis and therapy. For its practical applications, a fundamental 
understanding and prediction of the ADV process is essentially important. Despite a number of studies [1], 
a general predictive model for the ADV process has not yet been developed due to the difficulties in 
tracking the phase-change bubble interface motion occurring in a few microseconds. 

Methods 
In this work, we used the level-set (LS) interface tracking method which was modified to treat the 

droplet and bubble surfaces and to implement the matching conditions of velocity, stress and temperature 
at the interfaces by incorporating the ghost fluid and semi-implicit pressure correction methods [2].  

Results 
Computations were performed for the ADV process of a dodecafluoropentane (DDFP) droplet of 1μm 

radius immersed in liquid water at the human body temperature of 37℃. Initially, a spherical DDFP 
bubble of 0.1μm radius is assumed to form at the center of the droplet. If acoustis pulsing is not applied, 
the initial bubble having a temperature of 53℃, which is the saturation temperature corresponding to a 
pressure of 0.275Mpa evaluated from the Young-Laplace equation, shrinks due to the condensation heat 
transfer to the  ambient. We use the sine pulses of 0.5-4 MPa amplitudes and 1-12 MHz frequencies for 
acoustic initiation of droplet vaporization. The computations demonstrated the whole process of bubble 
growth including complete droplet vaporization and subsequent bubble expansion and shrink. 

The numerical results for the bubble growth near a wall showed that the oscillation amplitudes of the 
bubble pressure and radius as well as the droplet lifetime are little dependent on the existence of the wall, 
but the oscillation period greatly increases with the wall.  

Computations were also conducted for the ADV process in a tube. The numerical results showed that 
the bubble growth rate decreases as the tube radius decreases. The effects of acoustic parameters and flow 
velocity on the bubble growth in tubes with different radii were quantified.  

Conclusions 
The acoustic-driven vaporization of DDFP droplets near a wall was numerically investigated by 

employing the level-set method which was modified to track the multiple interfaces and to include the 
effects of liquid-vapor phase change and bubble compressibility. The numerical method was proved to be 
applicble to investigate the effects of acoustic parameters and tube conditions on the bubble growth in 
ADV.  
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Introduction 
Acoustic droplet vaporization (ADV) encounter more and more potential biomedical applications. 

Perfluorocarbon – composite or not – microdroplets are interesting candidates for such experimentations 
as these chemicals have low boiling points. Hingot et al. have recently shown that ADV could be achieved 
in a sub-wavelength region, [1] and that two release zones closer than the fourth of the wavelength can be 
separated with fluorescence imaging or using ultrafast ultrasound localization microscopy. In this study, 
the vaporization threshold of microdroplets is well defined in vitro. We thus wondered whether these 
droplets could be used as in vivo local pressure probes, which could be useful to determine reached 
pressure when realizing ultrasound therapy through a complex medium such as the skull. We therefore 
wondered whether the presence of absorbers would modify vaporization thresholds of previously 
described composite microdroplets [2] and we also realized early investigations about the influence of 
frequency on release pressure threshold. 

Methods 
Water in perfluorohexane in water micro-emulsions were prepared as previously described. [2] 

Paraffin-gels were made out of medium-density type paraffin-gel wax, and candle wax introduced in a 
range from 0% to 16% w/w. Approximately 107 composite droplets are injected in a cellular culture plate 
placed horizontally in a water-bath for acoustical coupling (Figure 1). The plate is observed through a 
macroscope (Leica, MZ10F) with an 8x magnification, and pictures are taken with a Single-Lens Reflex 
(SLR) camera (Canon EOS70D). This plate is also placed at the focal distance of a 128-elements linear 
array used at 5 MHz pulse frequency. The array is piloted by a programmable ultrasound scanner capable 
of ultrafast imaging, able to emit arbitrary pulses over the 128 channels and record echoes to achieve 
frame rates of several thousand per second. It is used to generate 2 μs focused pulses between 0.5 and 6 
MPa peak-negative pressure (PnP). Acoustic monitoring was achieved by emitting 10 and 200 plane-wave 
images (13 kHz frame rate) before and after pulses, which were then subtracted. For each paraffin gels 
added between droplets and transducer, the focused pulses intensity was incrementally increased until the 
droplet release was observed acoustically or optically. 

 

 
Figure1. Experimental set-up used for in vitro acoustic vaporization. 
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A hemispheric transducer (Imasonics) connected to an amplified function generator was also used to 
assess the influence of pulses frequency on vaporization threshold. The set-up remained the same, while 
the focused pulse properties were changed to 2.25 MHz. In this case, ADV was only observed through 
fluorescence microscopy, as ultrafast monitoring is not possible with this transducer.  

Peak negative pressure (PnP) at focal spot were evaluated in water using an interferometer described 
by C. Barrière et al.[3] It uses the phase modulation of a laser beam reflected on an 5 μm-thick optically 
reflective mylar membrane materializing moving particles. 

Results 
We measured the PnP obtained behind all gels using the interferometer (Figure 2 left), which allowed 

us to determine their attenuation coefficients (Figure 2 right). Conversely to what is expected, the fact that 
lower frequencies do not seem to be those for which we observe lowest attenuations is an artifact due to 
the inefficiency of the linear probe to emit pulses at 2.5 or 3 MHz. Similar measurements were realized 
with the hemispheric transducer at 2.25 MHz. 

Knowing the attenuation coefficients of our gels, we were then able to accurately determine the PnP 
vaporization threshold or composite microdroplets for all gels and for both linear array at 5 MHz and 
hemispheric transducer at 2.25 MHz (Figure 3).  

 
 

Figure 2. Left: PnP values at focal spot of linear transducer depending on wax percentage and pulse 
frequency. Right: attenuation coefficient of gels calculated from measured PnP. 
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Conclusions 
These results show that vaporization threshold does not depend on the presence of an absorbing 

medium between transducer and droplets. However, there is an important shift between both transducer, 
which may be explained by the strong influence of frequency on vaporization threshold.[4-6] The slight 
increase observed for 2.25 MHz experiments is the consequence of the non-linearity of the amplifier we 
used at highest voltages. Yet, potential aberration is not taken into account here, and may have a 
significative influence. Experiments with mice skull were also realized and we were able to compare its 
attenuation to formulated gels, as well as observe droplet vaporization through it. All these data suggest 
that ADV is a reliable phenomenon in well-defined situations. However, some conditions such as pulse 
frequency, droplet environment (e.g. blood vessel diameter), droplet composition or size may strongly 
impact ADV and it is important to decipher their influence prior to use them as therapeutic agents or 
pressure probes. 
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Introduction  
Despite showing promise, the sensitivity of contrast enhanced ultrasound (CEUS) for prostate cancer 

diagnosis is still limited [1]. The introduction of novel microbubbles (MBs) targeted to the vascualar 
endhotelial growth receptor factor 2 has opened new possibilites for molecular imaging of prostate cancer 
[2, 3]. However, the detection rate in a phase-0 clinical trial was still limited to 65% [2]. More effective 
contrast agents are needed to improve diagnostic accuracy. Recently, ultrasound nanobubbles (NBs) are 
emerging as promising agents for improved cancer diagnostics and therapy [4]. Thanks to their reduced 
diameter, which is about 10 times smaller than MBs, they can cross the vascular endhotelium, providing 
greater possibilities for targeted imaging and therapy, including targets no longer limited to the vessel 
wall. In this context, a long-circulating NB targeted to the prostate-specific membrane antigent (PSMA) 
was recently developed, showing promise for selective accumulation in tumors expressing PSMA [5].  In 
this work, we propose pharmacokinetic modeling of the kinetics of PSMA-targeted NBs by the simplified 
reference tissue model [6, 7]. While this model has been originially developed for receptor kinetic studies 
in nuclear medicine, it is here adapted for CEUS, enabling quantitative assessment of PSMA expression 
by estimation of the binding potential BP. The model is validated by comparing the estimated binding 
parameter obtained for three different US contrast agents (conventional MBs, non-targeted NBs, and 
PSMA-targeted NBs) in a dual tumor mouse model, carrying a PSMA-positive tumor in one flank, and a 
PSMA-negative tumor in the other flank. 

Methods 
Pharmacokinetic modeling 
PSMA-targeted NBs can cross the vascular endhotelium and distribute into tissue, especially in case of 

enhanced vascular permeability (e.g., angiogenic tumor vasculature). Moreover, they may also attach to 
the membrane of cells expressing PSMA. The kinetics of PSMA-targeted NBs may thus be desrcibed by a 
pharmacokinetic model with three compartments: the plasma compartment, the “free” tissue compartment, 
where no specific NB binding occurs, and the “bound” tissue compartment, where specific NB binding 
may occur. When a reference tissue is also considered, i.e., a tissue without specific binding, the kinetics 
of targeted-NB can be described by the following differential equations 
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where Cp(t), Cf(t), Cb(t), and Cr(t) are the concentrations of NBs in the plasma, free, bound, and reference 
tissue compartments, respectively; K1 (ml · ml-1 · min-1) is the rate constant for transfer from plasma to 
free compartment; k2 is the rate constant for transfer from free to plasma compartment (min-1); k3 is the 
rate constant for transfer from free to bound compartment (min-1); k4 is the rate constant for transfer from 
bound to free compartment; K’1 is the rate constant for transfer from plasma to reference compartment (ml 
· ml-1 · min-1); k’2 is the rate constant for transfer from reference to plasma compartment (min-1). When the 
kinetics in the target region are difficult to distinguish between the free and bound compartments, the 
system of equation in (1) can be simplified by replacing the second and third equations by 

   (2) 
 

where Ct(t) is the NB concentration in the target tissue, and k2a (min-1) is the apparent (overall) rate 
constant for transfer from target compartment to plasma, for which the following relationship should hold 
 

   (3) 
 

with BP being the binding potential defined as BP= k3/k4. If the NB concentration in the target and 
reference tissues can be measured, defining the ratio R1= K1/K’

1, the solution of the simplified reference 
tissue model can be obtained as  
 

   (4) 
 

where It(t)=G∙Ct(t) and Ir(t)=G∙Cr(t) are the linearized acoustic intensity over time in the target and 
reference tissues, respectively, and G is a multiplicative constant. In fact, although in practice the 
concentrations Ct(t) and Cr(t) are not available, a linear relationship between the acoustic intensity and the 
contrast concentration can be assumed, provided that time-intensity curves (TICs) obtained from CEUS 
loops are properly linearized [7]. 
 
Contrast ultrasound imaging on tumor models 

A dual tumor mouse model was obtained by subcutaneous implantation of PSMA-positive PC3pip 
cells in one flank of a mouse, and PSMA-negative PC3flu cells in the other flank. The animal was handled 
according to a protocol approved by the Institutional Animal Care and Use Committee (IACUC) at Case 
Western Reserve University. Once the tumor diameter reached ~0.8 cm, the animal underwent a CEUS 
exam by injection of a 200-µL bolus of either non-targeted NBs or PSMA-targeted NBs, which were 
prepared according to [5]. Imaging was performed with a Toshiba US scanner (AplioXG SSA-790A, 
Toshiba Medical Imaging Systems, Otawara-Shi, Japan) equipped with a PLT-1204BT probe working at 
12 MHz  (MI, 0.1; dynamic range, 65dB; gain, 70dB; imaging frame rate, 0.2 frames/s), which was placed 
so as to visualize both tumors in the same field of view. After 30 min, repeated high-intensity flashes were 
applied to destroy any residual NB, and the other agent (non-targeted NBs or PSMA-targeted NBs) was 
administered with the same protocol. Finally, the mouse received a 200-µL bolus of Lumason (Bracco 
Diagnostics Inc, Plan-les-Ouates, Switzerland) and scanning was repeated as above. 

Regions of interest (ROIs) were drawn on both PSMA-positive and PSMA-negative tumors, and TICs 
for each ROI were collected and linearized. For each contrast agent, the binding potential BP was 
estimated by fitting the linearized TIC from the target tissue (PSMA-positive ROI) by equation (4), using 
for the reference tissue the TIC obtained from the PSMA-negative ROI. Non-linear curve fitting was 
performed by the Trust-region reflective algorithm, constraining the parameters between 10-5 and 5, and 
repeated 50 times. For each repetition, 100 random initializations of the fitting parameters were tried, and 
the estimated parameters providing the minimum squared error were selected. 
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Results 
The boxplot in Fig.1 shows the estimted BP for the three different US contrast agents over 50 

repetions of the fitting procedure. The estimated BP was nearly zero for conventional MBs, while the 
highest value was obtained for PMSA-targeted NBs. Examples of TICs obtained for the three different 
contrast agents in the reference and target tissues, together with corresponding model fits are shown in 
Fig. 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Fig.  1 Estimated BP for Lumason, Non-targeted NB, and 
PSMA-targeted NB in a PSMA-positive tumor. 

Fig.  2 Examples of TICs extracted from the reference tissue (PSMA-negative ROI) and target tissue 
(PSMA-positive ROI), together with corresponding model fit of the target TIC. 
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Conclusions 
In this work, pharmacokinetic analysis of targeted-NBs was performed by the simplified reference 

tissue model. The binding potential BP was estimated for quantitative assessment of PSMA expression in 
a PSMA-positive tumor model. As expcted, the estimated BP was nearly zero for conventional MBs, 
which cannot cross the vascular endhotelium and thus cannot reach the binding target (cell membrane). 
The highest BP was obtained for PSMA-targeted NBs, suggesting that these NBs are able to reach and 
bind to the target. Although a non-zero BP value was also obtained for non-targeted NBs, it should be 
noted that BP=k3/k4, and thus reflects both binding (k3) and unbinding (k4). This suggests that non-specific 
binding may still occur for non-targeted NBs. To conclude, pharmacokinetic analysis of the kinetics of 
PSMA-targeted NBs by the simplified reference tissue model is feasible. The binding potential BP may 
represent a promising parameter for quantitative assessment of PSMA expression in prostate tumors. 
However, the proposed method requires the presence of a reference tissue in the field of fiew. In the 
future, alternative pharmacokinetic models could be investigated that include modeling of the contrast 
plasma concentration, similar to [3], permitting additional assessment of the vascular compartment, and 
avoiding the need to measure the concentration in the reference tissue. 
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Introduction 
Many in vitro and in vivo ultrasound applications rely on cavitation effects. Thus the localisation of 

cavitation activity can provide significant benefit in assessing treated versus untreated regions. In addition, 
accurate localisation of cavitation could provide information on nuclei distribution within an area, which 
may prove useful for diagnostic applications such as tumour vessel imaging. Presently, the most advanced 
method of monitoring cavitation during therapy is Passive Acoustic Mapping (PAM), which relies on 
conventional or adaptive beamforming, and aims to display the total cavitation energy in a spatial region 
[1,2]. For a single linear ultrasound array at a typical distance of 70 mm from a target, the spatial 
resolution of a real-time adaptive PAM algorithm is approximately 0.5 x 5 mm. Although PAM provides a 
useful indication of cavitation activity, some in vitro and in vivo applications have smaller length scales 
and require precise localisation of cavitation events rather than assessment of total cavitation energy in a 
large region. Recently, super-resolution imaging techniques for both active and passive source mapping 
have been developed for use in these situations, however these approaches assume the presence of a single 
acoustic source within the Point Spread Function of the system [3,4]. In reality, multiple sources may be 
present, for example, when high concentrations of cavitation nuclei are used. 

 

Methods 
Here we present a two-step approach to separate and localise multiple simultaneous cavitation events, 

and we verify the technique through simulation and experiment. In the proposed algorithm, we first use a 
method known as Independent Component Analysis (ICA) to reconstruct the signals generated by 
individual cavitation events using higher-order statistical methods [5]. ICA treats each element in the 
central part of the array as an individual receiver that records a linear mix of signals generated from 
separate cavitation sources, called Independent Components (ICs). The second part of the algorithm 
estimates source location for each IC using a Time-Difference-of-Arrival method of Acoustic Source 
Localisation (ASL). Time delays for each IC on every element of the array are determined using a 
generalised cross-correlation approach, and ASL is performed by fitting a polynomial to the delays. 

We evaluate the new IC-ASL cavitation localization algorithm for a variety of situations using both 
simulated and experimental data. For experiments, either a 3% agarose gel phantom, or flow channels 
containing Sonovue® (Bracco) microbubbles, were placed at the focus of a single HIFU transducer. Short 
pulses of 5 to 100 cycles at 0.5 MHz with peak rarefactional pressures in the range 0 – 3 MPa were used to 
cause cavitation in the phantom or flow channels. For cavitation monitoring, received signal data was 
passively recorded on two perpendicular linear arays which, when combined, enable high-resolution PAM 
imaging of cavitation with a resolution of 0.4 mm at a distance of 70 mm from the array. These high 
resolution PAM images were used to verify the cavitation source locations predicted by the novel 
cavitation localization method. 

 

Results 
In a clinical context, it is typically only possible to use a single array for cavitation monitoring due to 

limited acoustic access. An example result from experimental data, using an agarose gel phantom excited 
by 0.5 MHz utlrasound at approximately 72 mm from the array is shown in Figure 1. PAM reconstruction 
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of the broadband acoustic emissions detected by only one of the two arrays often produced a single, 
elongated region of cavitation activity. By contrast, the IC-ASL cavitation localization method was able to 
distinguish mutliple cavitation events within the central 1.5 x 1.5 mm area of the PAM cavitation map 
produced using a single array. These distinct cavitation events were typically less than 1 mm apart, and 
coincided to within 0.5 mm of the location of cavitation events seen on PAM maps produced using two 
orthogonal arrays.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Normalised PAM images created with data from a single probe (left), and dual probes 

(right). Red stars indicate the output of the BSS-ASL algorithm created using data from a single probe 
(Probe 1). 

 
 

Conclusions 
The proposed method combining Independent Component Analysis with Acoustic Source Localization 

has significant potential to improve the accuracy of cavitation localisation for in vitro and in vivo work, 
especially in the clinically relevant case where it is only possible to use a single array for cavitation 
mapping. Further work is necessary to assess system performance limits and to validate the proposed 
technique in vivo. 
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Introduction 
Ultrasound-induced cavitation can significantly enhance drug delivery for brain, cardiovascular, 

oncological, transdermal, and intracellular applications, but can also generate potentially adverse 
bioeffects that need to be monitored to ensure treatment safety.  Previous work using passive cavitation 
detectors has shown correlations between the cavitation dose and cellular and vascular damage, including 
haemolysis [1,2]. However, this monitoring is limited to the confocal region between the single-element 
passive cavitation detector and the therapeutic ultrasound field. More recently, Passive Acoustic Mapping 
(PAM) using multi-element arrays has proven to be effective at determining the location and extent of 
cavitation activity both in vitro [3] and in vivo [4,5].  However, while PAM is capable of producing an 
estimate of the cavitation energy produced by an acoustic source [6], the relationships between the source 
strength predicted by PAM and cellular bioeffects have not been previously investigated.  In this work, the 
unique opportunity provided by PAM to quantify cavitation dose across an entire volume of interest 
during therapy is utilised to provide set-up independent measures of spatially localised cavitation dose. 
This spatiotemporally quantifiable cavitation dose is then related to the level of cellular damage occurring 
within an ultrasound field under a range of exposure and cavitation nucleation conditions. 

Methods  
A summary of the experimental set-up is provided in figure 1.  Eppendorf tubes containing samples of 

0.5 ml of freshly harvested horse blood of physiological haematocrit were mixed with one of two different 
types of cavitation agent (SonoVue® microbubbles or gas-stabilizing sub-micron solid particles [7]) and 
placed at the focus of a 0.5 MHz therapeutic transducer. Two perpendicular and co-planar L7-4 linear 
arrays were used to simultaneously and passively capture acoustic emissions from cavitation to achieve a 
PAM resolution of 0.4 mm in both the lateral and axial directions.  The samples were then exposed to 
peak rarefactional pressures in the range of 0-2 MPa, using pulse durations in the range of 50-50,000 
cycles with duty cycles in the range 1-5% duty cycle which have been previously shown to be effective for 
drug delivery [8]. Due to the different combinations of cavitation nucleation agent, exposure parameters 
and location within the therapeutic ultrasound field, different levels of cavitation are generated within each 
Eppendorf tube, which can be spatio-temporally monitored in real time using PAM. The cumulative 
cavitation dose observed within each sample over the duration of the exposure can subsequently be 
correlated to the level of haemolysis, characterized by 541 nm light absorption in plasma-free 
haemoglobin following sample centrifugation. 
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Figure 1: Experimental methods 

Results 
In the absence of PAM information, with increasing pressure and duty cycle, increasing levels of 

haemolysis in the range 0-45% were observed, but the level of haemolysis differs for a given set of 
exposure conditions across cavitation nucleation agents. PAM maps could also be used in the absence of 
haemolysis information to quantify the cavitation dose within each sample, demonstrating increasing 
levels of cavitation with increasing pressure and duty cycle. The PAM-derived cavitation dose was found 
to correlate strongly with the level of haemolysis, irrespective of the exposure conditions or cavitation 
nucleation agent used.  

Conclusions 
Initial evidence in anuclear erythrocytes suggests that the cavitation dose predicted by PAM provides a 

good predictor of cellular damage irrespective of the ultrasound parameters or the cavitation nucleation 
agent being used.  Subject to future work validating this finding in both nuclear cell lines and cells 
embedded within a viscoelastic media, PAM could become an essential tool for ascertaining the safety of 
cavitation-enhanced treatments in real time. 
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Introduction 
Ultrasound-mediated Targeted Drug Delivery (UmTDD) is a rapidly advancing field with great 

potential for localised treatment of many diseases. Microbubbles (µBs) are used as the target objects and 
are ensonified to oscillate and produce bioeffects. Even though physics of µB oscillations have been 
thoroughly studied [1-3], the impact of confinement within microvessels on their behaviour is non-trivial 
[2,3]. 

The size of gas-filled micro-bubble contrast agents has both an impact on bubble distributions within 
the body and dictates the resonance frequency when driven acoustically. Upon exposure to low-amplitude 
acoustic fields, µBs are known to spherically oscillate at small amplitudes. As oscillations increase in 
amplitude, approximation of expansion as being symmetric becomes increasingly inaccurate, eventually 
leading to µB rupture at sufficiently large peak negative pressures. This ability to selectively direct or 
amplify acoustic energy through µB oscillation is the basis for their use in localised therapeutic 
applications. 

Understanding the existence and extent of µB-cell interaction becomes a determining factor within the 
complex microvasculature-fluid system. Thus, it becomes essential to better understand the influence of 
small blood vessels on µB flow and oscillation under a driving acoustic field in order to exploit UmTDD 
as a clinically applicable technology. 

It is well known that real physical systems at equilibrium become nonlinear when driven at large 
amplitudes, which has consequences on the effective resonance frequency of the system. Changes in 
external acoustic pressure will create µB resonance frequency shifts, having a direct effect on their 
oscillation amplitude. Hence, these effects must be taken into account experimentally when studying 
UmTDD applicability. Furthermore, µBs enclosed within capillary networks suffer an extra degree of 
hydrostatic and mechanical damping due to confinement and vessel-wall effects respectively which lead to 
a shift in their resonance frequency, invalidating the assumption of using the Minnaert frequency during 
these treatments. In addition, the continuous interaction with the capillary wall will produce a further shift 
of the resonance frequency, as high- and low-pressure regions are created around the µB. 

In this work, we study how the resonance frequency of contrast agent µBs is modified as a function of 
two key parameters: relative radius between capillary and µB, and µB proximity to the vessel wall. We 
use acoustic-pressure amplitude values relevant for UmTDD treatments, which have been reported to be 
from hundreds of kPa to a few MPa [4,5], to ensure we are operating in a regime of maximised µB 
oscillation. The obtained results help us to better understand the key parameters influencing UmTDD 
efficiency and allow us to develop a platform in which we can directly study key parameters related to its 
efficacy and potential. 

Methods 
Micro-bubble oscillation is modelled using two-phase flow in the finite element analysis (FEA) 

software COMSOL Multiphysics©. We theoretically assess the resonance frequency shift µBs undergo 
within blood capillaries and how it is influenced by µB position and size relative to blood capillary 
diameter. These studies included µB radii from 0.5 to 4 µm within 5 µm radius capillaries. Before 
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studying the influence of µB relative size and position, µB behaviour in an infinite fluid domain was 
studied and validated against Rayleigh-Plesset behaviour. 

 

Results 
FEA COMSOL simulation has proven to be a good tool to obtain an approximate behaviour of µBs 

when confined within blood vessels. Prior to the study, the µBs were checked to follow the ideal gas law, 
as well as the Rayleigh-Plesset behaviour when acoustically driven in an infinite volume of fluid. These 
two previous studies were run to ensure data reliability (Fig. 1) and validated the use of a 2D system to 
optimize computation time while keeping data accuracy.  

Confined µBs suffer a non-negligible decrease of their resonance frequency when compared with their 
correpsonding Minnaert frequencies (Fig. 2). However, when the confinement effects are insignificant, 
µBs re-gain their Minnaert frequency. This resonance frequency shift is due to an increase in the damping 
of the system, as both the surrounding fluid and the solid vessel wall contribute to it. This result could be 
hugely beneficial for the development of UmTDD technology for medical applications, as resonance 
freqeuncy shifts up to 44.2%, suggest that a greater response of the µBs would occur at its confined 
resonance frequency than at their Minnaert frequency. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 1: Data validation. (a) shows the comparison between COMSOL results obtained from 3D geometries and the 
results obtained from solving the Rayleigh-Plesset equation. (b) Shows a comparison between COMSOL results 
obtained from simulations using 3D and 2D-axisymmetric geometries. 

Fig. 2: Comparison between the resonance frequency of micro-bubbles when surrounded by an infinite volume of 
liquid (Minnaert frequency, as shown by the empty squares connected with a red-dashed line) and when confined 
within a blood vessel. When a 1 µm radius bubble is confined within a large enough vessel, the Minnaert frequency is 
recovered. As the bubble becomes highly confined, deviation from the Minnaert frequency becomes larger. 
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Proximity of the µBs to the vessel wall was studied in COMSOL to see how the different positions can 
influence the resonance frequency of the system (Fig. 3, where 0 represents the centre of the vessel). From 
Fig. 3 it can be observed that as µB size increases, the resonance frequency shift decreases. Our resonance 
frequency study is limited to µB oscillations no larger than the internal diameter of the vessel, which was 
observed to take place from 2.5 µm radius bubbles upward. Hence, for radii above this value, a proper 
study of the resonance frequency of the system cannot be performed as oscillation amplitude exceeds the 
confinement of the vessel. It can be further observed from Fig. 3 that the maximum frequency shift as a 
function of µB position is of 120 kHz. 

 
 
 
 
 
 
 
 
 
 
 

 

Conclusions 
In this work, we show that µB confinement and proximity to vessel wall are key factors to take into 

consideration to develop UmTDD protocols, as they have both been observed have an effect on the 
resonance frequency of the system. We have proved that simulation using COMSOL is an appropriate tool 
as it provides good agreement between theoretical and simulated results. Whereas confinement effects 
have been observed to produce a dramatic shift of the resonance frequency of the system (44% shift with 
respect to Minnaert frequency), proximity to vessel wall was observed to produce maximum frequency 
shifts of 120 kHz (representing maximum shifts of an 8.22%), becoming unimportant for UmTDD given 
the wide bandwidth of the used transducers. 

The next step is to experimentally validate these results by using 3D-printed micro-channels using 
tissue-mimicking materials. These will be filled with blood-mimicking fluid altogether with 2-8 µm µBs, 
and the full system will be acoustically stimulated using several ultasonic frequencies that will allow 
determining the resonance frequency of the system by recording the µBs oscillation using high-speed 
camera technology and by adequately treating the obtained data.  
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Fig. 3: Resonance frequency shift for different micro-bubble sizes as they approach the vessel wall. Their resonance 
frequency has been normalised to their resonance frequency when placed at the centre of the vessel (fc). 
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Introduction  
 Ultrasound-mediated drug delivery using microbubbles is a promising drug delivery technique 

that can lead to enhanced local therapeutic effect or macromolecule transport. The therapeutic mechanism 
is thought to be a result of cavitation events in the site of interest [1]. Depending on the desired therapeutic 
outcome, different types of cavitation activity, stable or inertial, may be preferred [2]. Therefore, there is a 
need for real-time monitoring of cavitation activity during therapy. Currently, most passive cavitation 
detection schemes are done with single element transducers [3,4], which do not have the ability to 
spatially localize the source of cavitation events, or with research scanners [5,6] that do not have the 
computational efficiency to perform cavitation detection in real time. Our hypothesis is that we can 
manipulate clinical systems to monitor microbubble cavitation activity during therapeutic pulse sequences 
in real-time. 

Methods 

Experimental Setup 
A single element focused transducer (diameter = 50 mm, focal distance = 50 mm, frequency = 1.1 

MHz) was used as the source of cavitation excitation. A Philips EpiQ (C5-1 transducer) was modified to 
listen to cavitation activity. Microbubbles were supplied with a peristaltic pump through silicon tubing 
(outer diameter = 9.5 mm). The center of the tube was placed at the focus of the transducer, such that 
microbubbles flowed left to right. The curvilinear array was placed 3.5 cm away and 90 degrees from the 
length of the tubing such that the cross section of the tube appeared as a circle when using standard B-
mode imaging. This is shown more clearly in Fig. 1. 

 
Figure 1: (a) Experimental setup for imaging cavitation activity. (b) Schematic of setup with defined distances and 
sector width. 

Triggering and Synchronization 
Transmission from the single element transducer was synchronized with the imaging system such that 

a single pulse would be sent for each frame. The imaging system was reduced to a sector width of 45 lines, 
each with an average PRF of 9.1 kHz (or 110 μs per line). The frame rate was 201 Hz, meaning that it took 
5 ms to create each frame. Image formation was internally triggered once per second, meaning that while 
each frame took only 5 ms to make, the system paused for 1 second before continuing to make another 
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frame. Pulses were delayed so that they arrived in the center of the sector width. This was done according 
to Equation 1, where FR is the frame rate of the imaging system (201 Hz), Ncyc is the number of cycles per 
pulse, and freq is the driving frequency of the single element transducer (1.1 MHz). This process is shown 
in Fig. 2a. 

trigger delay= 
1

FR
2

- 1
2

*Ncyc*freq  (1) 

 
Figure 2: (a) Frame and pulse synchronization. The pulse is sent such that it appears in the center of the frame as 
described in Equation 1. (b) Schematic of how pulse cycle length compares with the number of lines that 
microbubble activity appears in. This sector width is further described in Equation 2. 

Transmit and Receive Parameters 
Transmit parameters for the transducer inducing cavitation were: pressure (0.4 and 4 MPa) and cycles 

(10, 100, 1000, 2500). Image settings for the clinical scanner were: frame rate (201 Hz), conventional 
(fundamental) imaging at 3.7 MHz (Gen), line PRF was 9.1 kHz. The scanner was set to 0 volts transmit 
and was thus operated as a “true” passive cavitation detector (PCD) but it still performed signal 
acquisition line-by-line. We will refer to this mode as cavitation imaging. 

Image Collection 
Image loops were acquired for all tested parameters. Image loops were analyzed in QLAB (Philips 

Medical Systems, Bothell, WA). The first frame that sound appeared was isolated. Gain was appropriately 
thresholded and remained consistent between all conditions.  

Results 
Figure 3a shows the position of the tube with and without microbubbles in relation to the sector width 

with conventional low MI imaging. Figure 3b shows the frames taken from a 4 MPa pulse with 10, 100, 
1000, and 2500 cycles, with cavitation imaging (C5-1 only receiving sound).  
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Figure 3: (a) Image of tube using conventional B-mode low MI fundamental imaging with and without 
microbubbles. (b) Isolated frames from 4 MPa transmit pulses with 10, 100, 1000, and 2500 cycles, recorded with 
cavitation imaging. As seen, the sector width increases with increasing numbers of cycles. 

Increasing the number of cycles increases the number of lines that see bubble activity. This is related 
to both the imaging frame rate and the pulse duration. This is further justified in Equation 2, where linesMB 
is the number of lines that receive microbubble signal, pulse duration is the time duration of the pulse 
(equal to Ncyc divided by freq), and line duration is the time per line (equal to 1 over the PRF, or 110 us).  

linesMB=roundup( pulse duration
line duration

) (2) 

From eq. (2) we calculate the number of lines that see bubble signal for 10, 100, and 1000, and 2500 
cycles to be 1, 1, 9, and 21, respectively as seen in Fig. 2b.  

When comparing the cavitation images produced with 0.4 and 4 MPa we can identify the type of 
cavitation: inertial versus stable by the image intensity. A more elegant way to classify cavitation is by 
frequency analysis of the collected RF data. We are currently changing the receive algorithm of the 
scanner in order to display cavitation classification easily.  

Conclusions 
We have developed a way to use a clinical scanner to passively receive ultrasound scattering from 

microbubbles by using synchronized frame-triggering techniques. This allows for real-time observation of 
bubble activity during a treatment that produces cavitation. The frequency bandwidth of imaging systems 
can be tuned to allow for direct observation of specific harmonic components, such as sub- and ultra-
harmonics, or broadband frequencies in order to classify cavitation. Real-time qualitative classification of 
cavitation activity can easily be implemented in the clinic. 
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Introduction  
Microbubbles experience a translational force in the direction of propagation of an ultrasound wave. It 

has previously been demonstrated that this can be used to induce measurable deformations of soft 
hydrogels using large, dilute bubble populations in large diameter channels [1][2]. This study aims to 
investigate whether significant, reversible displacements can be induced by a single microbubble in 
capillary-like microenvironments under safe ultrasound parameters. Being able to precisely and 
controllably deform blood vessels using individual bubbles may allow us to improve microbubble 
therapies by better understanding microbubble-tissue interactions. This technique may also have other 
applications, such as deriving tissue elasticity values at super-resolution, and precise stimulation of 
mechanotransduction pathways [3]. 

 
Methods 

We made 10±5μm and 25±10μm diameter wall-less channels in soft polyacrylamide gels with 
Young’s modulus measured at 1.2±0.5kPa (rheometer: 1Hz and shear strains of 0.1-10%). The gels were 
formed around thin metal wires threaded between two hypodermic needles, which were then removed 
after the gel had set. These channels are comparable in size to typical capillaries, which have a diameter 
around 5-10μm [3][4], and have comparable elasticity to soft tissue [6]. In-house manufactured 
microbubbles [1] were then introduced to the channel. Bubble dynamics were observed using a high-speed 
camera (Photron SA5, connected to an Olympus microscope) at up to 30,000fps, and 40x magnification. A 
1MHz focused transducer (Olympus) was used at Peak Rarefactional Pressure (PRP) between 25 and 
400kPa. Pulse lengths tested were between 1000 and 50000 cycles. 

Results 
Several bubbles were observed to reversibly deform the gel by up to 11μm (examples in Fig. 1&2). 

The largest deformations were observed with bubbles of diameter around 3-5μm. Bubbles returned to their 
initial positions after sonication, indicating elastic gel deformation. These deformations were observed at 
pressures as low as 170kPa, and always less than 400kPa (MI <0.4), which are deemed to be safe for 
imaging[7]. 

 
Conclusions 

We have shown that single microbubbles are capable of generating reversible deformations of up to 
11μm in soft tissue-mimicking hydrogels under safe ultrasound parameters. Further data will be acquired 
to better understand the relationship between induced deformations and parameters such as bubble size, 
gel stiffness, and ultrasound frequency. Ongoing work involving in vitro live rat brain slices will 
investigate whether similar results can be obtained in real tissue, and to investigate several biological 
effects, such as stimulation of astrocyte mechanotransduction pathways. 
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Figure 1: Microbubbles deforming a material from within a 15µm diameter channel. Microbubbles were 
administered into a wall-less 15-µm-in-diameter channel and then sonicated with a 2-ms pulse (PRP=270kPa, 
f0=1MHz). The microbubbles moved from their original position (green, t=0ms), against the issue wall (red, t=2ms), 
and back to its original position. The bubbles’ diameters (small arrows, top to bottom) were 4.0, 4.6, and 3.7±0.5μm. 
Dotted lines indicate the channel edges. Graph shows displacement of each bubble from its initial position during and 
after sonication, showing a return to its initial position. Blue line on graph = top bubble on image; Red = middle; Yellow 
= bottom. Shaded region indicates period of sonication 
 

Figure 2: Microbubble displacement. Image: Blue (before) = 0ms; Red (Max): 20ms; Yellow (after) = 25ms. 
Parameters: 20ms pulse; 1MHz; PRP = 170kPa; Channel size: 33±4μm; bubble diameters: 2.3±1μm (top bubble in 
image, blue line on graph), 3.2±1μm (bottom in image, red line on graph).  
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Introduction  
Encapsulated microbubbles (EMBs) are widely used to enhance contrast in ultrasound sonography and 

are finding increasing use in biomedical therapies such as drug/gene delivery and tissue ablation. EMBs 
consist of a gas core surrounded by a stabilizing shell made of various materials, including polymers, 
lipids and proteins. We propose a novel model for a spherical EMB that utilizes a statistically-based 
continuum theory based on transient networks to simulate the encapsulating material. The use of transient 
network theory provides a general framework that allows a variety of viscoelastic shell materials to be 
modeled, including purely elastic solids or viscous fluids. This approach permits macroscopic continuum 
quantities – such as stress, elastic energy and entropy – to be calculated locally based on the network 
configuration at a given location. The model requires a minimum number of parameters that include the 
concentration of network elements, and the rates of attachment and detachment of the elements to and 
from the network. Using measured properties for a phospholipid bilayer, the model closely reproduces the 
experimentally-measured radial response of an ultrasonically-driven, lipid-coated microbubble. The model 
can be readily extended to large nonspherical EMB deformations, which are important in many 
biomedical applications.  

Methods 
We consider a spherical, encapsulated gas bubble of instantaneous radius, 𝐶𝐶, which is suspended in an 

infinite, incompressible, Newtonian liquid. Due to the encapsulation, we neglect the presence of vapor in 
the interior and treat it as adiabatic. We assume spherical symmetry and use spherical polar coordinates 
(𝑟𝑟,𝜃𝜃,𝜙𝜙) to denote position. If we further assume the shell thickness, 𝑑𝑑𝑠𝑠, is small compared to the bubble 
radius (i.e., 𝑑𝑑𝑠𝑠 ≪ 𝐶𝐶), the gas density is negligible, and that the shell density and liquid density are 
comparable, then conservation of momentum in the radial direction yields [1], 
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2
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where 𝜌𝜌𝑙𝑙 is the liquid density, 𝜇𝜇𝑙𝑙 is the liquid viscosity, 𝛾𝛾 is the surface tension, 𝜅𝜅 is the ratio of specific 
heats, 𝐶𝐶0 is the initial radius, �̇�𝐶 is the radial velocity, �̈�𝐶 is the radial acceleration, 𝑡𝑡 is time, 𝑝𝑝0 is the 
hydrostatic pressure of the surrounding liquid, 𝑝𝑝𝑎𝑎𝑎𝑎(𝑡𝑡) is the applied acoustic pressure, and 𝜎𝜎𝑟𝑟𝑟𝑟 is the  
radial component of the stress tensor in the shell. 
 In this study, we present a new approach to model the viscoelastic mechanical properties of the 
bubble encapsulation by utilizing transient network theory (TNT) based on the work of Vernerey et al. [2]. 
The theory considers the shell material as an active network of interconnected elements that attach and 
detach at nodes with rates 𝑘𝑘𝑎𝑎 and 𝑘𝑘𝑑𝑑, respectively, depending on the force applied. The approach here 
applies to any viscoelastic material and the individual elements could represent, for example, polymer 
chains, individual lipids, lipid domains or proteins, depending on the encapsulating material. The 
concentration of elements (or chains) that are attached to the network (moles per unit current volume) is 
represented by 𝑐𝑐(𝑡𝑡). To estimate the mechanical behavior, the density of the elements (or chains) and the 
average distance between elements (or chain length) are required. The TNT provides evolution equations 
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to describe how these quantities vary in time in response to deformation and temperature fluctuations [2]. 
In the case of a permanent network, in which the rates of attachment and detachment are zero and the 
concentration is steady, the model reduces to that of an elastic solid. For the case where the kinetics of 
attachment and detachment are much faster than the rate of loading, a model for a viscous, incompressible 
fluid is recovered. 

In this analysis, we make several simplifying assumptions about the EMB encapsulating material: 1) 
the dissociation rate coefficient, 𝑘𝑘𝑑𝑑, is constant; 2) the shell is incompressible; 3) the concentration of 
attached network elements, 𝑐𝑐, is steady; 4) the shell temperature is steady and uniform; and 5) mechanical 
energy dissipation is neglected. The first three assumptions yield the following constant concentration, 
 

𝑐𝑐 =
𝑘𝑘𝑎𝑎

𝑘𝑘𝑎𝑎 + 𝑘𝑘𝑑𝑑
𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡,                                                                          (2) 

 
where 𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡 is the total concentration of elements, including those that are not connected to the network. 
Equation (2) also implies that the association rate constant, 𝑘𝑘𝑎𝑎, is constant due to assumptions 1) and 3). 
Given all of the assumptions above, it can be shown that the radial component of stress in the shell, 𝜎𝜎𝑟𝑟𝑟𝑟, is 
given by the following equation, 
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where 𝑘𝑘𝐵𝐵 is the Boltzmann constant and 𝐶𝐶 is the temperature, which is assumed here to be uniform 
throughout the entire domain. The last term in (3) involves an integral from the initial time 𝑡𝑡 = 0 to the 
current time 𝑡𝑡, which demonstrates that the instantaneous stress in the shell depends on prior values of the 
radius, i.e., the shell behavior is history-dependent.  

The EMB model using the TNT is represented in simplified form by equations (1)-(3) above. These 
include three independent parameters for the shell that may be specified as 𝑘𝑘𝑎𝑎, 𝑘𝑘𝑑𝑑 and 𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡, in addition to 
the temperature, 𝐶𝐶. However, if temperature is assumed constant, as in the present work, then we can 
reduce the number of shell parameters to two, 𝑐𝑐𝑘𝑘𝐵𝐵𝐶𝐶 and 𝑘𝑘𝑑𝑑, which have physical meaning as discussed 
below. To solve this model, we apply a 4th-order Runge-Kutta method using MATLAB to numerically 
solve the nonlinear ordinary differential equation (1) for the radius, 𝐶𝐶(𝑡𝑡), using the values of 𝑐𝑐 and 𝜎𝜎𝑟𝑟𝑟𝑟 
given by (2) and (3), respectively. The history integral in (3) is solved via the trapezoidal method. 

Results 
To validate our EMB model using the TNT, we compare the results of simulations to the experimental 

data of van der Meer et al. [3], as presented in Tu et al. [4]. In the experiment, a lipid-shelled microubble 
(BR-14, Bracco Diagnositics) with an initial radius of 𝐶𝐶0 = 1.7 𝜇𝜇m was excited in water with an 8-cycle 
Gaussian-tapered acoustic pulse with a 2.5 MHz center frequency and 40 kPa maximum pressure 
amplitude, as shown in the left figure of Fig. 1. The experimental measurements of radius vs. time are 
shown as circles in the right figure of Fig. 1. To determine appropriate parameters for the TNT model, we 
derive estimates based on measured properties of lipid bilayers. The experimental data in Fig. 1 shows that 
the variation in radius – and, thus, the shell strain – is on the order of 10%. For small deformations and 
constant values of 𝑐𝑐 and 𝑘𝑘𝑑𝑑, the TNT model degenerates to the well-known Maxwell model of 
viscoelasticity in which the shear modulus is given by 𝑐𝑐𝑘𝑘𝑏𝑏𝐶𝐶 and the relaxation time by 1/𝑘𝑘𝑑𝑑 [2]. Based on 
the results of measurements of shear moduli and relaxation times for solvent-free glycerol mooleate 
bilayer lipid membranes by Crawford and Earshaw [5], we set 𝑐𝑐𝑘𝑘𝐵𝐵𝐶𝐶 = 0.771 mN/m2 and 𝑘𝑘𝑑𝑑 = 2.94 × 104 
s-1. The liquid parameters in equation (1) are set equal to those for water at standard conditions. Using 
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these parameter values and the acoustic forcing shown in Fig. 1, the radial response predicted by the TNT 
model is plotted as a solid line in the right figure of Fig. 1. The fit between the simulation data and the 
experimental data is quite good over most of the pulse cycle, except near the end of the pulse where there 
is noticeable discrepancy. This discrepancy suggests there may be damping mehanisms in the EMB that 
are not accounted for in our model.  

In Tu et al. [4], the experimental radius vs. time data shown in Fig. 1 is compared with the simulation 
results of three spherical EMB models by Marmottant et al. [6], Chatterjee and Sarkar [7] and Hoff [8]. 
The best-fit shell parameters for each model were determined iteratively by minimizing the standard 
deviation (STD) between the experimental and calculated radii data. The agreement between the 
experimental results and these three models based on the best-fit parameters are not shown here, but are 
similar to the results shown with the TNT model in Fig. 1. In particular, the radius computed by the 
Marmottant, Sarkar and Hoff models closely match the experimental data in the middle of the pulse cycle, 
but show noticeable deviations during the beginning and ending transient periods. Thus, the TNT model 
provides comparable matching to the observed radius vs. time data as the Marmottant, Sarkar and Hoff 
models. Similar to these models, the TNT model requires the specification of two shell parameters, which 
in this case are 𝑐𝑐𝑘𝑘𝐵𝐵𝐶𝐶 and 𝑘𝑘𝑑𝑑. An important distinction, however, is that the radial response predicted by 
the TNT model is based on the use of experimental measurements to estimate the shell parameters, 
whereas the other models use iterative fitting to determine parameter values that provide a good match to 
the observed data. It is important to note that the use of data from [5] for a lipid bilayer is not ideal as the 
actual EMB is coated with a lipid monolayer. However, the close fit to the observed radius vs. time data 
provided by TNT through the use of measured properties, rather than fitted parameters, is encouraging.  

 
Figure 1: (Left) Gaussian-tapered acoustic pulse with 8 cycles, a 2.5 MHz center frequency and 40 kPa 
maximum pressure used as input forcing. (Right) Radial response of EMB for 𝐶𝐶0 = 1.7 𝜇𝜇m based on 
the transient network shell model (solid line) plotted against the experimental data (circles) of van der 
Meer et al. [3]. The parameters used in the model are 𝑐𝑐𝑘𝑘𝐵𝐵𝐶𝐶 = 0.771 mN/m2 and 𝑘𝑘𝑑𝑑 = 2.94 × 104 s-1.  

Conclusions 
We have presented a novel model for a spherical encapsulated microubble (EMB) by using a 

statistically-based continuum theory known as transient network theory (TNT) to account for the shell 
mechanics. The TNT framework is based on a network of elements that dynamically attach and detach to 
each other based on specified kinetic rates. The model requires a minimum number of parameters to 
represent the shell behavior. By using measured values for lipid bilayers to determine these shell 
parameters, the model accurately simulates the experimental data of a lipid-coated EMB driven by an 
acoustic pulse. The use of TNT to model the encapsulation has several advantages over current approaches 
to modeling EMBs. For example, the TNT has the potential to model any viscoelastic material – lipids, 
polymers or proteins – as well as purely elastic solids or viscous fluids. In addition, microscale physics 
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that may be important for understanding the dynamic behavior of EMBs can be incorporated into the TNT 
model in a natural way, unlike present continuum-level models. Furthermore, the TNT provides a means 
to compute shell stresses locally and account for large amplitude deformations, which allows the theory to 
be readily adopted into more complex models of nonspherical EMB oscillation.  
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WEBCASTING 

Introducing exciting news for our friends who are not able to join the 24rd European symposium on 
Ultrasound Contrast Imaging in Rotterdam! To learn from the best in the world even if travel is not an 
option, you can join the Symposium through worldwide live streaming by the WEB CONFERENCE 
CHANNEL, through Livemedia www.livemedia.com/24symposium. 
For info of the the previous symposium check www.livemedia.com/23symposium.  
 
Videos will remain hosted on Livemedia indefinitely and available for on demand viewing. Once 
registered, remote participants will receive log in credentials that will allow them access and will monitor 
the viewing time. GAIN ONLINE ACCESS to the well known 24th European symposium on Ultrasound 
Contrast Imaging.  
 
Please register here: www.livemedia.com/24symposium. For any inquiries please contact Irene 
Syraki irene@livemedia.gr or the symposium secretariat.  

 

http://www.livemedia.com/24symposium
http://www.livemedia.com/23symposium
http://www.livemedia.com/24symposium
mailto:irene@livemedia.gr
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