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The use of contrast-enhanced ultrasound in pregnant women 

Dirk-André Clevert 1 

1Department of Radiology, University of Munich-Grosshadern Campus, Munich, Germany 
Corresponding author: Dirk.Clevert@med.uni-muenchen.de 

Introduction 

Ultrasound is an essential imaging tool for evaluating physiological and pathologic fetal or maternal 
conditions during pregnancy. Published data is limited concerning the application of CEUS during 
pregnancy. For assessing uteroplacental blood flow, caesarean scar pregnancy and invasive placenta 
percreta CEUS has already been safely applied. CT and MRI scans during pregnancy must be thoroughly 
evaluated due to harmful ionizing radiation and cerebral Gadolinium deposition, respectively. The aim of 
the present retrospective monocenter study is to assess the diagnostic performance and safety of CEUS 
during pregnancy to assess hepatic, renal and vascular lesions of unknown entity. 

Methods 

28 pregnant patients were included in this study on which CEUS was performed between 2005 - 
2021. The applied contrast agent was a second-generation pool agent (SonoVue®, Bracco, Milan, Italy). 
CEUS examinations were performed and interpreted by a single radiologist with experience since 2000 
(EFSUMB Level 3).  

Table 1. Case 1] 

Caae 1t 

25-year old female, 24 weeks
pregnant, rectal bleeding

Native B-mode: hyperechoic 4,2 cm 
lesion in liver segment VI. 

CEUS: early arterial contrast uptake 
and portal-venous wash-out. 

The abstracts will be shown online when accepted and when the program has been compiled, as PDF 
document and/or in HTML, so colours are kept. Graphics prepared as native formats in Word using overlays 
(WMF, MEX) may not convert well. Please flatten the image, insert as PNG/high-resolution JPG, or insert 
a screen dump from the original native format (method: enlarge the native Word image drastically, select 
the image, cut the image, then paste as Picture (U), then reduce the size again; this ensures a good resolution). 

Results 

CEUS was safely performed on all included pregnant women without occurrence of adverse fetal 
or maternal events. In the context of this present work, CEUS helped to safely differentiate hepatic 
metastases, focal nodular hyperplasia, atypical hemangioma, hepatic arteriovenous malformation, cystic 
echinococcosis and vascular and renal lesions. One intervention was done under contrast enhanced 
ultrasound guided. In two patients CEUS determined immediate therapy.  

Conclusions 

Although not clinically approved in obstetrics so far, CEUS is a safe imaging modality which in 
addition to B-mode and Color Doppler ultrasonography may be applied during pregnancy for further 
medical indications and provide helpful information [1-3]. 
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Figure 1. Unclear liver lesion with a wash out in the portal venous phase. The final diagnosis was liver mets 
from rectal cancer. 
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Spatiotemporal analysis of ultrasound contrast-enhanced 
breast lesions for aiding the differentiation of malignant or 

benign 
Chuan Chen1 , Simona Turco1, Panagiotis Kapetas2, Ritse Mann 3, Hessel Wijkstra1, Chris de 

Korte3, Massimo Mischi1 

1 Eindhoven University of Technology, 5612 AZ, Eindhoven, Netherlands  
2 Medical University of Vienna, Spitalgasse 23, 1090 Wien, Vienna, Austria 

3 Radboud University Medical Center, Geert Grooteplein Zuid 10, 6525 GA Nijmegen, Netherlands 
Corresponding author: c.chen3@tue.nl 

Introduction 
Breast cancer is a major threat to women’s health [1]. Currently, ultrasound (US) serves as one of the 

standard imaging modalities in diagnosing breast lesions. However, US is limited to the assessment of 
morphological information and produces large numbers of false-positives, leading to unnecessary biopsies 
[2].  Prior studies have shown the potential of contrast-enhanced ultrasound (CEUS) in improving the 
differentiation between benign and malignant breast lesions [3]. By administrating an ultrasound-contrast-
agent (UCA) into the bloodstream, CEUS is able to visualize the altered tumor microvasculature 
characteristics as a result of angiogenesis [4]. Previous analyses of CEUS in breast cancer were mostly 
qualitative and based on the evaluation of a time-intensity curve (TIC) measured from a whole region of 
interest (ROI). In this study, quantitative spatiotemporal analysis of breast CEUS is proposed by assessment 
of the TIC similarity between neighboring pixels. Four spatiotemporal similarity parameters were estimated 
and evaluated for their ability to classify benign and malignant lesions in the breast. 

Methods 
This study included 120 patients (one breast lesion per patient) who were evaluated at the medical 

university of Vienna. Histopathological analysis of biopsy samples from each lesion was regarded as the 
ground truth. Prior to biopsy, after intravenous injection of 4.8-mL UCA, a 90-s CEUS sequence was 
acquired by an S2000 US scanner (Siemens Healthineer, DE).  An ROI was manually delineated on the 
enhanced area of each lesion. Based on the visual evaluation of CEUS loops and quantitative metrics, the 
degree of enhancement in each lesion was categorized into four grades: hyper-enhanced lesions as grade 1, 
partly-enhanced lesion as grade 2, lowly-enhanced lesions as grade 3, and hypo-enhanced lesions as grade 
4. Only lesions of grades 1 and 2 were selected for the follow-up analysis. In the delineated ROI of each
lesion, only the areas of adequate contrast enhancement were included in the spatiotemporal analysis.

Spatiotemporal features in each ROI were estimated over a moving kernel by comparing the TIC in the 
central pixel (central TIC) with those (periphery TICs) in its ring-shaped periphery (inner radius: 0.5, outer 
radius: 1 mm), as shown in Figure 1(a). Four spatiotemporal parameters were estimated to quantify the 
similarity between the central TIC and periphery TICs: mutual information (𝐼𝐼) [4], conditional entropy (𝐻𝐻), 

Table 1 Comparison of diagnostic performance of spatiotemporal parameters 

Parameter Sensitivity (95% CI) Specificity (95% CI) AUC P value 

Lesions of grade 
1 

(45/120) 

Correlation coefficient (𝑟𝑟) 89.3% (72.5 96.9) 64.7% (40.5 86.7) 0.743 0.010 

Spectral coherence (𝜌𝜌) 67.9% (48.3 82.7) 82.3% (57.3 100) 0.724 0.015 

Mutual information (𝐼𝐼) 85.7% (68.2 96.4) 94.4% (68.8 100) 0.893 <0.001 

Conditional entropy (𝐻𝐻) 78.6% (60.8 92.9) 88.2% (41.7 100) 0.874 <0.001 

Grouped lesions 
of grade 1 or 2 

(64/120) 

Correlation coefficient (𝑟𝑟) 80.5% (66.7 90.5) 66.5% (37.8 75.0) 0.704 0.008 

Spectralcoherence (𝜌𝜌) 63.4% (48.2 76.3) 75.9% (53.0 91.7) 0.670 0.034 

Mutual information (𝐼𝐼) 90.2% (79.6 97.5) 82.6% (61.2 94.5) 0.848 <0.001 

Conditional entropy (𝐻𝐻) 78.1% (62.6 89.7) 78.3% (56.0 90.0) 0.817 <0.001 
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correlation coefficient (𝑟𝑟), and spectral coherence (𝜌𝜌) [5]. The pixel-level parameter values were assembled 
as benign and malignant sets. The difference between the two sets was assessed by statistic 𝐷𝐷 and the 𝑝𝑝-
value based on Kolmogorov–Smirnov test. For each lesion, the mean values of these parameters were also 
calculated to compare their classification performances by receiver operating characteristic (ROC) curve 
analysis.  

Results 
Of the 120 lesions, 58 were benign and 62 were malignant based on the biopsy result. For the 

enhancement grading, 39.6% of benign lesions (n = 23) and 66.2 % of malignant lesions (n = 41) were 
graded as hyper-enhanced (grade 1) or partly-enhanced (grade 2). The applied spatiotemporal analysis can 
produce parametric maps that can be used for further quantitative analysis (See Figure 1(b)). The ROC 
curves of four parameters for differentiating benign and malignant lesions are presented in Figure 3. The  
results on the diagnostic performance and lesion-level parameter differences are summarized in Table 1. 
The diagnostic accuracies of 𝐼𝐼  and 𝐻𝐻  were higher than those of 𝑟𝑟  and 𝜌𝜌 . For all perfused lesions, the 
diagnostic performance of 𝐼𝐼 was superior to the other three parameters (AUC = 0.89 in patients of grade 1, 
AUC = 0.85 in patients of grade 1 or 2). 

Conclusions 
In this study, four spatiotemporal parameters were extracted from the analysis of TICs measured by 

CEUS in biopsy-proven breast lesions after the intravascular injection of an UCA bolus. The parameter 
statistics shows a significant difference between benign and malignant breast lesions. Compared to benign 
lesions, pixel-based TICs evidence less similarity in malignant lesions. This result can possibly be explained 
by the higher microvascular heterogeneity in malignant lesions due to angiogenesis [6]. Mutual information, 
which measures the shared information between TICs, presents the best differentiation and classification 
performance. To conclude, our preliminary results support the potential of applying spatiotemporal analysis 
of CEUS recordings for accurate diagnosis of breast cancer.  

Figure 1. (a) illusrates the design of the kernel used for assessing the TIC similarity. On the top-left panel, a ring-
shape kernel is placed around the central pixel with the arrangement as shown on the top-right panel. The bottom panel 
presents the TICs in the central pixel and a peripheral pixel. (b) present example images of overlayed map of mutual 
information (𝐼𝐼 ) in one benign lesion (left) and one malignant lesion (right). (c) presents the receiver operating 
charactersitic (ROC) curves of the four parameters in lesions of grade 1 (A) and lesions of grade 1 or 2 (B). The optimal 
operating points that are closest to the left-upper corner are marked by large dots. 
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Introduction 
Mapping the lymphatic chain is clinically important to predict long-term outcomes for patients with 

breast cancer and currently is obtained after the injection of blue dye and/or a radioactive tracer followed 
by surgical excision [1-3].  The current approaches for detection of sentinel lymph nodes (SLNs) have shown 
wide variability in accuracy ranging from 76% to 97% [3, 4].  

The use of contrast-enhanced ultrasound (CEUS) to detect lymphatic channels (LCs) and SLNs after 
subcutaneous injections of a microbubble-based ultrasound contrast agent (termed “lymphosonography”) 
has been proposed as an alternative [5-7]. Moreover, our group studied the safety of lymphosonography in 
healthy volunteers and showed that the only adverse events observed were minor, local and completely 
resolved without any intervention [8]. 

The development of artificial intelligence techniques to serve as a second reader and help with clinical 
decision making for detecting SLN axillary breast cancer metastasis has been studied with promising results 
[9, 10]. One of these techniques is Google AutoML Vision (Google, Mountain View, CA, USA), which is 
a supervised learning platform where an algorithm is trained to recognize patterns from pre-labeled data. 
The advantages of this deep learning (DL) model include cloud computing (reduces required computational 
hardware) and transfer learning (reduces data requirement for training). Hence, the objective of this study 
was to use a DL model to differentiate benign and malignant SLNs using grayscale and CEUS images that 
were acquired in patients with breast cancer prior to their standard of care surgical excision of SLNs with 
pathology providing the final diagnosis. Results from the DL model were compared to radiologists’ 
assessments of the grayscale and CEUS images. 

Materials and Methods 
In this prospective, clinical study, women scheduled for breast cancer surgery with SLN excision were 

enrolled between March of 2017 and January of 2022 and provided written informed consent to participate. 
The study was approved by the University’s Institutional Review Board as well as the United States Food 
and Drug administration (IND no. 124,465). The full protocol and statistical analysis plan are available at 
https://clinicaltrials.gov/ct2/show/NCT02652923 (trial registration number: NCT02652923). 

Subjects had their lymphosonography examination on the day of surgery prior to the radioactive tracer 
and blue dye injections, the wire localization (when applicable) and the surgery itself. The ultrasound 
examination consisted of grayscale imaging to locate and measure the tumor. Then the contrast agent 
Sonazoid (GE Healthcare, Oslo, Norway), a reticuloendothelial system (RES) specific agent [7, 8, 11], was 
subcutaneously injected around the tumor area at the 12,-3,-6,-and 9 o’clock positions (0.25 mL per position, 
total of 1 mL). Dual imaging grayscale and CEUS was performed (i.e., lymphosonography) to identify the 
number, and location of the SLNs (Figure 1) using Cadence Pulse Sequencing (CPS) on an S3000 HELX 
scanner (Siemens Healthineers, Issaquah, WA, USA) with a high frequency, broad bandwidth (4 – 9 MHz) 
linear array probe.  Imaging parameters e.g., focal zone, scanning depth and time-gain compensation (TGC) 
were adjusted on an individual basis to optimize visualization of the target region.  No compounding or 
other image processing techniques were applied.  After their surgical excision the ex vivo SLN specimens 

The 28th European symposium on Ultrasound Contrast Imaging 
---------------------------------------------------------------------------

6

https://clinicaltrials.gov/ct2/show/NCT02652923


were classified as positive or negative for presence of blue dye, radioactive tracer and Sonazoid [12] and 
sent to pathology to determine the presence or absence of metastatic involvement (the reference standard).  

We used a deep learning (DL) model to differentiate benign and malignant SLNs using separated dual 
imaging grayscale and CEUS images of SLNs with pathology providing the final diagnosis. Results were 
compared to 3 radiologists’ assessments of the same images. Google AutoML was used for model 
designation and image classification. The performance metrics for this model were precision (PPV) and 
recall (sensitivity) that were reported for the validation of the model as area under precision/recall curve 
(AuPRC). The 1656 uploaded images were divided into 80% for training (validation) and 20% for testing. 
The majority of the SLNs were benign, which created an unbalanced data set. Therefore, data analysis was 
carried out for two groups each with 2 subgroups (grayscale and CEUS). Group 1 consisted of images from 
217 SLNs (183 benign and 34 malignant), with 1,357 benign and 302 malignant images uploaded (B-mode 
as well as CEUS images). Group 2 was designed to have the same number of benign and malignant SLNs 
(34 each); the benign SLNs in this group were randomly selected from the totality of benign SLNs. Hence, 
group 2 consisted of 272 images with 136 benign and 136 malignant images (B-mode and CEUS). All 
statistical comparisons were performed using Prism 9.3.1 (GraphPad Software, San Diego, CA, USA) with 
p-values less than 0.05 indicating statistical significance.

Figure 1: Example of dual-imaging CEUS and B-mode of an SLN (arrows) with metastatic deposits in a 53 
year old woman diagnosed with an invasive ductal carcinoma (measuring 1.1 cm).  

Results 
Eighty-six (86) women enrolled in the study and 79 had their CEUS examination and underwent the 

surgical procedure completing the study. The mean age of the 79 subjects was 61 years (range: 27-84 years), 
and the mean tumor size at the time of diagnosis was 1.8 cm (range: 0.3-9.7 cm). A total of 252 SLNs were 
surgically excised from the 79 subjects (average: 3.2 SLNs/subject) and sent to pathology to determine the 
final diagnosis. Thirty-four (34) SLNs excised from 18 subjects (average 1.9 SLNs/subject) were determined 
to have metastatic disease by pathology (13.5%). 

The CEUS examination done prior to the surgical procedure using lymphosonography identified 217 
SLNs (average: 2.7 SLNs/subject). All SLNs identified had their location and measurements recorded, and 
dual B-mode and CEUS images were acquired for all SLNs, which does mean that the grayscale images 
acquired were not optimal for a detailed anatomical characterization of the SLNs. Nonetheless, these were 
the images available and used for the DL model and the radiologists’ reads. No adverse events occurred in 
any subject.  

The DL model validation results showed an AuPRC of 0.84 for grayscale and an AuPRC of 0.91 for 
CEUS in group 1, while group 2 achieved AuPRCs of 0.91 and 0.87 for grayscale and CEUS, respectively.  
The DL model testing results for group 1 and group 2 as well as the readers’ data were analyzed to determine 
sensitivity/specificity/PPV/NPV/accuracy and are summarized in Table 1.  The readers’ results were 
compared to the DL model results and showed statistically significant differences amongst all groups and 
subgroups (p ≤ 0047) 
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Table 1: Comparison of the DL model outcomes and radiologists’ assessments. 
Sensitivity 

(%) 
Specificity 

(%) 
PPV (%) NPV (%) Accuracy 

(%) 

Group 1 Grayscale DL model 4 96 17 85 82 

Radiologist 44 71 23 88 68 

CEUS DL model 0 95 0 84 80 

Radiologist 39 70 21 87 65 

Group 2 Grayscale DL model 100 40 65 100 71 

Radiologist 14 57 30 29 36 

CEUS DL model 71 77 77 71 74 

Radiologist 14 71 47 45 43 

Conclusions 
The DL model showed improved diagnostic performance with a more balanced dataset for both 

grayscale and CEUS. Radiologist’s performance remained the same for both datasets using both B-mode 
and CEUS.  
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Introduction 
Ion therapy is a still emerging external beam radiotherapy modality which exploits the advantageous 

physical and biological properties of swift ion interactions in matter in order to offer a better targeting of a 
biologically effective radiation dose to the tumour, with improved sparing of surrounding normal tissue 
compared to the widely adopted X-rays. However, full clinical exploitation of these advantages is still 
hindered by remaining uncertainties in the knowledge of the exact location in tissue of the so called Bragg 
peak, indicating the characteristic maximum of ion dose deposition in depth. Hence, techniques enabling in 
vivo visualization or at least localization of the Bragg peak position in real time, ideally co-registered to the 
underlying anatomy, are subject of ongoing intense research efforts. To this end, a topic which is regaining 
considerable attention is the sensing of thermoacoustic emissions induced by the dose deposition of pulsed 
ion beams (ionoacoustics), which are becoming increasingly available due to current trends of technological 
developments for therapeutic ion beam production. However, a major limitation is the typical low 
ionoacoustics signal amplitude (with pressures in the order of mPa) and frequency (in the order of 10-100 
kHz). In this context, agents able to improve signal detectability (in terms of amplitude and/or frequency 
enhancement) and correlation with underlying anatomical ultrasound images would be highly beneficial.    

Methods 
We started experimental and computational investigations addressing the co-registration needs between 

ionoacoustics and ultrasound imaging, along with the possible role of candidate contrast agents for 
supporting ionoacoustic range verification and dose reconstruction in proton and carbon ion therapy. While 
the experiments were so far only performed at a research accelerator providing pre-clinical proton beams of 
variable MHz pulsing structure, the simulations took into account realistic beam delivery from modern 
clinical synchrocyclotron (protons) and synchrotron (protons and carbon ions) accelerators.  

Results and discussion 
Experiments with pre-clinical proton beams stopped in a target filled with different contrast agent 

mixtures indicated an intriguing increase of up to 200% of the ionoacoustic signal emission in the MHz 
frequency range by combining microbubbles and India ink. Additional simulation studies for materials 
typically employed as radiation sensitizers or finding applications in photodynamic therapy show promise 
to enable ionoacoustic applicability also at MHz-modulated beams from synchrotron accelerators, besides 
offering possibilities for an improved co-registration of the ionoacoustic signal to the underlying anatomy. 
However, a deeper understanding of the mechanisms responsible for the initial observations, along with 
experimental confirmation and characterization of an even broader range of candidate materials in dedicated 
phantoms of increasing complexity is warranted.  

Conclusions 
Although still in its infancy, ionoacoustics could offer a cost-effective method for in vivo monitoring of 

ion beam treatment for favourable tumour indications and depending on the underlying accelerator 
technology. Suitable contrast agents could support this application by overcoming current challenges due to 
the low signal amplitude/frequency, along with improved co-registration to underlying anatomy and 
possible pre-treatment ultrasound images for tumour localization. However, further research is required to 
enable a possible future translation of the first initial promising results to pre-clinical or clinical applications. 

The authors acknowledge support from the ERC grant No. 725539 (SIRMIO). 
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Introduction 
Proton therapy is an emerging alternative to conventional radiotherapy [1]. Protons, in contrast to 

photons, stop completely within the patient. Furthermore, their stopping depth (i.e. proton range) can be 
tuned. These two principles allow to target most of the radiation dose to the tumor, sparing surrounding 
healthy organs, and consequently decreasing the probability of undesired secondary effects. However, in 
practice, the proton range is influenced by multiple uncertainty sources. To account for these uncertainties, 
the irradiated volume is enlarged with substantial safety margins, which inconveniently increase the dose to 
healthy tissues [2]. An in vivo measurement of the proton range is desirable, in order to mitigate the 
aforementioned uncertainties and minimize the safety margins, thus optimizing the treatment [3]. 

Here, we discuss the potential of superheated nanodroplets in combination with ultrasound imaging for 
proton range verification. Superheated liquids were first used to detect high energy particles by Glaser in 
the 1950s with the bubble chamber (Fig. 1A), which granted him a Nobel prize [4]. In these bulky devices, 
charged particles transferred their energy into a reservoir of superheated liquid, producing a trail of bubbles 
along the particle track, owing to the phase change of the liquid. The concept was later downscaled by Apfel 
with the superheated detector (Fig. 1B) [5]. These portable devices contained emulsions of submillimetric 
superheated droplets, which vaporized upon interaction with high-energy particles. Following the 
downscaling trend, the Amphora project (a consortium of European universities, institutes and a start-up 
company, funded by the European Union Horizon 2020 scheme to develop a radiotherapy dosimetry 
platform based on contrast enhanced ultrasound) investigated the use of submicron phase-change contrast 
agents, or superheated nanodroplets, to measure the distribution of protons during proton beam irradiation. 
The vaporization response when exposed to proton beams was confirmed in gel phantoms [6], showing a 
temperature-dependent relationship between the vaporization region and the proton range [7]. Importantly, 
the phase change of these droplets is easily detectable with an ultrasound imaging device (Fig. 1C). Thus, 
these injectable droplets have the potential to accumulate in the tumor region, and their phase change could 
be detected non-invasively, providing critical information about the in vivo proton range. 

Methods 
In a series of studies as subpart of the Amphora project, we addressed the viability of the aforementioned 

concept in well-controlled in vitro experiments irradiated in the Holland Proton Therapy Center facilities 
(HollandPTC, Delft, the Netherlands), using perfluorobutane nanodroplets enclosed with a polyvinyl 
alcohol shell (PVA-PFB NDs) [8] dispersed in a gel phantom. First, we proposed two online acoustic 
methods, one active [9] and one passive [10] that exploited the principles of Ultrasound Localization 
Microscopy [11] to detect and localize the droplet vaporizations. Then, we studied the sensitivity of the 
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droplets to protons at different temperatures, i.e. degrees of superheat, and compared it to the thermal spike 
theory developed for the bubble chamber and validated for superheated detectors [12]. Furthermore, we 
assessed the relation between the spatial distribution of droplet vaporizations and the spatial distribution of 
protons. We also proposed a method to enhance the sensitivity of these droplets to protons by modulating 
their degree of superheat using an acoustic field, hence reducing the energy required to vaporize the droplet 
during the rarefactional phase of an ultrasound wave [13]. Besides, we assessed the number of vaporizations 
for a given droplet concentration, droplet size, and number of protons. The number of vaporizations was 
combined with Monte Carlo simulations to predict the range verification precision as a function of the 
droplet concentration. Finally, in order to prove the feasibility of  this concept in physiological conditions, 
a preliminary in vivo experiment was performed as part of the Amphora project in a Sprague-Dawley rat, 
approved by the KU Leuven animal ethics committee . The rat liver was aimed at with two different proton 
beam energies at the Centre de Resources du Cyclotron (UCLouvain, Louvain la Neuve, Belgium), in order 
to assess the feasibility of detecting beam range shifts, and simultaneously imaged with ultrasound. 

Results 
Both acoustic localization methods, i.e. active and passive, provided an excellent precision measuring 

the vaporization distribution. The vaporization distribution changed after increasing the phantom 
temperature, owing to  the detection of particles with a lower energy transfer [7]. At room and physiological 
temperatures, without acoustic aid, PVA-PFB NDs were not directly sensitive to protons, but to secondary 
products of protons undergoing nuclear reactions. Only at higher temperatures did they become directly 
sensitive to protons. In both cases, the vaporization distributions were related to the proton stopping 
distribution, allowing us to extract the proton range. The proton range determined from the vaporization 
profiles was in sub-millimetric agreement when compared with an independent measurement using an 
ionization chamber. The measured temperature thresholds were in relative good agreement with the thermal 
spike theory. Furthermore, we observed that acoustic waves could enable direct sensitivity to protons at 
physiological temperatures using a low MI = 0.3. 

Experimentally, the number of vaporizations was proportional to the fraction of PFB volume in the 
irradiation target. When combined with Monte Carlo simulations, we predicted a necessary PFB 
concentration in homogeneous conditions between 0.03-0.3 (µL liquid PFB)/(L blood), assuming a direct 
sensitivity of the droplets to protons. These droplet concentration values may serve as a guideline when 
assessing the biocompatibility of superheated nanodroplets in future experiments. Finally, the preliminary 
in vivo measurements showed that the phase-change of PVA-PFB NDs was also triggered under 
physiological conditions. Furthermore, vaporizations at increased body depths were observed when the rat 
was irradiated with the highest beam energy, agreeing with an increased beam range. 

Conclusions 
The long standing concept of using superheated liquids to detect high-energy particles was successfully 

downscaled to submicron phase-change agents, originally used in contrast-enhanced ultrasound. The in vitro 
measurements suggest that the distribution of vaporizations relate to the proton range with an excellent 
precision. Furthermore, the preliminary in vivo proof-of-concept suggests feasibility of clinical translation. 
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These results open the door to the development of a novel technique for in vivo proton range verification, 
relying on the clinical approval of phase-change agents. 

Figure 1. A Bubble chamber: Bubble tracks formed in the bulk of a superheated liquid owing to single 
charged particles (image from [14]).  B Superheated drop detector: Emulsion of large superheated droplets 
before (left) and after (right) irradiation. Bubbles formed upon irradiation (image from [15]). C Superheated 
nanodroplets: A suspension of droplets in a gel was irradiated with protons and imaged using ultrasound. 
Vaporizations were observed, which related to the stopping distribution of protons. 
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Introduction 

Perfluoropropane droplets (PD) are nanometer-sized particles and their unique properties could 
significantly enhance their cardiovascular diagnostic and therapeutic potential [1]. PDs can be formulated 
from commercially available contrast agents or home-made microbubbles. The preferential retention of PDs 
in diseased microvascular beds can be detected by ultrasound imaging techniques post acoustic activation, 
and offer an opportunity for the detection of such processes like scar formation. We used a rat cremaster 
muscle model to simulate a microvascular environment that can be imaged. We hypothesized that in the 
presence of ischemia/reperfusion (I/R), retention of intraveneuously injected PDs could be enhanced. 

Methods 

Using an established intravital microscopy model of rat cremaster microcirculation [2], we determined  
the retention and subsequent acoustic activation behavior of PDs. Perfluoropropane microbubbles (PMB) 
were formulated by dissolution of 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC), 1,2-
dipalmitoyl-sn-glycero-3-hosphatidylethanolaminepolyethyleneglycol-5000 (DPPE-PEG-5000), and 1,2-
dipaalmitoyl-sn-glycerol-3-phosphatidic acid (DPPA) in a molar ratio of 82:10:8 in an excipient liquid 
comprised of propylene glycol, glycerol, and normal saline (1:1:8, v:v:v). After adding 1.5 mL of the 
resulting solution to a 2 mL vial, the solution was degassed on a vacuum manifold followed by purging with 
perfluoropropane (Fluoromed, Round Rock, Tx). PMBs were formed by shaking the vial on a dental 
amalgamator for 45 sec. The PMBs were diluted in normal saline (1:1$ v:v) and loaded into a 10 mL syringe 
and cooling in an isopropyl alcohol bath (-10℃) for three minutes. The cooled PMB suspension was then 
pressurized by clamping the syringe with a rubber stopper in a clamp which applied a controlled pressure 
for 3 min. The condensed PMBs went through phase change and became PDs. PMBs were fluorescently 
labeled with a commercially available lipophilic fluorophore, 1,1’dioctyldecyl 
3,3,3’,3’tetramethylindocarbocyanine (DiI).  

Intravital fluorescence microscopy (Olympus BX51, Olympus America, Inc., Center Valley, PA) was 
performed on the exposed rat cremaster muscle. All protocols were approved by the Institutional Animal 
Care and Use Committee at the University of Pittsburgh. The rat cremaster muscle was exteriorized through 
a scrotal incision and secured to a translucent pedestal. The blood flow to the cremaster tissue was 
interrupted for 10 min with a ligature around the cremasteric artery proximal to the muscle body to mimic 
ischemia, followed by a 20 min reperfusion to cause reperfusion injury. A 200 L intravenous injection of 
DiI-PD was administered following I/R. At 2 min post injection, the cremaster muscle was imaged with a 
fundamental non-linear imaging system (CPS mode;Simens Acuson 512) at 7 MHz (with the 15L7 probe) 
or 1.5 MHz. (with the 3V2c probe) for 10 frames (MI 1.1, time triggered with 500 ms interframe interval). 
For each animal, 10 random fluorescence images were captured. Images were analyzed using MATLAB 
2020a (MathWorks, Natick, MA) and ImageJ. Normal cremaster muscle was used as a control. The 
fluorescence images were transformed into a matrix to represent the relative brightness, and a threshold was 
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determined based on all the images taken for one animal. All the pixels above threshold were considered 
‘intensity area’ and quantified for each image.  

Results 

All the rats were randomized in to four groups: low frequency control (n = 8), high frequency control (n 
= 7), low frequence I/R (n = 8), and high frequency I/R (n = 7). Retention and acoustic activation of 
intravenously injected PDs were observed in the microvasculature in the creamaster tissue (Figure 1). 
Increased retained PD were observed in the I/R group compared with control group with both low frequency 
and high frequency activation (p < 0.05). There was a trend, though not statistically differenct, toward more 
intensity area with high frequency activation compared with low frequency activation in the I/R groups.  

Conclusions 

Some perfluoropropane droplets were retained within the microvasculature after intravenous 
administration and were acoustically activated with imaging pulses. The increased droplet retention in 
ischemia/reperfusion model may allow ultrasound imaging techniques to be developed for myocardial scar 
detection. 

Figure 1. Retention of perfluoropropane droplets in the microvesculature in rat creamaster 
muscule. More droplets were retained and activated with by clinical ultrasound in the ischemia/reperfusion 
group compared with control group in both ultrasound settings (multiple comparison was performed using 
ANOVA followed by Kruskal-Wallis test, *p < 0.05). 
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Introduction 
Intracerebral hemorrhage (ICH) has a 46% one year survival rate, with fewer than a third of patients 

recovering to achieve independent function [1].  Treatment for ICH is limited to supportive care and surgical 
intervention to reduce hematoma size.  Therapeutic intervention to protect the penumbra surrounding an 
ICH could improve outcomes in hemorrhagic stroke.  Targeted delivery of Xenon, (Xe) a noble gas with 
antiproteolytic properties, using ultrasound sensitive microbubbles is under development for treatment of 
ICH [2-10].  Our objective is to determine if ultrasound-triggered release of Xe from microbubbles (MB) in 
the cerebral circulation significantly reduces cell death in brain tissue surrounding ICH. 

Methods 
Air and octafluoropropane-loaded and Xe and OFP-loaded microbubbles (Air-OFP-MB or Xe-OFP-

MB, respectively) were created using either air or Xenon mixed in a 9:1 ratio with OFP [7].  A juvenile 
porcine model of ICH was adapted based on the model developed by Wagner et al. [11] (Fig. 1).  ICH was 
created in 10 juvenile pigs (20.5 ± 0.5 kg) according to a protocol approved by the University of Cincinnati 
Institutional Animal Care and Use Committee, in compliance with the National Research Council’s Guide 
for the Care and Use of Laboratory Animals [12] and the ARRIVE guidelines [13].  After establishing 
arterial access and exposing the cranium, a 3 mL aliquot 
of autologous arterial blood was infused over 10 min. 

Figure 1. A: Schematic of porcine ICH with 
autologous arterial blood and intravenous (ear) 
infusion of either Air-OFP-MB (sham treatment) or 
Xe-OFP-MB (Xe treatment). B: Perfusion fixed 
brain tissue with intracerebral hematoma. 

Figure 2. B-Mode ultrasound confirmed 
destruction of MB by color Doppler. Blood 
flow in the common carotid artery (CCA) is 
from right to left in the image. *: MB seen in 
lumen of proximal CCA. +: MB destruction 
evident in distal CCA. 

*+

The 28th European symposium on Ultrasound Contrast Imaging 
---------------------------------------------------------------------------

15



into right frontal white matter of each pig through a cranial burr hole.  The hematoma allowed to retract for 
two hours.  Thereafter, a total volume of 0.738 mL/kg of either Air-OFP-MB (sham treatment) or Xe-OFP-
MB at a Xe concentration of 146 µL Xe/mL (48 µmol Xe/kg treatment) was infused through an ear vein 
over 1 hr.  The total dose was 2.14 mL Xe in a 14.75 mL solution of Xe-OFP-MB.  Throughout the infusion 
the right proximal carotid artery was continuously insonated with duplex color Doppler ultrasound (Philips 
Epic 7G, 12-5 12-3 linear array, MI = 1.3) to induce microbubble destruction and liberation of the 
encapsulated gas into the bloodstream (Fig. 2).  To formalin perfusion fix the brain immediately post 
mortem, the internal carotid arteries were dissected and cannulized bilaterally with 20 G catheters and 
secured with sutures.  Heparinized saline (2 U/mL) was perfused through the brain with a peristaltic pump, 
followed by 1.8 liters of 10% formalin at a rate of 0.2 mL/min under a necropsy fume hood.  The brain was 
removed and placed in 10% formalin for 72 to 96 hours.  Following fixation, the brain was sectioned into 5 
mm thick slices and stained with either hematoxylin and eosin (H&E) or immunofluorescent terminal 
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) stain, cross stained with the nuclear stain 
4′,6-diamidino-2-phenylindole (DAPI) and imaged with an Axiovert 100 TV inverted microscope (Fig. 3).  
Images were reviewed by a neuropathologist (VD) blinded to the treatment arm to avoid artifacts and 
processed with custom MATLAB code to determine the density of TUNEL positive cells within the first 1 
mm of the penumbra surrounding intracerebral clots of both the sham (n=5) and Xe treated (n = 5) groups.  
The average density of apoptic cells was also determined in the contralateral lobe as a negative control 
(Fig. 5).  To determine the statistical difference between the sham and Xe treated pigs (n=5 each), a repeated 
measures ANOVA method was carried out in R (version 4.2.1, R Foundation for Statistical Computing, 
Vienna, Austria).  A p-value ≤ 0.05 was considered significant. 

Results 
Microbubble destruction during the infusion was achieved, as observed by the lack of echogenicity in 

the carotid artery distal to the color Doppler window (Fig. 2).  The perfusion fixation protocol adequately 
preserved the histological architecture surrounding the hematoma (Fig. 3).  The infusion of autologous 
arterial blood in the frontal subcortical white matter of young swine reproduced acute ICH triggered by 
vascular rupture due to hypertension or bleeding of arterioveinous malformations.  As observed in human 
acute ICH, the hematoma was surrounded by a zone of compressed ischemic tissue. Vascular leakage in the 
penumbra caused cerebral edema and vascular congestion and both features were observed on H&E. 
Immunofluorescent TUNEL and DAPI stains demonstrated specificity for apoptotic cells in the penumbra 
surrounding the intracerebral hemorrhage (Fig. 3).  Both treatment groups exhibited a decrease in apoptotic 
cell density as a function of distance from the hematoma (Fig. 4).  The rate of decrease in cell death density 
for the Xe-OFP-MB treatment group was faster than the air-OFP-MB treatment group (Fig. 4).  The 

Figure 3. A: Composite H&E and TUNEL 
(green) stained histology of porcine brain with 
a hematoma surrounded by penumbra of 
damaged tissue. 

Figure 4. Apoptotic cell death density as a 
function of distance from the thrombus in the 
penumbra N=5 for sham and N=5 for Xe-OFP-
MB treatments. 
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difference between the sham and Xe treatment groups 
was statistically significant (p<0.001).  TUNEL 
positive cell density was an order of magnitude higher 
in Air-OFP-MB treated brains than Xe-OFP-MB 
treated brains at a distance of 1 mm from the hematoma. 
At this same distance, the density of cell death of Xe-
treated brains was similar to control (contralateral side).  
The euthanasia, decapitation, and formalin fixation 
protocol yielded only a scant amount of apoptosis in the 
lobe without an intracerebral hematoma, two orders of 
magnitude less than than in the penumbra adjacent to 
the hematoma (Figs. 4 and 5).  Interestingly, Xe-OFP-
MB treatment also reduced the cell death density on the 
contralateral side (Fig. 5).   

Conclusions 
The porcine ICH model exhibited histopathological features like that of human ICH in young patients. 

Sucessful delivery of Xe to the brain was achieved via destruction of Xe-OFP-MB under ultrasound 
guidance in the common carotid artery with a commercially available system.  Ultrasound-triggered Xe 
delivery at a total dose of 48 µmol/kg over a 1-hour infusion produced over an order of magnitude decrease 
in apoptotic cell burden 1 mm from the hematoma.  This pre-clinical ICH model demonstrates initial proof-
of-concept and efficacy of Xe-OFP-MB for cerebroprotection. 
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Introduction 
Blood-brain-barrier (BBB) prevents over 98% of potentially therapeutic molecules from entering the 

brain[1]. Focused ultrasound in combination of microbubbles has been explored over twenty years for 
enhancing the BBB permeability for therapy delivery in selected locations of the brain[2]. Since the first 
trasnkull demostration of the BBB permeability enhancement in a human patient in 2015[3] there have been 
a numnber of feasibility studies continuing to demonstrate the safety and lately effecasy of the approach. In 
this talk our resent clinical experinece will be reviewed. 

Methods 
In our clinical studies we used InSightec 4000 system that has 1024 ultrasound transducers forming a 

30 cm hemisphere placed around the shaved patient’s head. On the day of the procedure, a Cosman-Roberts-
Wells (CRW) stereotactic frame was fixed to the patient’s head under local anaesthetic. The CRW frame 
was coupled to the helmet transducer array. A rubber membrane was placed around the patient’s head and 
sealed to the opening of the helmet, allowing degassed water to provide acoustic coupling. A 3-Tesla MRI 
system was used to obtain MRI scans of the head for targeting and BBB permeability measurments. Definity 
microbubbles were infused via a saline bag gravity drip at a rate of 0.8 µl/kg/min. The ultrasound exposures 
consisted of 10 ms bursts repeated once every second (1% duty cycle), for a total duration of 2 minutes. 
During the 2 min sonication up to 32  points could be secuentially sonicated on an arbitarily shaped grid. 
Eight cavitation receivers installed within the hemispherical helmet surface were used to detect bubble 
scattered signals during the sonications. Both narrow-band (115±5 kHz) and broad-band (115±40 kHz, 
150±30 kHz) spectral integrations around the subharmonic frequency were calculated in real-time. The 
mean of the cavitation signals across all spots in a grid and all receivers was used to modulate the applied 
power level in a feedback control loop. A cavitation emissions-based feedback controller was employed to 
modulate the acoustic power automatically according to prescribed target cavitation dose levels. BBB 
opening was measured by Gadolinium (Gd)-enhanced T1-weighted MR imaging, and the presence of micro-
hemorrhage induced by the exposures was assessed via T2*-weighted MR imaging[4, 5]. 

Results 
Our studies evaluating the feasibility of therapy delivery have shown that upto 400% increase in targeted 

antiboby theraputics can be achieved in brain tumours[6]. Our follow up studies with Parkinson’s patients 
demonstrated the feasibility that the overactivity of sonicated putamen was down regulated by Cerezyme 
delivery. There was also an early observation of potential funtional benefit[5]. However, the enhancemnet 
was not uinform with the method used for the sonications[4]. In a separate study the safety of sonicating 
multiple locations in the brains of nine Alzheimer’s patients was demonstrated without therpeutic delivery 
in multiple treatments. The BBB permeability of the bilateral hippocampi, anterior cingulate cortex, and 
precuneus was transiently increased without grade 3 or higher adverse events. Participants did not 
experience worsening trajectory of cognitive decline (ADAS-cog11, MMSE) (Meng et al., Brain, accepted) 

Conclusions 
BBB modulation using focused ultrasound continues to show feasibility and safety in the clinical testing. 

There appears to bo be emerging evidence of potential therapeutic effect in the first clinical studies 
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delivering therapeutics into the brain. Similarly, the BBB modulation appears to enhance the release of cell-
free DNA to the bloosd stream thus potentially allowing molecular diagnosis from blood samples[7]. 
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Introduction 
Hepatocellular carcinoma (HCC) is the third leading cause of cancer mortality worldwide and the single 

fastest growing cause of cancer mortality in the United States [1]. Despite the decrease in hepatitis C-
associated HCC, the overall incidence of HCC is likely to continue to rise due to increases in non-alcoholic 
steatohepatitis [1]. Transarterial embolization is recommended for the 15-25% of HCC patients who present 
with Barcelona Liver Clinic (BCLC) Stage B or more advanced disease [2, 3]. Within the umbrella of 
embolic therapies, transarterial radioembolization (TARE) with Yttrium-90 (Y90) is gaining in popularity 
as a treatment option in this patient population. It relies on catheter-directed delivery of radioactive 
microspheres, consisting of 20- to 60-µm glass beads containing Y90 into the tumor arterial blood supply, 
providing a localized and sustained release of radiation. Y90 undergoes pure beta emissions as it decays to 
stable Zirconium-90 with a half-life of 64 hours and average energy emission of 0.94 MeV. Consequently, 
although delivered dosages are high (110-150 Gy), radiation exposure to malignant tissue is highly 
dependent on source location, which contributes to the less than ideal response rates [4-6].  

Contrast-enhanced ultrasound (CEUS) uses gas microbubbles, encapsulated by an outer protein or lipid 
shell for stability, to improve visualization of blood flow with nonlinear ultrasound imaging modes. At 
higher acoustic pressures (albeit well within United States Food and Drug Administration (FDA) limits) the 
microbubbles undergo destruction via gas diffusion and inertial cavitation, which produces numerous 
bioeffects [7]. Among these bioeffects, microbubble cavitation (generally induced at mechanical indexes 
(MI) > 0.2) can sensitize solid tumors to radiation, as first described by Czarnota and colleagues [8].  This
synergistic response was found to be dependent on ceramide production, which acts as an apoptotic signaling 
molecule in endothelial cells and can reduce the radiation dosages required to permanently disrupt the tumor
vasculature [9]. Later mechanistic studies demonstrated that this tumor sensitization from microbubble
cavitation arises from mechanical insult to endothelial cells within the tumor vasculature, which in turn
results in both activation of the acid sphingomyelinase-ceramide pathway [10] and upregulation of
uridylyltransferase glycosyltransferase 8, accelerating the transfer of galactose to ceramide [11]. Our group
replicated this phenomenon in an orthotopic model of human HCC, showing a 170% reduction in tumor
growth and roughly a 320% improvement in animal survival when ultrasound-triggered microbubble
destruction (UTMD) was combined with radiotherapy [12]. Consequently, the goal of this work is to
investigate the safety and therapeutic benefits of combining radioembolization and UTMD in patients with
HCC.

Methods 
This protocol (NCT#03199274) was approved by the Institutional Review Board of Thomas Jefferson 

University and performed under FDA IND #126,768. Eligible patients had HCC scheduled for sub-lobar 
radioembolization (130-150 Gy) of a previously untreated tumor < 6 cm in diameter using TheraSpheres 
(Boston Scientific, Marlblorough, MA USA). Following confirmation of eligibility, patients provided 
informed consent before being randomized to groups receiving standard of care TARE or TARE combined 
with 3 UTMD sessions. 
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Patients assigned to the control arm received standard of care TARE while patients randomized to the 
experimental arm of the study underwent TARE with 3 UTMD sessions: at 1-4 hours post radioembolization 
and at approximately 1 and 2 weeks post treatment. Ultrasound imaging was performed using a 
commercially available S3000 HELX or Sequoia scanner with a 6C1 probe and flash-replenishment 
nonlinear imaging package (Siemens Healthineers, Issaquah, WA) by a sonographer with more than 5 years 
of clinical and research experience in CEUS. 

Five ml of activated Optison (GE Healthcare, Princeton, NJ) was suspended in 50 ml of saline and 
infused through an 18- to 22-gauge angiocatheter placed in a peripheral arm vein at a rate of 120 ml/h. After 
confirmation of contrast-enhancement within the mass, a series of UTMD-replenishment sequences was 
initiated. Patients were asked to temporarily halt respiration while a 4-second UTMD sequence (MI = 1.13 
at 1.5 MHz, transmitting 2.3 µs pulses at a pulse repetition frequency of 100 Hz) was transmitted, followed 
by nonlinear imaging of contrast replenishment at lower intensity using Cadence Pulse Sequencing (MI = 
0.06) for 10 seconds. This sequence was first repeated 3-5 times at the tumor midline to evaluate tumor 
vascularity changes over time. Following these acquisitions, the sequence was modified for the remainder 
of the contrast infusion (~10 min) to consist of sweeps through the entire tumor volume during the 4-second 
UTMD pulse sequences (approximately 25 UTMD sequences). 

For safety assessment, vital signs including temperature, heart rate, and blood pressure were obtained 
for all patients pre- and post-UTMD. Adverse events were monitored electronically and through patient 
communication. Additionally, liver function testing was performed for all patients approximately one month 
post treatment and changes compared across groups. For therapeutic efficacy, two board-certified 
radiologists with over 15 years of experience in body imaging blinded to the treatment arm assignment 
evaluated the patient’s contrast-enhanced MRI pre-embolization and 4-6 months after radioembolization 
and provided a consensus treatment response assessment using the modified response evaluation criteria in 
solid tumors (mRECIST) system. Additionally, patients were electronically monitored for time to required 
next treatment and 1 year survival.  

Results 
To date, 83 subjects have been enrolled in this ongoing clinical trial, and safety and interim efficacy 

results were recently published [13]. No statistical differences have been observed in physiologic signs pre- 
and post-UTMD in the control group (p > 0.09). Nine adverse events (grade I-II) have been observed in 
experimental arm to date, and all were deemed by the medical monitor to be unrelated to Optison infusion 
and consistent with the adverse event rate in the control arm. No radiopharmaceutical activity has been 
detected outside of the liver in any patient and no evidence of pulmonary fibrosis, radiation pneumonitis, or 
gastroduodenal injury associated with Y90 repositioning has been observed. Similarly, no differences in 
changes in liver function (bilirubin, AST, ALT, creatinine, hemoglobin, and albumin) have been observed 
between the experimental and control arms (p > 0.08).  

Evaluation of mRECIST is ongoing with data collection completed on the first 45 patients. These data 
are summarized in Figure 1 and show a statistically significant improvement in tumor response when UTMD 
is combined with radioembolization (p = 0.007). Importantly, more than 50% of patients in the experimental 
arm have shown a complete response to therapy and only 2 patients have shown stable disease on follow 
up. Similarly, patients receiving UTMD in combination with radioembolization have shown improvements 
in time to required next treatment and one year survival, although these differences are not currently 
statistically significant (p > 0.07). Subject enrollment and monitoring continues, with trial accrual expected 
to be completed in late 2023.   

Conclusions 
The addition of UTMD in patients undergoing radioembolization of HCC is safe and appears to improve 

tumoral response and clinical outcomes. While enrollment and data analysis are ongoing, this work supports 
the hypothesis that microbubble cavitation alters radiotherapeutic response in solid tumors.  
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Figure 1: Summary of mRECIST consensus reads of tumors receiving transarterial radioembolization 
(TARE) alone, or TARE combined with ultrasound-triggered microbubble destruction (UTMD).  
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Persistent microvascular obstruction (MVO) after recanalization of the epicardial vessel (PCI) in acute 
ST segment elevation myocardial infarction (STEMI) has been well-described1, with several potential 
pathophysiologic characteristics 2. The presence of MVO, even after angiographically successful epicardial 
recanalization in acute STEMI, predicts lack of recovery of left ventricular function, higher risk for heart 
failure,  higher need for implantable devices, and increased mortality.3,4 Although angiographic and 
electrocardiographic criteria exist for persistent MVO,  they underestimate the extent of MVO when 
compared with cardiac magnetic resonance imaging2 or myocardial contrast echocardiography  in the 
current early interventional era4. MVO has been detected in up to 60% of STEMIs involving the left anterior 
descending artery despite achieving  TIMI 3 angiographic flow4. Pharmacologic or interventional therapies 
to prevent MVO following emergent epicardial recanalization in acute myocardial infarction have had 
limited success in reducing reperfusion injury and subsequent scar formation in clinical trials. Therefore, 
with current standard of care we still witness situations where large amounts of myocardium fail to recover 
function following emergent PCI in ST segment elevation myocardial infarction (STEMI). This may even 
apply to non-ST segment elevation myocardial infarction as well. Although there has been limited success 
in reducing MVO with high intensity statins and beta blockers in the pre and post PCI time period, 
significant microvascular perfusion abnormalities are still present 4.  

For over 20 years, we have been demonstrating the potential for ultrasound induced microbubble 
cavitation (sonothrombolysis) to dissolve both large vessel thrombi and microthrombi. Although initial work 
in this area was with non-imaging transducers and long pulse durations, we have observed that guided high 
MI  impulses from a commercially approved diagnostic transducer combined with a continuous infusion of 
commercially available microbubbles successfully, and safely, restores microvascular flow in pre-clinical 
large animal models of acute STEMI5. Moreover, in pure models of MVO created by arterial embolization 
of <200 micron thrombotic debri, applied diagnostic ultrasound high MI impulses appeared to restore 
microvascular flow via both a nitric oxide and microthrombus dissolution effect6. The first clinical trials 
have demonstrated the safety and efficacy for diagnostic high MI impulses to improve both epicardial and 
microvascular thrombus dissolution in acute STEMI7-10. Ongoing studies are now determining what role 
pre-PCI sonothrombolysis has in acute coronary syndromes when compared to post PCI only 
sonothrombolysis. The REDUCE trial recently reinforced the findings of the MRUSMI trial in 
demonstrating the ability of sonothrombolysis applied just prior to, and following, emergent PCI to reduce 
myocardial infarct size in increase the amount of salvaged myocardium11. In 2023 additional trials will be 
completed that will demonstrate the efficacy of post PCI sonothrombolysis only in reducing ultimate 
myocardial infarct size in left anterior descending STEMI. Investigators are also now exploring the role of 
sonothrombolysis in non STEMI (HUBBLE trial). 
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Microbubble lives and emits waves at vastly 
different scales. As they were conceived to flow 
within the smallest capillaries without causing 
embolism, their size is restrained to the 
micrometric scale. However, we image them with 
ultrasound wavelengths that are hundreds of time 
larger, chosen to penetrate deep within tissue by 
avoiding frequency-dependent attenuation. Despite 
their size, individual microbubbles have been 
known to be visible deep within tissue with 
ultrasound imaging.  

Since 2010, the role of microbubble as a bridge 
between the micrometric and the submillimetric 
scale has been exploited for super-resolution 
ultrasound imaging [Couture et al. 2018, Christensen-Jeffries 
et al. 2020]. On an imaging point-of-view, the microbubble can be seen as an analogy to optical fluorescent 
markers, which themselves allowed the super-resolution microscopy revolution [Betzig et al. 2006].  

The introduction of ultrasound localization microscopy (ULM) has allowed a significant gain in 
resolution, up to a factor of 10 [Errico et al. 2020]. The rapid development of this technique, along with other 
super-resolution approaches [Bar-Zion et al. 2018, Ilovitsch et al. 2018], have led to many preclinical and clinical 
studies on various organs, such as the brain [Demené et al. 2021, Renaudin et al. 2022], kidney [Foiret et al. 2017], liver 
[Huang et al.2021], lymph nodes and various diseases such as cancer [Lin et al. 2017], Alzheimer’s’ disease [Lowerison 
et al. 2022], stroke [Hingot and Brodin et al. 2020]. The ULM community now collects the strength of many laboratory 
worldwide and open-science approaches can extend its use even more rapidly [Heiles and Chavignon, 2022].  

In the last few years, we chose to 
concentrate our efforts toward stroke 
emergency imaging, which remains a vast 
medical challenge today. Stroke impacts our 
world massively with 6 million deaths per year 
and leading to a large share of acquired 
handicap. Stroke treatment is very time-
sensitive, actions being required within the 
first few hours following onset. However, the 
necessary distinction between ischemic and 
hemorrhagic stroke still requires access to MRI 
and CT, elongating treatment time.  

We proposed to use ULM as an 
emergency neuroimaging tool. However, 
several hurdles needed to be surpassed. ULM 
had to become volumetric for a single 
acquisition to yield a 3D vision of the brain, to 
allow quantification and alleviate user-
dependency [Heiles et al. 2019, Heiles et al. 

Figure 1: Rat brain imaging with ultrasound 
localization microscopy (V.Hingot in Couture et al. 

2018) 

Figure 2: Transcranial 3D ULM of the rat brain with a 
multiplexed matrix probe (Chavignon et al. 2021) 
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2022]. Moreover, ULM had to 
become transcranial to guarantee its 
non-invasiveness. Additionally, ULM 
had to be portable to preserve one of the 
main advantages of ultrasound imaging 
[Chavignon et al. 2021]. Also, new biomarkers 
of stroke had to be defined based on this 
new type of microcirculation imaging 
[Chavignon et al. 2022]. Finally, these 
different components needed to be 
combined and demonstrated in small 
models, then larger models (see A.Coudert
presentation) before human studies. This 
presentation will summarize the path 
that we have taken toward ULM stroke 
imaging. 

As the technology now enters the 
realm of industrialization, it is necessary 
to reflect upon newly discovered 
fundamental aspects of ULM. 
Observing the path of individual
microbubbles can yield more 
information than just pretty pictures or 

even diagnostically-useful pretty pictures. Indeed, a single microbubble can be seen as a probe of its 
immediate environment, as it was demonstrated many times in-vitro. Its micrometric path and ultrasonic 
response can teach us about its immediate surrounding, much like the tip of an atomic force microscope, but 
deep within living tissue.  

As an example of this sensing 
ULM (sULM), we could observe 
peculiar behavior of individual 
microbubbles in the cortex of the 
human kidney. It could highlight 
the functional units of this organ 
that would otherwise only be 
observed through invasive imaging 
techniques.  The use of 3D ULM 
would alleviate the issues with 
planar projection and even allow to 
study the precise ultrasonic 
response of individual bubbles. In 
the future, we believe that the 
fundamental work displayed at this 
conference will find a direct 
application in understanding the 
physical behavior of single 
microbubbles in the human body 
and help comprehend the 
physiology of circulation at its 
smallest scale.  

Acknowledgments: This invited presentation is a summary of previous work by many esteemed 
colleagues including Vincent Hingot, Baptiste Heiles, Arthur Chavignon, Antoine Coudert,  Rached Baida, 
Louise Denis, Sylvain Bodard, Denis Vivien, Cyrille Orset, Gilles Renault, Jean-Michel Correas and many 
others 

Figure 3: 3D ULM of an ischemic stroke model (Chavignon et al. 
2022) 

Figure 4: Human kidney ULM using a clinical scanner displaying 
specific microbubble behavior (Denis and Bodard, in review, 2022). 

See presentation by Louise Denis 
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Introduction  

Contrast-enhanced ultrasound (CEUS) is a promising bedside diagnosis tool for myocardial 
perfusion imaging that has the potential for improving the diagnosis and treatment of patients with ischemic 
heart disease. Despite the use of ultrasound contrast agents, obtaining accurate and reliable images of the 
perfusion in the myocardium with CEUS is still a challenge. Some of the most common problems are: 
artefacts from attenuation; shadowing and clutter from the lungs or ribs; and strong clutter signal originating 
from tissue, which have the effect of concealing the microbubble signal [1], [2].  

Several contrast-specific pulsing schemes that exploit the nonlinear properties of microbubbles have 
been developed to improve contrast detection. The most widely used CEUS sequences include: amplitude 
modulation (AM); pulse inversion (PI); and their combination (AMPI). These CEUS sequences work by 
transmitting a series of complementary pulses which are then summed linearly to suppress the linear tissue 
reflections, while retaining the non-linear contrast signal. However, non-linear propogation of the ultrasound 
wave (through tissue or microbubble clouds) and tissue motion, can cause leakage of unwanted tissue clutter 
into the CEUS signal. Both problems are severely detrimental in myocardial perfusion imaging [2]. Post-
processing solutions, namely spectral clutter filters, or singular value decomposition (SVD) clutter filters, 
are also not effective because the tissue and perfusion signal are highly coherent and as the contrast is 
moving with the tissue  

In this study, we propose to improve microbubble detection of AM and AMPI  by implementing 
higher-order singular value decomposition (HOSVD) to combine the received echoes instead of 
conventionally summing them. We are using an in vivo porcine model to investigate the efficacy of our 
proposed method to detect myocardial perfusion. 

Methods 

The female Yorkshire x Norwegian Landrace porcine experiments (n=10) followed European Union 
and institutional guidelines for the care and use of laboratory animals, with CCD approval 
AVD1010020172411 (SP2100125). They were first sedated, put under full anesthesia, and vented 
mechanically. Vital signs were monitored. A diluted (30x) Definity® solution (Lantheus Medical Imaging 
Inc., MA, USA) was continously infused through the jugular vein at 1.5 ml/min. The acquisitions were 
performed in both closed-chest and open-chest procedures.  

RF acquisitions were performed with a phased array transducer (64-element P7-4, Philips ATL, Bothell, 
WA), connected to a Vantage 256 system (Verasonics Inc., Redmond, WA). An acquisition consisted of 1s 
of high-frame rate (HFR) recordings, a high mechanical index “FLASH” microbubble destruction sequence, 
followed by 4s of HFRrecordings. The HFR transmission sequence consisted of 3 overlapping synthetic 
transmit apertures (21 elements each) [3], with a pulse repetition frequency of 4.5 kHz and center frequency 
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of 5.2 MHz. Channel data were beamformed offline using the Ultrasound Toolbox [4] in Matlab (2022A, 
the Mathworks, Natick, 2022) on a 0.5 λ resolution grid and further processed.  

We implemented HOSVD on a beamformed IQ image series, arranged as a 3rd order tensor with spatial, 
temporal, and pulsing sequence as the input dimensions. Analogous to the regular 2D SVD, the filtering 
process is performed by suppressing eigenvectors that contain clutter and noise. We developed automatic 
thresholding algorithms to select the ranks for each set of eigenvectors to remove operator dependencies 
and improve reproducibility.   

 Results 

The example of power Doppler images (ensemble length of 20 frames), of closed-chest acquisition are 
shown in Figure 1 and open-chest in Figure 2. We could identify more myocardial perfusion signal (pre-
FLASH destruction) after HOSVD processing (Fig. 1c), compared to the conventional AM processing (Fig. 
1a). The images post-FLASH destruction sequence (Fig. 1 b and d) show less signal traces inside the 
myocardium and suggest that the detected signal on pre-FLASH images originate from microbubbles rather 
than tissue residuals. We also observed the myocardial perfusion signal replenishment on the subsequent 
heartbeats. The open-chest HOSVD-processed images (Fig. 2 c and d) show more microbubble signal and 
less motion artefacts compared with the conventionally process AMPI images (Fig. 2 a and b). 

Figure 1. Comparison between closed-chest parasternal short axis AM images, processed conventionally 
and HOSVD. The images processed with conventional AM (a) and (b) can be compared with the HOSVD-
processed image (c) and (d). The myocardium of interventricular septum (cyan arrows) contains more 
microbubble signal before the FLASH destruction sequence. 

(a) (b) 

(c) 
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Figure 2. Comparison between open-chest apical four-chamber AMPI images, processed 
conventionally and HOSVD. The images processed with conventional AMPI (a) and (b) can be compared 
with the HOSVD-processed image (c) and (d). The tissue motion artefacts (white arrows) are more 
suppressed with HOSVD and more microbubble signal can be detected in the myocardium (cyan arrows). 

Conclusions 

We proposed HOSVD as a method to process multi-pulse contrast schemes and performed in vivo 
evaluation with porcine heart model. The results showed that it can improve contrast detection for 
myocardial perfusion imaging compared to conventionally processing (summation) the contrast pulsing 
schemes. 
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Introduction 
Ultrasound Localization Microscopy (ULM) has been used to map the microvasculature in-vivo in 

several organs, mostly in 2-dimensions [1]–[5]. However, 2D imaging has several drawbacks: appropriate 
plane selection is difficult, flow quantification and motion correction remain heavily biased, and acquisition 
time for a full volume is detrimental. 3D ULM addresses most of these issues and could reduce user 
dependency on ultrasound imaging [6].  

Recent works in small animals show that Transcranial 3D ULM could be invaluable for the rapid 
diagnosis of stroke [8]. However, 3D ULM has not been performed on humans or large animals where the 
skull is thicker. In this study, we propose to image the microvascular system of a sheep's brain with 3D 
ULM based on diverging waves. Such a sheep model was selected due to its skull bone thickness equivalent 
to the human temporal bone. Furthermore, we performed a new cylindrical multiplexing approach to 
characterize microbubbles in 3D and compared ULM results with MRI.  

Methods 
The study was performed following the agreement of the ethics committee. A matrix probe (32 x 

32, pitch 0.5 mm, 1.5 MHz, Vermon) connected to a Vantage 256 (Verasonics) with a 4-to-1 multiplexer 
was placed on the shaved head of an 18month anesthetized sheep. The placement was helped by a ZTE 
MRI, which highlights the skull and then confirmed by a real-time 2D power-doppler sequence. For 3D 
imaging, we exploited a combination of three cylindrical waves in full-emission mode, in which all elements 
emit, and two spherical waves in synthetic emission. A bolus of 1.75ml of Sonovue contrast agent (Bracco) 
was injected through the marginal vein every minute during the first 7 minutes. A total of 112k volumes 
were acquired at 208.8 Hz volume rate and reconstructed by delay-and-sum beamforming. After mean 
temporal filtering, microbubbles were localized by radial symmetry and tracked. The resulting ULM volume 
was compared with 3D Time-of-Fly MRI. 

Results 
3D ULM allows visualization of vessels within the sheep brain in a 2cmx2cmx5cm area. (Fig1.A-

D). According to MRI, the matrix probe was placed over an area where the skull thickness was 2.5±0.5 mm. 
(Fig1.B). ULM could be superimposed with MRI. ULM highlight both the middle cerebral artery (MCA) 
and the circle of Willis (Fig1.D). Small vessels invisible to MRI also appear on 3D ULM (Fig1.D-E squares). 
However, some vessels seem to be shifted with MRI (Fig1.D arrow), and others are divided in two (Fig1.D-
E ellipses).  
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Conclusions 
In this study, we succeed in perfoming 3D transcranial ULM in sheep. However, the area remains 

limited, partly due to the restricted zone with skull planarity and poor SNR on matrix arrays. Future studies 
will attempt to improve SNR with the correction of cranial aberrations. Following improvements in these 
aspects, a 3D ULM system could be exploited to image large volume of the adult human brain through the 
temporal window and potentially provide stroke diagnosis with a portable system. 

Figure 1: A. 3D rendering of ULM density. B. Illustration on MRI of Probe positioning. C. Illustration of 
plan slice localization on MRI. D-E. ULM density projection (colored) superposed on TOF MRI  (white) for two 

slices 7mm thick: D. left-right and E. anterior-posterior. Squares highlight vessels not present in MRI but 
existing in ULM. Ellipses highlight vessels that seem to be divided in two. The arrow shows the shifting 

between ULM and MRI. Middle Cerebral Artery (MCA); Circle of Willis (Willis)  
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Introduction 
Coronary microvasculature plays an important role in controlling blood supplements for the 

myocardium. In a recent clinical trial, only 37.6% of patients, who were pre-diagnosed positive by non-
invasive testing, were confirmed to have obstructive coronary artery diseases after using invasive imaging 
approaches[1]. This result suggested that circulatory disorder may exist in myocardial microvasculature, 
however current non-invasive imaging modalities are not able to effectively image microvasculatures. 

Benefiting from high frame rate contrast-enhanced ultrasound (CEUS) imaging and super-resolution 
ultrasound (SRUS) imaging (also known as ultrasound localisation micriscopy or ULM), we visualised 
myocardial microvessels through localising and tracking of microbubbles (MBs)  trajectories in a 
Langendorff ex vivo porcine heart. 

Methods 
A Langendorff apparatus was constructed for the ex vivo experiment to keep the porcine heart alive 

outside the body[2]. A GE M5ScD phased array probe (center frequency 2.4MHz) and a Verasonics system 
(Vantage 256, Kirkland, WA, USA) were used for data acquisition. A focused wave was first transmitted to 
destroy the MBs in the left ventricular myocardium followed by diverging waves to acquire image data for 
5 seconds after MB destruction. The imaging depth was set to 11 cm in the study. 6 compounding angles 
with an amplitude modulation sequence were used in image acquisition to extract the nonlinear signal from 
MBs. The frame rate in the acquisition was 305Hz. SonoVue microbubbles (Bracco, Milan, Italy) were 
infused into the heart at the infusion rate of 5 ml/min.  

To reduce artefacts and improve the signal-to-noise ratio, a two-stages spline-based nonrigid motion 
correction algorithm[3], [4] and a temporal smoothing algorithm were used. To visualise the myocardial 
microvasculature, we localised and paired MBs from the images using an SRUS processing framework 
proposed in [5] where a Kalman motion model and MB image features were used for tracking. 

Results 
The result from the ex vivo parasternal short-axis view is presented in Figure 1. The contrast-enhanced 

image and B-mode image from the acquisition are shown in Figures 1a and 1b. Figure 1c presented the 
zoomed-in maximum intensity projection image in the region of interest. Figure 1d presents a super-
resolution density map of the microvasculature. The corresponding flow angle map is shown in Figure 1e. 
The angle map presents the microvasculature flow direction from the epicardium to the myocardium.  

Conclusions 
This study shows the feasibility of SRUS in cardiac myocardial microvasculature imaging in an ex vivo 

porcine heart using a clinical low-frequency phased array probe. Future work will involve the vessel 
occlusion model with the ex vivo heart and translate this to human imaging. 
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Figure 1. Super-resolution result of myocardial microvasculature in ex vivo porcine heart. a) Parasternal 
short axis contrast-enhanced image of the ex vivo porcine heart. b) The corresponding Bmode image. c) The 
maximum intensity projection image of the region of intest. d) The super resolution myocardial 
microvasvulature. e) The flow angle map of the myocardial microvasculature. 
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Introduction 
Macrophages play a key role amongst the immune cells in host defense. These cells are distributed 

throughout the host’s body and maintain homeostasis by getting rid of pathogens and cell debris through 
phagocytosis. They are also involved in various complex processes ranging from angiogenesis to 
erythropoiesis and have the capacity to infiltrate in disease environments like in the case of cancer and 
atherosclerosis [1]. Hence imaging macrophages and their trafficking patterns (density, flux rates, etc.) could 
provide important prognostic and diagnostic markers of human disease. While attempts at imaging immune 
cells including macrophages have been done in the past, current methods are limited in one or more of the 
following: depth of penetration, spatial resolution, and sensitivity [2]. We hypothesize that labelling 
macrophages with microbubble contrast agents could render them visible to ultrasound and potentially 
overcome these limitations to enable imaging of macrophage trafficking at high resolution and sensitivity 
deep into tissues.  

Methods 
To test our hypothesis, first we assessed our ability to label macrophages with microbubbles (MB) 

through phagocytosis. Next, we established the exposure window for imaging the labeled macrophages by 
assessing their echogenicity and viability (in vitro). Then, within this exposure window, we assessed our 
ability to image these “echogenic” macrophages in a tissue mimicking gelatin phantom, using an 18 MHz 
transducer (Vermon) connected to a programmable ultrasound scanner (Verasonics Vantage). We also 
assessed different image acquisition techniques, including compounded B-mode (7 tilted plane waves 
varying from -3⁰ to +3⁰), pulse inversion (PI), amplitude modulation (AM) and a combination of the latter 
two (AMPI) to determine which technique led to the best contrast to noise ratio (CNR). Subsequently, we 
determined whether the “echogenic” macrophages retained their functionality and  maintained a chemotactic 
movement towards tumor cells by employing transwell inserts in the presence or absence of 4T1 breast 
tumor cells. Finally, we tested our ability to image them in vivo in BALB/c mice with heterotopic 4T1 breast 
tumors in the upper flank following intratumoral injection. 

Results 
We verified using optical microscopy that 80% of the macrophages were labeled with MB following 4 

hours of co-incubation and that the labeling did not affect their  migratory capacity through the transwell 
membrane as compared to controls (unlabeled macrophages). We found that at exposures at or below 0.1 
MI (Mechanical Index) the MB-labeled macrophages emitted strong harmonic emissions (i.e., evidence of 
highly nonlinear behavior) without adversely impacting cell viability. However for exposures above 0.1 MI, 
cell death increased by 27.4 ± 9.26% (P<0.0001). At this MI, wideband emissions were clearly visible in 
the acoustic emissions’ power spectrum, indicating the onset of MB collapse (inertial cavitation). At these 
MIs, we also confirmed using high frame rate microscopy, that MBs collapsed within the cells. For the 
exposures employed (MI: 0.02 – 1) , the cell viability in the controls (unlabeled macrophages) did not change 
significantly (1.1±0.89%, P=n.s.). Together these data suggest that for MI of 0.02 - 0.1, the MB-labeled 
macrophages retain both high viability and echogenicity (i.e., associated with stable MB oscillation). Using 
these setings (MI =0.02) in the experiments with the tissue mimicking gelatin phantom, we observed a 40 
fold increase in CNR when we imaged the echogenic macrophages with compounded B-mode, as compared 
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to unlabeled macrophages. The CNR was further increased by 4-fold when using AMPI. Lastly, we 
confirmed that the engineered echogenic macrophages could clearly be imaged in vivo (7-fold increase in 
CNR as compared to unlabeled macrophages) following intratumoral injection in subcutaneous tumors. 

Conclusions 
In this study, we showed that macrophages can be labeled with MB, identified exposure settings where 

they can retain high echogenicity and viability without affecting their functionality (in vitro) and confirmed 
that they can produce a strong image contrast in vivo. Together, these data support the notion that engineered 
echogenic macrophages can be a viable ultrasound imaging contrast agent. Moving forward, we will assess 
their ability to infiltrate in tumors following intravenous administration, evaluate their trafficking patterns 
(density, flux rates) and determine whether this information can provide prognostic and diagnostic 
information (i.e., cancer biomarkers).  
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Lipid-coated microbubbles driven by ultrasound are fascinating objects rich in nonlinear dynamics [1]. Their 
intricate ultrasound-driven response is governed by bubble size, viscoelastic coating properties, and 
ultrasound driving parameters through resonance. Diagnostic and therapeutic applications of bubbles and 
ultrasound critically rely on bubble dynamics. Therefore, control over microbubble size and coating 
properties is considered as a promising avenue to enable emerging applications of bubbles and ultrasound 
such as non-invasive blood pressure sensing, molecular imaging, and controlled and monitorable blood-
brain barrier permeabilization [2]. Microfluidics allows the controlled formation of microbubbles by flow-
focusing. In a flow-focusing device, a gas thread is focused between a liquid co-flow through an orifice 
where it destabilizes and pinches off to release monodisperse bubbles. In this talk, I will summarize the 
current understanding of microfluidic bubble formation following the lifetime of a bubble. The challenges 
posed by stable monodisperse microbubble formation have brought understanding of lipid adsorption, lipid-
coated bubble coalescence, and bubble stabilization through mechanical shell compression via partial 
diffusive bubble dissolution [3,4]. This understanding now allows the formation of highly stable size-
controlled bubble suspensions [5,6], which are an invaluable tool to gain understanding of, e.g., mechanical 
shell properties [7], ultrasound-imaging sensitivity [8], and cavitation bioeffects. Finally, current challenges 
in controlled bubble formation for high-precision ultrasound sensing will be discussed.  
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Introduction  
Microbubbles (1-10 µm in diameter) were initially developed as contrast agents for use in ultrasonic 

imaging due to their echogenicity and have subsequently been investigated in a range of therapeutic 
applications. Drawbacks of microbubbles include their relatively short circulation half-lives and inability to 
extravasate. Consequently, various sub-micrometre particles have been investigated in both diagnostic and 
therapeutic applications. Gas “nano” bubbles with diameters <1 µm have been widely explored and reported 
as being able to extravasate whilst remaining visible to conventional ultrasound imaging1,2. “Nano”bubbles 
have also been reported as effective agents for numerous therapeutic applications, e.g., for blood brain 
barrier permeabilisation, drug delivery and mechanical ablation. These results are surprising as theory 
suggests that sub-micrometre particles should not be able to exhibit comparable performance under the same 
ultrasound exposure conditions as microbubbles as either diagnostic or therapeutic agents. There is 
considerable variability, however, in the definition of  “nano”bubbles in published studies and a wide range 
of techniques used to determine their size and concentration3,4. 

We investigated the following hypotheses to explain the observed acoustic responses from 
“nano”bubble suspensions: (i) the presence of pre-existing microbubbles as proposed by Myers et al. (2022)3 

(ii) coalescence resulting in the formation of microbubbles over time (iii) changes in the characteristic 
acoustic impedance of “nano”bubble suspensions at high bubble concentrations (iv) nonlinear propagation 
through high concentration bubble suspensions and/or (v) inconsistencies between expected and actual 
bubble size distributions and concentrations arising from challenges associated with measuring highly 
polydisperse bubble suspensions.   

 

Methods 
The acoustic responses of bubbles with diameters from 100nm to 10µm were modelled using a Rayleigh-

Plesset type equation via both numerical and analytical solutions and these data were used to predict the 
attenuation and speed of sound in a bubble suspension5. Experimentally, several formulations of 
microbubbles (MB) and “nano”bubbles (NB) were fabricated2,6. These were then characterized with 
multiple methods: sub-micrometre bubble size was measured using Dynamic Light Scattering (DLS) on a 
ZetaSizer (Malvern, UK) and Transmission Electron Microscopy (TEM FEI Tecnai T12) using uranyl 
acetate staining. Micrometre and sub-micrometre bubble size and concentration were measured by Coulter 
Counter (Multisizer), light microscopy using a 40x objective (Leica, UK), or Nanoparticle Tracking 
Analysis using both Videodrop (Myriade, France) and Nanosight NT 300 (Malvern, UK) systems. Bubble 
suspensions were also imaged in both B-mode and contrast mode using a clinical ultrasound system with a 
5-12MHz diagnostic ultrasound imaging probe (Philips L12-5A), and bubble oscillations were captured 
using high-speed imaging at 1 million frames per second (Shimadzu HPVx2) when driven at 0.5 MHz with 
peak negative pressures up to 1 MPa. 
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Results  

Experimentally, there were considerable differences in the measured size distributions recorded from 
the different instruments. For NB, the modal diameter measured by the ZetaSizer was 200nm, by the 
Videodrop it was 235nm whilst the Nanosight reported 100nm. TEM indicated a range of sizes from 10s to 
100s of nanometres, but it was not possible to obtain a sufficient number of images to generate a statistically 
meaningful size distribution. There was better agreement in the concentration measurements from the 
Videodrop and the Nanosight for the NB (1.94 x 1012 particles/ml and 8 x 1012 particles/ml respectively). 
None of these methods indicated the presence of any bubbles larger than 1 µm. Much better agreement was 
obtained for MB diameter measurements between the Multisizer and light microscopy than between the 
DLS, Nanosight and Videodrop, but neither is suitable for detecting bubbles smaller than ~500nm. These 
results are supportive of hypotheses (i) and (v) consistent with Myers et al (2022)3. 

Bubble stability was measured by recording the size distribution and concentration over time. The size 
and concentration of NBs were found to decrease by 18.5% and 19% respectively across 3 days when stored 
at 4oC (Figure 1) but there was no evidence of rapid coalescence at either 20oC or 37oC when measurements 
were taken over 20 minutes in the Videodrop and NTA systems. Preliminary theoretical modelling of 
coalescence probability supported these findings, suggesting that hypothesis (ii) is not valid. 

As expected, theoretical modelling predicted a substantial difference in scattering and attenuation 
coefficients between MB and NB for both linear and nonlinear propagation, with measurable scattering only 
being predicted at very high bubble concentrations for bubbles smaller than 400nm or frequencies above 
15MHz. These results were in good agreement with the experimental ultrasound measurements. Negligible 
image contrast was observed under either B-mode or contrast imaging from NB suspensions, suggesting 
that neither hypothesis (iii) and (iv) was correct (Figure 2). Similarly, negligible bubble activity was 
observed under high-speed imaging from NB suspensions under exposure conditions associated with 
therapeutic applications and under which inertial cavitation was observed with MB. 

 

Conclusions 
The results of this study support the findings of Myers et al. that it is very difficult to accurately size a 

highly polydisperse bubble suspension and therefore difficult to produce bubble suspensions containing only 
bubbles of a particular size range without repeated filtration and/or centrifugation. There was no evidence 
to support the hypotheses of NB coaelscence or nonlinear effects at high NB concentrations being 
responsible for reported acoustic responses in either diagnostic or therapeutic applications.  Whilst NB may 
offer advantages in terms of circulation time, extravasation and/or cellular fusion, higher pressure 
amplitudes and/or frequencies will be required to elicit an acoustic response and this may have important 
implications for bioeffects. The limitations of available bubble sizing methods need to be carefully 
considered in experimental design to avoid misinterpretation of results and to avoid errors in dose 
estimation. There is also a pressing need for a consensus on nomenclature for MB and NB as the latter 
currently encompass bubbles from 100-800nm, but this may correspond to a wide range of different bubble 
dynamics depending on the ultrasound exposure parameters. 
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Figure 1. Size distribution of “nano”bubbles across multiple days (n=3, error bars represent standard 
deviation). There is a decrease in size and a more defined peak as the sample gets older but no evidence of 
substantial coalescence. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Images showing negligible detection of Contrast and B-Mode Ultrasound responses of water and 
“nano”bubbles in a tissue mimicking phantom. (a) and (b) show Contrast and B-Mode Ultrasound response 
of Milli-Q filtered water respectively. (c) and (d) shows Contrast and B-Mode Ultrasound response of NB 
suspensions respectively. 
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Introduction 
Understanding the shell rheology of ultrasound contrast agent microbubbles is vital for anticipating their 

bioeffects in the clinical practice. Pioneering studies using sophisticated acoustic techniques first, and 
optical techniques later have made enormous progress in this direction [1-5], allowing for development of 
shell models able to adequately reproduce the nonlinear behavior of the bubble  [6-7]. However, the puzzling 
radius dependecy of shell viscosity [4,5,9-11] demands further rheological investigation. In this study, we 
use ultra-high speed microscopy imaging and optical trapping to investigate individual microbubble 
response to ultrasonic driving across a range of bubble sizes. The shell dilatational viscosity is inferred from 
the maximum radial expansion of the bubble. The results suggest that the dependency of the shell viscosity 
on the bubble resting radius found in previous works may be an artifact of the experimental methodology 
used. We hypothesise that the large, one order of magnitude variance in bubble viscosity reflects the 
arbitrariness of the size and distribution of phospholipid domains among bubbles. 

Methods 
A custom-designed 3D-printed test chamber with optically and acoustically transparent windows on top 

and bottom (LDPE, acoustic impedance 𝑧𝑧 = 1.79) is suspended in a water bath (T ≈ 22 °C) filled with 
deionised water, and positionally-controlled by a motorised 3D microtranslation stage. Lipid-coated (DPPC 
and DPPE-PEG5K at a molar ration 9:1) gas (C4F10) microbubbles manufactured in-house (2 − 4 μm) are 
injected at a very low dilution ratio in the test chamber and let adhere to the top window by flotation. Single 
bubbles are optically trapped and moved away from the top window of the test chamber by ~50 μm using 
a custom-built holographic optical tweezers setup (Verdi G10, Coherent, as trapping laser; PLUTO-2.1 VIS-
096, HOLOEYE Photonics, as spatial light modulator) in order to avoid wall interferences. The 
microbubbles are sonicated (20-cycle sinusoidal pulse at 1.5 MHz and with 40 kPa of peak negative 
pressure) with a focused ultrasound transducer (PA1612, Precision Acoustics) connected to a manual 3D 
microtranslation stage for alignment. The ultrasound transducer is positioned with an angle of 30° with 
respect to the horizontal plane to minimise acoustic reflections. The bubble dynamics is recorded using a 
custom-built microscope equipped with a f = 2 mm water-immersion microscope objective (CFI Plan 
100XC W, Nikon) and a f = 400 mm tube lens (TL400-A, Thorlabs) for a total magnification of 200X. The 
optical trap is deactived during the recording by using a microsecond-fast optical shutter based on an 
acousto-optic modulator (AOTF.NC-VIS/TN, AA Opto Electronic). A calibrated needle hydrophone 
(0.2 mm, Precision Acoustics) is used to measure the acoustic pressure inside the test chamber and to align 
the acoustic focal point with the optical field. Recordings at 10 million frames per second are performed 
using an ultra-high-speed camera (HPV-X2, Shimadzu), allowing for a continuous visualization over 
25.6 μs with a 160 nm-pixel resolution. Backlight illumination is provided by two Xenon strobe lamps used 
sequentially and focused on the sample through a custom-built condenser. Radius-time curves are extracted 
from the recordings using a feature extraction image processing algorithm. 

Results 
In Figure 1, the optically-measured maximum radial expansion of single bubbles as a function of the 

bubble resting radius (red dots) is compared with the computed one (black lines) using the Marmottant 
model [8] and shell dilatational viscosity values of  𝜅𝜅𝑠𝑠 = 1 ⋅ 10−9 kg/s and 4 ⋅ 10−8 kg/s. The good 
agreement between the measured and the modelled maximum bubble expansion suggests the following: i) 
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the bubble radial expansion shows a great variability that can be explained by a large variance in the shell 
dilatational viscosity; ii) the fitting shell viscosity is independent from the bubble resting radius. 

These results are in contrast with  previous studies that have reported a smaller scatter in shell viscosity 
and a significant dependency of the shell viscosity on the bubble resting radius [4,5,9-11]. The latter 
behaviour is believed to be unphysical, nevertheless it has thus far never been either explained or proven as 
such. In light of the results presented above, we believe that it may be an artifact caused by the microbubble 
spectroscopy method employed in those studies. 

 
Figure 1: Comparison of optically measured (red dots) and computed (black lines) maximum radial 

expansion, normalised to 𝑹𝑹𝟎𝟎, as a function of the bubble resting radius. 

The microbubble spectroscopy method was first proposed by [4] and enables to estimate the shell 
viscosity from the half-power bandwidth of the microbubble frequency response function considering the 
microbubble as a damped linear oscillator. The microbubble frequency response function can be 
reconstructed by scanning through a range of driving frequencies [4,5,9,10] or directly acquired using 
impulsive driving [11]. It can be shown that if the experimental half-power spectral widths are affected by 
a systematic over-estimation error 𝛥𝛥𝑓𝑓err, the estimated shell viscosities are impacted by an amount: 

κ𝑠𝑠,err ≈
π
2
ρ𝑅𝑅03Δ𝑓𝑓err. 

It is clear that the cubic dependency of such error on the resting bubble radius has major consequences on 
the shell viscosity estimation, which results in even small systematic errors on the spectral width yielding 
significant variations in the shell viscosity across a range of bubble sizes. Figure 2(a) shows how an error 
𝛥𝛥𝑓𝑓err =  200 kHz inflates the shell viscosity estimate, gives rise to a strong dependency on the initial radius 
and shrinks the shell viscosity variance. The bandwidth over-estimation can be caused by different factors: 
large frequency steps when scanning through frequencies, short observation time of the bubble dynamics, 
nonlinear bubble dynamics, etc. Figure 2(b) shows the departure of the shell viscosity estimates from the 
true values when using the experimental parameters employed by [2] (scan frequency interval Δ𝑓𝑓scan >
50 kHz, observation time 𝑇𝑇obs ≈ 4.2 μs, peak negative pressure 𝑃𝑃𝑎𝑎 = 40 kPa). 

Phospholipid monolayers can generate close-zero surface tension values at gas-water interface by 
forming a two-dimensional polydomain liquid crystal with different tailgroup orientations. The variability 
in shell viscosity can be rooted in the arbitrariness of the size and distribution of such phospholipid domains 
on the bubble interface. The edge of the domains, where phospholipids with different tailgroups interact 
with each other, can be considered as defects of the bubble shell. A larger amount of defects results in more 
frequent interactions between phospholipids with different tailgroups orientations which, in turn, could yield 
a higher shell viscosity [12]. 

Conclusions 
This experimental study utilising ultra-high speed microscopy imaging and optical trapping reveals no 

dependency of the shell dilatational viscosity on the bubble resting radius. These results are in contrast with 
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previous studies using bubble spectroscopy which have instead reported such a dependency. We believe 
that this trend is caused by an over-estimation of the half-power spectral bandwidth that inflates the estimates 
of the shell viscosity proportionally to the cube of the microbubble resting radius. Our experimental results 
also reveal a large variability in the shell viscosity that may lead to unexpectedly strong bubble oscillations 
and, by extension, violent bioeffects. We hypothesise that this variability reflects the arbitrariness of the size 
and distribution of phospholipid domains among bubbles. 

 

Figure 2: (a) Effect of a systematic error in the spectral width on the estimation of the shell viscosity over 
a range of bubble sizes. (b) Shell viscosity estimate employing the experimental parameters used in [2]. 
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Introduction 
 Endothelial cells lining the blood vessel wall form a biological barrier that prevents numerous drugs 

from being efficiently delivered to extravascular targets. To overcome this challenge, phospholipid-coated 
microbubbles (MBs) combined with ultrasound can locally enhance drug delivery. Drugs can be delivered 
by oscillating MBs through for example cell membrane permeation, tunnel formation, cell-cell contact 
opening and endocytosis [1, 2]. However, the different MB sizes in polydisperse MBs contribute to different 
drug delivery outcomes [2]. We aimed to study the single endothelial cell-MB interactions using 
monodisperse MBs with radius ranging from 1.25 to 3 µm, focusing on pore and tunnel formation. 

Methods 
Monodisperse MBs with a C4F10 gas core were coated with a lipid mixture containing DSPC and DSPE-

PEG5000 mixed at 9:1 molar ratio. Lipid dye DiD was added to fluorescently label the MBs coating before 
production. The monodisperse MBs were produced in a flow-focusing device using the microfluidic 
platform Horizon [3]. Different microbubble sizes were obtained by adjusting the flow rate and gas pressure. 
Coulter Counter was used to measure the MBs size distribution.  

Human Umbilical Vein Endothelial Cells (HUVECs) were grown to confluency in a CLINIcell. 
Fluorescent dyes were added to stain the HUVECs for live confocal microscopy imaging. The cell 
membranes were stained with CellMask Green, Hoechst was added to stain cell nuclei, and propidium Iodide 
(PI) was added to detect sonoporation events. A final concentration of 3.75×104 MBs/ml of microbubbles 
was added. The CLINIcell was then inverted and immersed in a 37 ℃ water bath. A Z-stack was first 
performed to visualize the microbubble-cell morphology in 3D. Subsequently, a time-lapse confocal 
imaging started ~30s before ultrasound (2 MHz, 200 kPa PNP, single 10-cycle burst) and continued for 3.5 
min after US. During insonification, the MB dynamic was recorded with an ultra-high-speed camera 
(Shimadzu HPV-X2) at 10 Mfps. After the time-lapse imaging, another Z-stack was acquired. Using a 
customized MATLAB script, the MB excursion amplitudes (Rmax - R0) and excursion ratio (Rmax - Rmin/R0) 
(R=radius) were determined from the obtained radius-time curves of the oscillating MBs. 

Results 
Typical examples of cellular responses are presented in Fig. 1, containing selected frames of confocal 

microscopy time-lapse imaging and the radius-time curve of the oscillating MB. Fig. 1A is a typical example 
of PI uptake and resealing pore. After ultrasound, the PI signal was detected and membrane perforation was 
identified. The perforation area increased to maximum during the first ~17s and gradually resealed after 
30s, which was also comfirmed by the Z-stack imaging. In Fig. 1B a typical example of PI uptake and non-
resealing pore is shown. After ultrasound, the pore was created next to the microbubble and remained open 
throughout the rest of the recording. The final Z-stack imaging shows that the basal membrane was still 
present, suggesting that only the apical membrane was perforated. Fig. 1C is a typical example of PI uptake 
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with a tunnel formation. After ultrasound insonification, a pore was created on the cell membrane that did 
not reseal throughout the recording. Different from the example shown in Fig. 1B, the Z-stack imaging 
shows that both the apical and basal membrane had been perforated, which resulted into a transcellular 
perforation.  

Figure 1. Typical examples of microbubble mediated-drug delivery by pores and tunnels. A) PI uptake 
and a resealing pore. B) PI uptake and a non-resealing pore. C) PI uptake and distinguishable membrane 

perforation identified as a tunnel. For every example the images from left to right show: initial cell state before 
ultrasound; the microbubble radius-time curve obtained from the ultra-high-speed imaging during ultrasound; 

four selected frames of confocal microscopy time-lapse imaging after ultrasound 

Fig. 2A shows the occurrence of four distinct cellular responses for  monodisperse MBs of different 
sizes: no PI uptake, PI uptake with a resealing pore, PI uptake with a non-resealing pore, and PI uptake with 
tunnel formation. The 1.25 µm MBs resulted in the highest occurrence rate (46.6%) of PI uptake and tunnel 
formation, while the 1.5 µm MBs induced PI uptake and resealing pore (50%) more often compared to the 
other MBs sizes. Note that the 3 µm MBs only had a 4.2% occurrence of PI uptake and tunnel formation, 
while the 3.5 µm MBs induced no cellular response.  

The excursion amplitude as a function of the initial microbubble radius is plotted for each cellular 
responses (Fig. 2B). Insonifying these microbubbles resulted in excursion amplitudes ranging from 0.1 µm 
to 1.1 µm. Note that for some microbubbles with similar initial radius, their excursion amplitudes varied, 
and therefore induced different cellular responses. As plotted in Fig. 2C, the microbubble excursion can also 
be quantified by the ratio of the excursion amplitude to the initial radius (Rmax - Rmin/R0). The excursion ratio 
ranged from 0.14 to 0.82 and seems to separate the tunnel formation data points from other cellular 
responses.  

Figure 2. Cellular responses upon microbubble oscillation: no PI uptake (gray), PI uptake with resealing 
pore (pink), PI uptake with non-resealing pore (red) and PI uptake with tunnel formation (dark green). A) 

Occurrence of PI uptake and cellular responses at different monodisperse microbubble populations with 

A B Cn=15 n=8 n=24 n=11
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initial microbubble size in radius B) Microbubble excursion amplitude (Rmax - Rmin) as a function of the initial 
microbubble radius for each cellular response. C) Microbubble excursion (Rmax - Rmin/R0) as a function of the 

initial microbubble radius for each cellular response. 

Conclusions 
Evaluating the morphology of the cell membrane revealed that monodisperse microbubble oscillation 

either caused  pore formation with perforation of the apical membrane only, or tunnel formation with 
perforation of both the apical and basal membrane. Furthermore, we found that (Rmax - Rmin/R0) correlated 
better with the occurrence of PI uptake and cellular responses than (Rmax - R0) for monodisperse 
microbubbles. This is different from polydisperse microbubbles since there was no significat difference 
between (Rmax - Rmin/R0) and (Rmax - R0) for predicting the drug delivery outcome [4]. These observations 
show the differences in cellular response depending on the initial MB sizes and underlines the importance 
of using the appropriate monodisperse MB size for future applications of microbubble-mediated drug 
delivery. 
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Introduction/ Background 
In 2019, 17.9 million people died from cardiovascular diseases; 85% of which were due to acute 
myocardial infarction (MI) [1]. Post-MI congestive heart failure is increasing due to microvascular 
obstruction (MVO). MVO is the blockage of the microcirculation by thrombi and tends to occur 
after coronary stenting for acute MI, resulting in hypoperfusion. Current therapeutic strategies for 
MVO are not consistently effective. Hence, we have been developing ultrasound (US)-targeted 
microbubble cavitation (UTMC) as a potential treatment for MVO. In its current form, UTMC only 
mechanically restores the blood flow in the obstructed vessels by disintegrating the microtrombi; 
it does not address the accompanying harmful oxidative stress and inflammation. Nitro-fatty acids 
(NFA) pleiotropically modulate cell signaling and inflammatory cell responses, resulting in 
antioxidant, anti-inflammatory and cytoprotective actions [2]. All these responses are relevant to 
the prevention and treatment of MVO. In our prior study, we developed US-guided NFA-loaded 
microbubbles (NFABs) to treat ischemia-reperfusion (IR) in rat hindlimb model. We demonstrated 
that NFABs UTMC resulted in the greatest improvement in perfusion and the greatest reduction in 
proinflammatory cytokine gene expression, demonstrating the promise of this technique. Herein, 
we apply this theraptuetic strategy to treat IR in the rat myocardial model. 
 
Methods 
We developed rat cardiac ischemia reperfusion injury model. Briefly, rats were anesthetized, 
intubated, and kept on ventilator. Baseline echocardiography (short axis) was taken (Vevo 2100) 
and left anterior descending (LAD) coronary artery was ligated. During ligation, echocardiography 
was recorded. The LAD ligation was released at 30 min, allowing for reperfusion. NFABs were 
infused intravenously for 15 min in the presence of rapid short US pulses generated by a transducer 
positioned over the chest covering the heart. Post-treatment echocardiography was recorded at 1.5 
h, followed by euthanization of rats and collection of tissues and blood. Left ventricular fractional 
shortening (%) was calculated from the echocardiography data. Cardiac tissue concentration of 
NFA was determined using liquid chromatography-mass spectrometry (LCMS).  
 
Results 
Left ventricular fractional shortening (%) at baseline, during LAD ligation and post-treatment were 
calculated for all the groups in rat myocardial ischemia reperfusion injury study. NFABs+UTMC 
outperformed free NFA and other groups. The increase in the fractional shortening post-treatment 
was highest in NFAB+UTMC group (Figure 1). 
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Figure 1. Fractional Shortening (%) changes among different groups during LAD ligation and post-
treatment in myocardial ischemia reperfusion injury model. 

NFABs+UTMC exhibited targeted myocardial NFA delivery in rats. The concentration of NFA in 
the heart was significantly higher than in the left gastrocnemius muscle of rats. In free NFA group, 
the concentration of NFA in heart was significantly lower than that exhibited by NFABs (Figure 
2).  
 

 
Figure 2. Focal tissue concentration of NFA. 

Conclusions 

Initial findings from rat myocardial ischemia reperfusion injury study are promising. NFABs exhibited 
promising efficacy in improving fractional shortening post IR and in targeted delivery of NFA to heart.  
Studies assessing ejection fraction, myocardial area at risk, histopathology, inflammatory burden, oxidative 
stress and cytoprotective biomarkers are underway. 
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Introduction 
Cancer is the second leading cause of death and, in 2018, resulted in 18 million cases and 9.6 million 

deaths worldwide. According to the World Health Organization, 70% of deaths from cancer occur in low- 
and middle- income countries (LMICs) where health systems are already overburdened and not as prepared 
to manage the increasing cancer cases1. For this and many other reasons, there is a pressing need to develop 
novel platforms for cancer therapeutics that are efficient, reduce side effects for patients, and are minimally 
invasive. One such platform is photodynamic therapy (PDT) where light is used as an external stimulus to 
activate drugs at a target location. However, PDT’s clinical applications are limited due to poor light 
penetration in tissue. Multiple studies have shown that ultrasound with or without cavitation nuclei 
(microbubbles) can also be used to activate photodynamic drugs, however the mechanism of this activation 
remains unclear. Ultrasound has the additional advantage of having a well-known safety profile and has 
been shown to promote drug extravasation. Despite these clear advantages, ultrasound-mediated drug 
activation, or sonodynamic therapy (SDT), has yet to be adopted clinically and there are few phase II+ 
clinical trials. A key reason for this is the lack of understanding of a consolidated mechanism to explain 
“sonosensitive” drug activation2. 

The majority of PDT drugs generate reactive oxygen species (ROS) when actived by light and many 
studies have reported ROS production when the same drugs are exposed to ultrasound, with or without 
microbubbles. Multiple questions remain, however, regarding the mechanism of ROS generation, the types 
of ROS produced, and whether the quantities are sufficient to promote cell killing3. The high levels of 
reported cell kill in both in vitro and in vivo experiments are particularly surprising given the short range of 
action of ROS. Answering these questions is unfortunately not straightforward due to the multiple types of 
ROS generated, the effect of ultrasound on chemical ROS sensors (e.g. singlet oxygen sensor green (SOSG) 
undergoes self-activation when exposed to ultrasound4,5), and the very wide variety of ultrasound parameters 
and setups used in different studies.6 Moreover, ultrasound can produce a wide variety of effects in tissue 
such as heating, enhanced extravasation of drugs7,8 and cell permeabilization (sonoporation)9. The vast 
majority of studies on SDT neglect the potential role of sonoporation in mediating cell death. Here, however, 
we hypothesise that intracellular drug uptake may contribute to the toxicity of SDT and potentially explain 
the high levels of cell kill observed for comparatively low concentrations of ROS.  

Methods 
A schematic of the ultrasound exposure chamber used in this study10 is shown in Fig.1 and comprises a 

water bath containing a 1 MHz focused ultrasound transducer (Imasonic 8233 A101, Imasonic SAS, France) 
and 7.5 MHz passive cavitation detector (7.5MHz center frequency, Olympus V320, Olympus, UK) into 
which a cell culture chamber can be immersed. The 1 MHz transducer was driven by a waveform generator 
(Agilent 33250A, Agilent Technologies, USA; amplifier ENI300, Electronic Navigation Industries, USA) 
and a power amplifier (generator Agilent 33250A, Agilent Technologies, USA; amplifier ENI A300, 
Electronic Navigation Industries, USA, or 1140LA, Electronics & Innovation, Ltd., USA ). The output of 
the amplifier was monitored with a high voltage probe connected to an oscilloscope (Teledyne LeCroy, 
USA ). A 2 MHz high-pass filter (2 MHz, Allen Avionics, Inc., USA, or 1.8 MHz, ThorLabs, USA) was 
also used to remove the drive frequency from the PCD signal which was then preamplified 5x (SR445A, 
SRS, Sunnyvale, USA) and recorded using a second oscilloscope (TiePie HS3 or HS5 depending on 
experiment, TiePie engineering, The Netherlands). The final ultrasound parameters used were 250 kPa pk-
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pk spatial average over the cell dish surface, 30% duty cycle, 10Hz PRF,  for 30 seconds. Multiple cell lines 
were tested including A549s, HeLas, CT26, and GFP-VE (ATCC). SDT drugs tested included Rose Bengal, 
IR780 iodide, ICG, and IR700. The concentrations of drug tested were kept at 5uM and the concentration 
of microbubbles were kept constant at 8 x 106 MBs/ml (DPBC-PEG40S PFB MBs). To determine whether 
sonoporation had an effect on drug action, the time at which the drug was administered was varied. In one 
group it was added during ultrasound exposure, in a second it was added immediately after ultrasound 
exposure, in a third it was added 20-40 min after ultrasound exposure, and in the fourth no drug was added.  
Cell death was detected by the absense of Calcein AM signal. Samples were imaged on a Nikon fluorescence 
microscope and images were analzyed in Fiji.  

 
 

 

 

 

 

 

 

 
Figure 1. Schematic of the system for acoustic transfection (SAT) setup used for the ultrasound 
exposures for these experiments. Sample holders for the 35mm ibidi dishes for cultured cells are shown 
on the right.  
 

Figure 2. Schematic of assay flow. Groups presented are compound added during ultrasound, compound 
added right after ultrasound, compound added 20/40 minutes after ultrasound, compound added with no 
ultrasound exposure, and no compound (cavitation control) after ultrasound.  
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Results 
Consistent with previous studies, the data demonstrate that sonoporation is ultrasound parameter, 

cavitation nuclei presence, and cell line dependent. Contrary to previous reports, however, drug uptake and 
cell killing were observed in the group which had drug added immediately after ultrasound exposure. This 
was not observed when  cells were allowed to recover post ultrasound exposure. These findings were 
consistent across the cell types however the extent of killing was different based on the different cell types. 
Figure 3 shows some fluorescence microscopy images of the findings. It is important to note, that the highest 
cell death was seen in the ultrasound + MB + drug group however, there was still considerable killing in the 
drug administered post ultrasound group.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 3. Rose Bengal, IR780 iodide, IR700-NHS, and ICG-NHS added without ultrasound, during 
ultrasound, immediately after ultrasound, and 20/40 minutes after ultrasound. Red is cell mask red 
(membrane), green is calcein AM (indicating cells is alive), lack of green (indicates cell is dead), 
magenta is Rose Bengal.  

Conclusions 
The results of this study support the hypothesis that intracellular uptake via sonoporation plays an 

important role in SDT-induced cell death. Further work is needed to quantify the relative contributions of 
drug activation and the intrinsic “dark” toxicity of SDT drugs in the intracelluar environment.  
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Introduction 
Ultrasound targeted microbubble cavitation (UTMC) has been investigated for site-specific, image-

guided drug and gene delivery. This approach utilizes gas-filled ultrasound contrast agents, or microbubbles, 
which carry the therapeutic (e.g. nucleic acid), and which oscillate in an ultrasound field.  The ensuing 
cavitation causes sonoporation and endothelial hyperpermeability, facilitating endocytosis-independent 
uptake of the payload into the insonified cells.  While it has been shown that UTMC can deliver therapeutic 
oligonucleotide payloads with functional results such as inhibition of tumor growth or ventricular 
hypertrophy [1-3], it has not been proven that the payloads concentrate in the extravascular space of the 
target site.  Here, we used a novel in situ hybridization approach (miRNAscope) to demonstrate that UTMC 
delivery of the complementary strand of miR-27a, miRNA-27a*, a microRNA which is pro-apoptotic in 
tumors [4, 5], causes miRNA-27a* accumulation in tumor cells and the tumor microenvironment. 

Methods 
1,2-distearoyl-sn-glycero-3-phosphocholine (18:0 PC, DSPC), 1,2-distearoyl-sn-glycero-3-

ethylphosphocholine (chloride salt) (18:0 EPC, DSEPC), and 1,2-disteraroyl-sn-glycero-3-phospho-(1’-
rac-glycerol) (sodium salt) (18:0 PG, DSPG) were purchased from Avanti Polar lipids (Birmingham, AL). 
Polyethylene glycol-40 (PEG-40) stearate was purchased from Sigma-Aldrich (St. Louis, MO). DSPC, 
DSEPC, DSPG, and PEG-40 were mixed with a mass fraction of 100:45:1:4.5 in chloroform and dried 
with argon gas. The dried lipid film was then hydrated using isotonic saline and sonicated using a bath 
Ultrasonic Cleaner (VWR, Model 75D, NY) until the lipids were evenly dispersed as 4× lipid stock 
solution. To prepare miR-loaded microbubbles, 200 µL of 4× lipid stock solution was diluted with saline 
to 800 µL in a glass vial, and 10 µg of miR-27a* or negative control miR was added and sealed. The 
headspace of the vial was filled with perfluorobutane gas (FluoroMed, LP, Round Rock, TX), and the 
glass vial was vortexed for 45 s using a dental amalgamator. The microbubbles were washed with 0.5 mL 
saline twice. The microbubbles carried miR-27a* (miR-27a*-MB) or negative control miR (CON-miR-
MB) via charge-charge interaction. 

We studied 8-week old immunocompetent C3H/HeJ female mice (Jackson laboratory, Bar Harbor, 
ME) with SCCVII xenograft tumors who received either 10 µg i.v. miR-27a* only, or MBs loaded with 10 
µg miR-27a* (or control-miR) in conjunction with UTMC.  On treatment day, mice were anesthetized, 
and a catheter was placed in the internal jugular vein for microbubble infusion as described previously [6]. 
UTMC treatment was performed as follows: microbubbles (1 × 109 microbubbles formulated with 10 µg 
miR-27a* or control miRNA) were infused into the jugular vein over 15 min. Therapeutic ultrasound was 
delivered using a single-element immersion transducer (A303S-SU, 12.7 mm in diameter, Olympus NDT, 
Center Valley, PA), driven by an arbitrary function generator (AFG3252, Tektronix, Beavertona, OR) 
connected to a gated radio frequency power amplifier (250A250AM8, Amplifier Research, Souderton, 
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PA).  The therapy transducer was oriented directly over the tumor, tilted slighted toward the tail of the 
animal to avoid ultrasound delivery to the abdomen. Ultrasound was delivered at 1 MHz transmit 
frequency, 0.70 MPa peak negative pressure (spatial peak temporal peak), 100 µs pulse duration, repeated 
5 times every 1 ms, followed by a 2-sec waiting period to allow microbubble reperfusion into the 
treatment area. The successful destruction and replenishment of microbubbles in the treatment area was 
confirmed by simultaneous contrast-specific ultrasound perfusion imaging with a clinical ultrasound 
imaging system (Sequoia 512, Siemens, Mountain View, CA, USA) in CPS mode at low mechanical 
index (0.2). 

One group of mice (n=14) was euthanized 48 hours after UTMC treatment and tumor tissue was 
collected for immunoblot quantification of miR-27a* target protein expression. Another group of mice 
(n=4) was euthanized 45 minutes after UTMC treatment, tumor tissue was paraffin-embedded, and 
processed using miRNAscope and HALO image analysis. 

Results 

At 48 hours following treatment, protein expression of direct miR-27a* targets (EGFR, AKT, 
mTOR, NUP62 and ΔNP63α) was significantly less after miR-27a*-MB + UTMC vs i.v. miR-27a* or Con-
miR-MB + UTMC. Further, whereas i.v. miR-27a* did not decrease tumor expression of these proteins vs. 
non-treated tumors, miR-27a*-MB + UTMC significantly reduced tumor expression of EGFR, NUP62 and 
ΔNP63α by 50-75%, and trended to reduce expression of AKT and MTOR, compared to non-treated tumors. 
Figure 1 is a processed miRNAscope image showing that when delivered by UTMC, miR-27a* was 
localized diffusely, both within tumor cells and in the tumor microenvironment. 

Conclusions 

 This is the first demonstration of the specific spatial and cellular distribution of oligonucleotide 
delivery by UTMC, proving that the changes in target protein expression after UTMC + miR-27a*-MB are 
associated with true extravascular delivery of miR-27a*.  These findings may account for the observation 
that UTMC-mediated delivery of miR-27a* is superior to intravenous delivery of equivalent dose miR-27a* 
for downregulating target genes known to be involved in tumor proliferation, invasion, and metastasis. 
These data substantiate the utility of UTMC for non-invasive delivery of oligonucleotide payloads to 
extravascular target sites. 

Figure 1. miRNAscope assay identifies increased miR-27a* delivery in mice treated with UTMC-miR-
27a* (Right panels) compared to No Treatment (NT; Left panels). Insets are magnifications. Upper panels 
are raw images. Lower panels are digital analysis of mark-ups obtained using HALO software to quantify 
miRNA-27a* signal (brown) in cells.  Graph:-fold increase in UTMC-miR-27a* vs NT.  
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Introduction 
Diffuse midline glioma, specifically pontine and H3 K27M-altered, is the most common and 

unfortunately the deadliest brainstem tumor in children [1]. Current clinical treatment methods only involve 
palliative radiotherapy that does not significantly improve survival beyond its poor mean survival of 9 
months [2]. These tumors remain difficult to treat with chemotherapy as they maintain an intact blood brain 
barrier (BBB). Although a technique using focused ultrasound (FUS) and microbubbles (MBs) has been 
shown to disrupt the blood brain barrier (BBBD) allowing larger chemotherapeutics to enter the parenchyma 
[3]. Panobinostat is one of the chemotherapeutics that has difficulty crossing the BBB although it has 
promising effects in vitro [4]. Therefore, in this study we hypothesized that using FUS we could disrupt the 
BBB allowing a higher concentration of Panobinostat to enter the tumor region and provide a therapeutic 
effect.  

Methods 
Mice were injected with BT-245 (patient biopsied DIPG cell line) orthotopically into the pons, 1 mm 

laterally to the right hemisphere. Initial set of mice (n = 12) had two weeks of growth then MR images were 
taken and used to guide FUS targeting to the center of the tumor location. In house microbubbles were size 
isolated to 3 ± 0.5 um and half of the mice (n = 6) were injected via tail vein at 25 µl/kg. Right before (10-
20 seconds) sonication was started with parameters as follows: center frequency: 1.515 MHz, peak negative 
pressure: 0.77 MPa, pulse length: 1 ms, pulse repetition frequency: 1 Hz. Sonication lasted for 3 minutes, 
and passive cavitation data was collected and analyzed as previously described [5]. Directly after FUS 
Panobinostat (LBH-589) was given (10 mg/kg) intraperitonially (IP) and MR images were taken to 
determine extent of BBBD. After 1.5 hours mouse serum and brains were extracted and split at the midbrain 
and cerebellum. All three samples were sent in for liquid chromatography tandem mass spectrometry and 
mass spectrometry to determine concentration of Panobinostat at each location.  

The second set of mice (n = 20) were treated weekly for three weeks. Half of which were treated with 
both FUS and Panobinostat with the same parameters to the first set, the other half was only given 
Panobinostat. After 3 weeks no treatment was done on either set. MR images were taken, and body weight 
was examined weekly prior to treatment and after treatment period ended to evaluate extent of BBBD and 
tumor progression. 

Results 
We have demonstrated that FUS-mediated BBBD can successfully deliver Panobinostat (LBH-589) to 

the pons with DMG tumors over 3-fold (Fig.1a) while only slightly increasing the concentration of the 
forebrain 51% (Fig. 1b). Passive cavitation detection during treatments showed ideal harmonic cavitation 
throughout the 3 minutes while not having any significant broadband cavitation (Fig. 2). The combination 
of both Panobinostat and FUS showed major decreases in tumor growth by ~71% by the end of the treatment 
weeks when compared to Panobinostat without FUS (Fig. 3a). A significant survival benefit was also 
demonstrated when treated with both Panobinostat and FUS improving the mean survival from 21 to 31.5 
days (Fig. 3b).  

 
 

The 28th European symposium on Ultrasound Contrast Imaging 
---------------------------------------------------------------------------

58



Conclusions 
Our study demonstrates that FUS-mediated BBBD can increase the delivery of Panobinostat (LBH-589) 

to an orthotopic DMG tumor (BT-245). The increased concentration exclusively at the tumor site was shown 
to significantly decrease tumor growth (~71%) and significantly increase survival (50%). Therefore, we see 
a strong indication that this methodology can be used to improve the treatment of DMGs in patients.  

Figure 1. Concentration of Panobinostat found in the pons and cerebellum (A) and forebrain (B) 1.5 
hours after FUS-mediated BBBD occurred (if applicable) and Panobinostat was injected IP. Analysis was 
done using mass spectrometry. Wiskers illistrate 10-90 percentile. Significance testing was done using 
student’s t test (n=6). * indicates P < 0.05; **** indicates P < 0.0001.  

 

 
Figure 2. Passive cavitation dectection during 3 minute treatments. A) Illistrates the harmonic and 

broadband cavitation dose (HCD and BCD respectively) found during each 10 ms pulse. Gray dotted line 
at 18 seconds represents the point where all microbubbles were injected. B) Spectrogram of total treatment. 
Non sonication time between pulses were removed. White line at 18 seconds represent the time at which 
microbubbles were injected.  
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Figure 3. Longitutional analysis of tumor volume using MR images obtained weekly (A) and surivival 

(B). Dotted gray lines on both plots represent the treatment days. Signifcance testing was done using 
student’s t test for A, and Mantel-Cox test (n=10) for B, where *, **, *** indicates P <0.05, 0.01, and 0.001 
respectively.  
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Introduction 
SonoTran Particles (SPs) are gas-stabilizing solid cavitation nucleation agents, developed specifically 

to enable ultrasound-enhanced drug delivery and distribution of unmodified therapeutics into solid tumours 
[1]. Following nearly a decade of research and development across the University of Oxford and OxSonics 
Therapeutics to achieve pre-clinical proof-of-concept [1,4,5], scale-up to GMP, and pre-clinical 
demonstration of safety and efficacy in small and large animal models [6,7], they have entered a first-in-
human clinical trial (CEeDD) funded by the National Institute for Health Research (NIHR201655)]. 
Recruitment and assessment of all 9 patients in the safety cohort was recently completed.        

Methods 
SPs are cup-shaped monodisperse particles of typical diameter 480nm that stabilize a single gas 

inclusion on the order of 200 nm [1]. Upon excitation to 0.5 MHz focused ultrasound, they preferentially 
generate broadband acoustic emissions and sustained microstreaming [2], the presence and location of 
which can be mapped in real time at depth within the body using passsive acoustic mapping (PAM) 
enhanced by optimal beamforming [3].  

Ahead of the clinical trial, a range of studies were conducted in tumour-bearing mice to quantify the 
safety and feasibility of PAM-guided cavitation-enhanced drug delivery with macromolecular therapeutics 
ranging from antibodies [2,5] and antibody-drug conjugates [7] to oncolytic viruses [3]. This was followed 
by extensive toxicological, pharmacokinetic and biocompatibility GLP studies to confirm SSP safety over 
the range of doses anticipated in patients. Lastly, the full SonoTran Platform developed by OxSonics 
Therapeutics, which includes both an ultrasound engine capable of real-time treatment delivery, guidance 
and monitoring, and the sterilzed SPs for intravenous administration, underwent extensive testing in a large 
animal (pig) model to demonstrate safety and effectiviness at human-relevant treatment depths [6].  

The first phase of the CEeDD clinical trial consisted of an early feasibility cohort with the primary end 
point of safety and tolerability of SonoTran Particles, and of the feasibility of delivering the SonoTran 
Platform to patients with mCRC. This cohort consists of a 3+3 (n=9) dose escalation design with doses 
ranging from 200-600mg of particles. The secondary objective is to assess the capability of the SonoTran 
platform to induce detectable and reproducible inertial cavitation activity in the target tumour during the 
intervention, as determined by real-time PAM.  

Results 
Pre-clinical studies in tumour-bearing mice demonstrated that the use of SPs in combination with 0.5 

MHz ultrasound using derated peak rarefactional pressures in the range 1-2.9 MPa and duty cycles in the 
range 0.5-5% result in 3-10x increases in the delivery of antibody-based therapeutics, accompanied by 
noteable improvements in tumour coverage away from blood vessels.  
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In the safety cohort of the CEeDD clinical study, all 9 patients successfully received the SonoTran 
intervention, safely reaching the highest SP dose level.     

Conclusions 
Pre-clinical evidence and early clinical evidence of PAM-guided cavitation-enhanced drug delivery 

suggests that the intervention is feasible, safe, and has the potential to improve unmodifed therapeutic 
delivery and distribution in solid tumours.   

Figure 1. Photograph of the treatment of the first patient in the CEeDD trial. Following intravenous 
administration of the SonoTran Particles, an mCRC tumour in the liver is targeted using the hand-held 
ultrasound probe, with the display evidencing real-time Passive Acoustic Mapping of cavitation activity 
overlaid onto a B-mode image of the target tumour. 
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Introduction 
Tumor vasculature is incredibly complex and may be described as a dense web of abnormal vessels that 
continuously remodel either due to tumor angiogenesis or response to therapy [1]. Contrast-enhanced 
ultrasound (CEUS) is ideally positioned to evaluate tumor vasculature due to the blood pool nature of its 
contrast agent (inert gas microbubbles 1-10𝜇𝜇m) and its unique traits of high temporal resolution, ease of 
use, and being safe and well tolerated [2-4]. Recent efforts on super-resolution approaches with CEUS have 
provided qualitative vascular tumor information beyond the limits of diffraction and with unsurpassed detail 
in animals and humans. Furthermore, accurately quantifying tumor blood flow and perfusion during the 
progression or regression of tumor angiogenesis will provide clinicians with the necessary metrics for 
characterization and surveillance of tumors, essential for improving patient outcomes. Various approaches 
for quantification of tumor perfusion with CEUS have been pursued but have not seen success in terms of 
clinical translation. Major limitations include lesion segmentation and tracking, tissue motion, access to 
linearized data and the development of a robust analysis software package. We have developed a 
comprehensive approach consisting of a scanning protocol to limit bubble destruction, use of an articulated 
arm to register and control motion, and an image processing algorithm utilizing parametric processing in 
order to quantitatively evaluate the wash-in and washout of the transit of a bolus in the tumor vasculature. 
Parametric images of the rise time and the degree of washout generated from the CEUS image loops provide 
robust and reproducible metrics to quantitatively assess tumor vascularity. 

Methods 
Scanning Protocol 
To develop our approach, CEUS data was collected from 29 confirmed hepatocellular carcinoma (HCC) 
lesions. Lesions were located in conventional B-mode ultrasound with a Philips EPIQ C5-1 transducer 
(Philips Medical Systems, Bothell, WA), which was then spatially fixed with an articulated arm. The 
articulated arm is critical for reduction of sonographer and patient motion, and accuracy of lesion tracking 
during breathing motion. A 1.2 mL bolus of Lumason contrast agent followed by a 5 mL saline flush was 
delivered intravenously, and a 5-minute image video loop was collected while scanning the liver with a 
contrast specific mode (amplitude modulation). For preservation of contrast, scanning was performed 
continuously for the first 90 seconds, and only for 15 seconds at the 2, 3, 4, and 5-minute mark. The probe 
was then adjusted to a different image plane on the same tumor and the process above was repeated up to 
four times to allow for the assessment of reproducibility. 
Respiratory Gating and Motion Compensation 
Analysis of HCC image loops, extracted as native DICOM data, was performed in a MATLAB tool titled 
qDicomUW operating on linearized data (the tool removes the logarithmic compression) acquired via a 
proprietary data transformation script from Philips (Philips Medical Systems, Bothell, WA). The loops from 
the 5-minute scan were stitched together and an automatic respiratory gating (ARG) algorithm was 
incorporated to eliminate out-of-plane respiratory motion relative to a user selected key frame. To further 
reduce the effects of motion and improve perfusion quantification accuracy, a motion compensation 

The 28th European symposium on Ultrasound Contrast Imaging 
---------------------------------------------------------------------------

63



algorithm utilizing two-dimensional normalized cross-correlation on the fundamental image of the 
respiratory gated frames was used. 
Quantitative Parametric Processing 
For the parametric imaging processing, a 9x9 pixel region of interest (ROI) was marched across the contrast 
image, and a time intensity curve (TIC) was generated from the ARG and motion compensated loop. The 
ROI was translated by 3 pixels horizontally first and then vertically to cover the entire image. To quantify 
the wash-in and washout dynamics for the tumor, rise time (RT) and degree of washout (DW) calculations 
were extracted from each TIC. RT was determined by the elapsed time from when contrast first arrived in 
the ROI to its peak intensity (Fig 1). DW is defined as,  

𝐷𝐷𝐷𝐷(𝑡𝑡) = 𝐼𝐼(max)
𝐼𝐼(𝑡𝑡)  𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑡𝑡 = 2′𝑜𝑜𝑒𝑒 5′, (1) 

where 𝐼𝐼(𝑡𝑡) is the mean intensity at time 𝑡𝑡 (Fig. 1). Parametric images for RT and DW(2) and DW(5) at 2’ 
and 5’ respectively, were generated for all injections (2 examples are shown in Fig 2), compressing temporal 
and intensity-based information from 5-minute scans into single images. User defined ROIs were then drawn 
around the lesion and liver parenchyma, and automatically co-registered in all images (fundamental and 
parametric) allowing for robust ROI selection. Mean and standard deviation values were calculated for each 
parametric image (RT, DW(2), and DW(5)) within these ROI. The mean values were averaged across 
injections observing the same lesion and inter-injection variability was assessed. 

Results 
Examples of perfusion quantification after the parametric processing are shown in Fig. 2. To assess 
reproducibility of RT, DW(2) and DW(5), the coefficient of variation (COV) was calculated between 
injections on the same patient and then averaged across all lesions. The average COV of RT was 11.4% for 
the tumor and 10.8% for the surrounding parenchyma. For DW(2), the average COV was 29.4% for the 
tumor and 24.4% for the parenchyma; and similarly for DW(5) was 27.7% for the tumor and 28.0% for the 
parenchyma. To contextualize these metrics, COV of bolus CEUS perfusion parameters in an in-vitro setup 
were found to be approximately 8% for RT and 50% for amplitude-based metrics like peak intensity and 
area under the curve [3]. Higher variability was anticipated for DW as it is an amplitude-based metric and 
injections captured different planes of the heterogenous lesion, but still is able to quantify the characteristic 
washout for the entire tumor that is challenging to assess qualitatively.  

Figure 1. An example time intensity curve demonstrating the calculation of the rise time (RT) and the 
intensity values used in the degree of washout (DW) calculation. 
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Figure 2. CEUS and parametric images for two patients. In row a) from left to right, CEUS images for the 
arterial, portal, and late phase. In row b) from left to right, parametric images of rise time (𝑅𝑅𝑅𝑅), and degree 
of washout 𝐷𝐷𝐷𝐷(2) and 𝐷𝐷𝐷𝐷(5). The tumor and liver regions of interest are white and purple respectively. 

Conclusions 
We have developed a robust and reproducible scanning protocol and analysis software for the quantitative 
assessment of tumor vascularity from CEUS loops. Through parametric processing of RT and DW, we can 
produce detailed and quantifiable images compiling information from minutes of CEUS data to reduce bias 
of ROI selection, reliably quantify perfusion dynamics, and provide important metrics to clinicians for 
evaluating tumor response to therapy. We have tested the ability of our tool on patient data to demonstrate 
its capability to improve and expand the current clinical utility of CEUS by providing quantifiable metrics 
of tumor perfusion despite the immense challenges of motion with a 2D scan and bubble longevity that limit 
new technologies such as super-resolution. This method is ideally positioned to evaluate tumor blood flow 
for patients undergoing therapies that alter the tumor vasculature. 
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Introduction 
Ultrasound Localization Microscopy (ULM) is a recent technique that uses contrast agents [1] and 

allows vascular mapping with up to 10-fold higher resolution than conventional echography [2]. Its principle 
is to localize injected and isolated microbubbles in order to follow their movement to the microvascular 
structure [3]. Although arteriolis and venules are easily detected and tracked by ULM, a lack of sensitivity 
has so far prevented us from observing finer microvessels [4].  

In this study, the application of ULM to subpopulations of microbubbles separated by their speed 
allowed us to highlight a particular behavior of microbubbles in the renal cortical part, and more precisely 
in the glomeruli. Using the microbubble's own behavior, we can get information about its environment; we 
called this technique “sensing ULM” (sULM). 

 

Methods 
Ultrasound sequences, using Sonovue injection, were acquired on 15 rats’ kidneys, and 14 human 

allografts ; respectively with a Verasonics 256 in rats (probe L22-14v, 15MHz, frame rate 500Hz), and with 
Contrast Enhanced Ultrasound Sequences of the Canon Applio i800 in humans (probe i8cX1, 3MHz, frame 
rate 14-64Hz). We performed a double sULM : one for fast microbubbles thanks to a spatiotemporal or a 
high pass filter ; and one for slow microbubbles using slow sULM parameters (adding a low SVD cutoff for 
rats). Classical steps were used during both : localization [5], tracking [6], and accumulation. A micro-CT 
was performed in 6 rats post-mortem in order to compare sULM with a gold standard [7]. 5 patients and 2 
rats are presented in this study. 

 

Results 
sULM combined density map, i.e. fast tracks in blue and slow tracks in red (Figure 1a), highlighted 

specific spinning microbubbles in the rat’s kidney’s cortex (Figure 1b). Micro CT comparison confirmed 
that these shapes are glomeruli  (Figure 1c, 1d).  

Thanks to sULM, these spinning behaviors were also observed in humans kidneys’ cortex with fast 
tracks in blue and slow ones in red (Figure 2a). Zoomed in the cortex area (Figure 2b) and on specific 
cortex’s tracks (Figure 2c, 2d) highlight these movements of microbubbles flowing up, spinning around 
itself, and flowing back down: just as the afferent artery, the glomerulus and then the efferent artery. 
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Conclusions 
In this study, we observed and tracked microbubbles flowing in the glomerular architecture in 5 living 

humans and in 2 rats. We used post-mortem micro-tomography for side-by-side comparison in 6 rats: one 
rat is shown here and analyses of the others are in progress. 

The observation of glomeruli by sULM is a discovery that would allow the diagnosis of a number of 
chronic kidney disease [9]. Further studies are needed to prove that sULM is feasible in native kidney, first; 
and to study if sULM could allow a diagnosis on diseased ones then. 3D will also be needed to correct out-
of-plane movements and to have precise characterization of microbubbles’ behaviour in all planes. 

Although much progress is still needed, we believe that this new modality brings imaging capabilities 
closer to the functional units of organs, which is one of the keys to understanding most diseases. 
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Figures 

 

 
Figure 1. Glomerular structures were observed in one rat kidney cortex by sULM, and microCT   
confirmed that these are glomeruli. 
a. sULM density map in rat 14 in the longitudinal plane with superimposed slow-tracking (red) and 

fast-tracking (blue). 
b. Zoom in the cortex area.   
c. Micro CT was manually registered in rat 7 on the same longitudinal plane as sULM (d). 
d. sULM density map in rat number 7 on the same longitudinal plane as micro CT (c). 
 
 

 

Figure 2. Similar glomerular structures can be observed in the human kidney cortex by sULM. 
a. sULM density map in humans with superimposed slow-tracking (red) and fast-tracking (blue). 
b. Zoom in the cortex area.  Yellow (left) and red (right) tracks are zoomed-in in c and d. 
c. Zoom of yellow glomerular behavior highlighted in b. 
d. Zoom of red glomerular behavior highlighted in b. 
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Introduction  
Abdominal aortic aneurysm (AAA) is a common vascular pathology with high risk of mortality in case 

of rupture1. Local hemodynamics are suspected to play a key role in the pathogenesis of an AAA, as it is 
related to aneurysmal growth, intraluminal thrombus formation and rupture risk2. Nowadays, endovascular 
aneurysm repair (EVAR) is the preferred treatment in patients with a suitable anatomy. However, EVAR is 
associated with higher long-term reintervention rates of up to 26%1. The placement of a stent graft may alter 
local hemodynamics and introduce unfavorable flow conditions that could lead to complications, and 
indications for reintervention, such as limb occlusion and renal dysfunction3,4.  

Prior to treatment, visualization and quantification of local blood flow patterns could provide insight 
into the underlying mechanisms of aneurysm growth. After treatment, such quantification could reveal 
unfavorable flow conditions. However, accurate in vivo blood flow quantification is a great challenge, 
especially in the abdominal aorta owing to its depth and to blood flow velocities exceeding 1 m/s. High-
frame-rate contrast-enhanced ultrasound (HFR CEUS) combined with particle image velocimetry 
(echoPIV), enables 2D quantification of local hemodynamics in the aorto-iliac tract5,6. Here, we investigate 
the applicability of echoPIV in AAA patients before and after EVAR.  

Methods 
Blood flow was imaged in two patients – in an ongoing clinical trial (n = 10) – diagnosed with an 

infrarenal AAA that were treated with EVAR. Both US and reference 4D phase contrast (PC) MRI 
measurements were performed within eight weeks prior to treatment and eight weeks after treatment. First, 
B-mode imaging and Pulsed-wave (PW) Doppler measurements were performed in the lowest renal artery,  
the infrarenal neck, the aneurysmal sac, and both common iliac arteries with a clinical US scanner (Hitachi 
ARIETTA 850; FUJIFILM Healthcare Corporation). Second, at the same locations HFR CEUS data were 
acquired with a curved array transducer (GE C1-6-D; GE Healthcare) connected to a fully programmable 
US system (Vantage 256; Verasonics). Images were captured after a 0.75 mL bolus injection of SonoVue 
microbubbles (Bracco Imaging) using a 3-angled diverging wave scheme at a PRF of 6000 Hz – effective 
imaging rate of 2000 Hz – and a center frequency of 2.2 MHz. PIV analysis was performed using a four-
iteration grid refinement approach, with a final interrogation window of 2.8 x 2.8 mm2 and 75% overlap 
(final vector grid spacing of 0.7 x 0.7 mm). Correlation averaging of 10 frames was applied for smoothing 
purposes7. As a reference, 4D PC MRI data were collected with a 3T MR scanner (Ingenia; Philips 
Healthcare) using a 4D Qflow sequence including retrospective ECG gating and respiratory motion 
compensation. Data were acquired in a volume ranging from the suprarenal aorta down to the external iliac 
arteries with a reconstructed isotropic voxel size of 1.25 mm at 28 timepoints during the cardiac cycle. The 
velocity encoding range (venc) was set per scan.  
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Results 
On first qualitative inspection the outcomes of the first patient show good agreement in measured 

velocities between echoPIV, PW Doppler and PC MRI in the aneurysmal neck. Preoperatively, it was found 
that both echoPIV and PC MRI had difficulties with blood flow quantification in the aneurysmal sac where 
very low to almost stagnant blood flow is present during diastole. During systole echoPIV revealed complex 
flow patterns and recirculation zones at the proximal edge of the aneurysmal sac. Postoperatively, it was 
found that both echoPIV and MRI were able to quantify blood flow inside the stent graft. As an example, 
blood flow velocity outcomes obtained of the right iliac artery after EVAR are given in Figure 1. The 
echoPIV data shows a recirculation zone at the distal edge of the limb (panel B). The PC MRI data shows 
regions with relatively high velocities (panel C). Stent graft related artefacts were marginal. In-depth 
analysis of the PC MRI data as well as detailed comparison of spatiotemporal blood flow velocity profiles 
and complex flow phenomena between echoPIV and PC MRI is ongoing.  

 
Figure 1. (A) Pulsed-wave Doppler, (B) echoPIV and (C) 4D phase contrast MRI systolic velocity outcomes 
of the right common iliac artery after endovascular treatment. The black and white lines in panel B indicate 
the estimated vessel outline and location of the stent, respectively. The red asterisk in panel B and C indicates 
the approximate sampling location for the pulsed-wave Doppler measurement. CIA; common iliac artery, 
EIA; external iliac artery.  

Conclusions 
Preliminary results indicate good agreement between measured velocities with echoPIV and 

corresponding PC MRI data of an AAA patient before and after EVAR. Furthermore, echoPIV was able to 
capture complex flow phenomena such as recirculation zones. If and to what extent these phenomena are 
confirmed by PC MRI data is the topic of future analysis. 
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Introduction 
Lipid-shelled gas-filled microbubbles are intravascular synthetic ultrasound contrast agents that enable 

ultrasound imaging beyond the diffraction limit [1], leading to in vivo atlases of the vasculature down to the 
microscale with an approach called ultrasound localization microscopy [2–4]. In 3D, the mapping of large 
portions of organs is now possible [5], but challenges remain when it comes to mapping entire organs [6] 
due to data and high electronic channel count management. Row Column Addressed (RCA) arrays have 
emerged as a technical solution to these problems, offering large fields of view and reduced channel counts, 
but they suffer from lower contrast and a reduced ability to focus ultrasound waves [7]. This poses 
challenges for contrast-enhanced imaging with RCA probes. 

In 2014, the discovery of genetically encoded acoustic biomolecules known as gas vesicles (GVs) 
enabled fundamental advances in molecular ultrasound such as imaging of gene expression [9], enzyme 
activity [10], or tumor hypoxia [11]. To date, amplitude modulation sequences based on cross-propagating 
plane waves (xAM) provide the most sensitive and specific ultrasound images of GVs [12]. However, 
because xAM imaging is performed line-by-line using a relatively large sliding sub-aperture, it is 
intrinsically limited in framerate and field of view [13]. The development of a dedicated RCA mode 
dedicated to faster, wide-field, and volumetric GV detection would represent a major advance. 

Here, we introduce a new imaging method called 3D Sound Sheet Imaging (SSI) implemented on RCA 
probes and capable of detecting both synthetic (microbubbles) and protein-based (GVs) ultrasound contrast 
agents with high specificity. SSI relies on the interaction of two intersecting planar excitations of long thin 
line elements. Cross-propagation occurs at their intersection and generates a sound sheet perpendicular to 
the active surface of the probe. The position, thickness, and depth of this non-diffracting beam can be 
changed to deliver 2D or 3D imaging with isotropic resolution across a volume of 1.2 cm3. We implemented 
SSI using a 15 MHz RCA probe (Imasonic, France) and demonstrate its potential by imaging genetically 
encoded GVs, synthetic microbubbles, but also red blood cells in the rat brain. 

Methods 
(N)SSI sequence. A custom-built 15 MHz 128+128 elements RCA probe was driven using a 256-

channel programmable ultrafast ultrasound scanner (Verasonics, USA)  (Figure 1a). Rows (and 
alternatively columns) were used to transmit simultaneous cross-propagating plane waves from two 
contiguous half-apertures 𝐷𝐷𝐴𝐴𝐴𝐴/2 at angles 𝛼𝛼 and −𝛼𝛼. The two transmitted plane waves span the whole 
elevation width of the RCA probe and intersect along a 2D plane, referred to as the sound-sheet (Figure 
1b). A double amplitude planar wave-front is generated at the plane waves intersection and propagates 
across the sound-sheet plane at a supersonic velocity 𝑐𝑐0

cos(𝛼𝛼) [12]. Image reconstruction of the echoes 
received by the columns of the RCA probe relies on delay-and-sum beamforming [14] with the assumption 
that backscattering only arises from the sound-sheet plane (Figure 1c). The receive volume spans the entire 
transducer field of view. A large volume can be captured by sweeping this transmission along the rows of 
the array. 

For the non-linear mode, the same sub-apertures were used for two additional transmits, each firing 
independently this time, and eliciting half-amplitude linear backscattering from the medium. The amplitude-
modulated signal was obtained by subtracting the two single amplitudes to the double amplitude received 
RFs (Figure 1d). 
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Figure 1. a) Dimensions and architecture of the Row-Column array probe. b) Two cross-
propagating plane waves are used to create a sound-sheet with doubled amplitude in one direction. 
c) The Receive volume contains all the volume of view of the probe while the transmit focusing is 
restored by the sound-sheet. Sub-wavelength orthogonal scan allows to perform 3D imaging. d) 
Thanks to the higher amplitude at the cross-propagation plane, an amplitude modulation scheme 
can also be implemented with the transmit TX2 and TX3 only using half of the sub-aperture of the 
first transmit. 

 
GV phantom. Anabaena flos aquae GVs were cultured and transferred to sterile separating funnels. 

Buoyant cells were separated from the growth media through natural flotation, and GVs were harvested 
after 48h of hypertonic lysis. A cycle of centrifugation and resuspension allows to purify the GVs further. 
A stock of wild-type GVs (wtGVs) was stripped of their GvpC protein layer with a 6-M urea solution to 
obtain GVs that scatter higher harmonics (hGVs). These two GV variants were either stored in phosphate 
buffered saline (PBS) or clustered to end up with 4 different imaging samples: wtGVs, aggregated wtGVs 
(wtGVs+), hGVs and aggregated hGVs (hGVs+). A 2% agar phantom comprising 2 mm in diameter wells 
was casted using custom-printed molds and imprints. Wells were filled with agar (control) or agar mixed 
with one of the 4 different GV variants prepared. The final GV concentration was measured optically at 
OD2.5 (285 𝑝𝑝𝑝𝑝).  

Results 
The RCA probe was placed over the GV phantom filled with 5 different samples, agar and the 2 GV 

variants (Figure 2a). We first display in figure 2a one sound-sheet at a fixed position in the coronal and 
sagittal direction. We can successfully observe the contrast increase in both of the GV-containing wells. 
Then, we performed NSSI scanning of the GV phantom at a pressure eliciting nonlinear scattering of hGVs 
(300-600 kPa range). At each sub-aperture position, 13 sound-sheets were transmitted with angles spanning 
9° to 21° to increase SNR via angular compounding. The two wells filled with hGVs were detected by the 
3D NSSI mode whereas echoes arising from the linear GV variants are extinguished as well as the artifacts 
below the wells. All images were log-compressed and are displayed with a 100 dB range and 70 dB range 
for the volume.  
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Figure 2. a) Linear Sound-Sheet imaging of well containing harmonic and wild-type GVs in Sagittal 
and Coronal views. b) Non-Linear Sound-Sheet imaging allows 3D imaging of harmonic GVs with 
orthogonal microscanning.  
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The Non-Linear Sound-Sheet imaging sequence was also used to image microbubbles (Micromarker® Fujifilm, 
Bracco). NSSI delivers filter-free imaging of microbubbles and we could successfully image the flow using non-linear 
Power Doppler (figure 3 a). 

Finally, we used the RCA probe to image the vasculature of a rat brain. After craniotomy, the probe was placed 
over the anesthetized animal and a coronal scan spanning 300 𝜇𝜇𝜇𝜇 was acquired at 1000 Hz for 0.5 s (figure 3b). 
Singular Value Decomposition filtering was applied to retain only blood signal in the different sound-sheets. A 
Maximum Intensity Projection is displayed in figure 3c and spans a thickness of 300 𝜇𝜇𝜇𝜇, comparable to what would 
be obtained at the focal point with a 2D probe transmitting through a lens at 15 MHz. A brighter band is present on the 
left images which is an artifact from the probe. All images are acquired without microbubles. 

 

Figure 3. a) Non-linear Sound Sheet Imaging of high concentration microbubbles (Micromarker ® 
Fujifilm, Bracco) and associated Power Doppler Imaging. b) In vivo SSI microscanning of an 
anesthetized Long-Evans rat brain. The animal is maintained in a stereotactic frame and the probe 
is place over the brain with acoustic gel. c) Maximum Intensity Projection of a Power Doppler 
image in the sagittal direction over a 𝟑𝟑𝟑𝟑𝟑𝟑 𝝁𝝁𝝁𝝁 thick elevation plane. Scale bar is 2 mm. 

 

Conclusions 
We introduce fast 3D nonlinear sound-sheet imaging (NSSI), a contrast-enhanced ultrasound imaging 

method dedicated to RCA probes and capable of detecting synthetic and protein-based contrast agents with 
high specificity. We successfully imaged linear and non linear GVs. NSSI achieves kHz framerates in the 
sound-sheet plane and volume rates of up to 300 Hz, which is on par with 4D fUS imaging [8]. Sound-sheet 
imaging also enabled microscanning of the rodent cerebral vasculature using high-frame Power Doppler. In 
the near future, (N)SSI will enable time-resolved ultrasound imaging of biological events in their native 
spatial arrangements. By combining RCA probes and ultrafast imaging, NSSI solves the xAM limitations 
in terms of field-of-view and imaging speed, allowing to produce high resolution imaging of contrast agents 
and of the vasculature. 
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Introduction  
Sparse arrays enable high frame rate volumetric imaging with relatively low hardware requirements. 

They are especially suited for microbubble imaging because of their inherently low transmit sensitivity: low 
transmit pressures avoid bubble disruption, while the scattered signal is high due to bubble resonance. For 
vascular imaging using microbubbles, our group has previously designed and manufactured sparse arrays 
in a spiral layout [1]. An earlier prototype of this probe was used for high frame rate volumetric microbubble 
imaging a tissue-mimicking phantom and chicken embryos [2]. The phantom provided uniform tissue-like 
scattering, while the chicken embryo provided physiological blood flow in a low-scattering structure. The 
next step is vascular imaging in a more complex in vivo environment. In this study, we demonstrate the 
feasibility of transcutaneous volumetric imaging of a porcine-kidney model and show 3D power and color 
Doppler results. 

Methods 
A Yorkshire x Norwegian Landrace pig (35 kg) was anesthetized and placed on Pentobarbital 

(15 mg/kg/h). The animal experiments followed European Union and institutional guidelines for the care 
and use of laboratory animals, with CCD approval AVD1010020172411 (SP2100125). A diluted (30x) 
Definity® solution (Lantheus Medical Imaging Inc., MA, USA) was infused through the jugular vein at a 
6 mL/min flow rate. Volumetric imaging of the left kidney was performed using our home-built sparse spiral 
array centered at 5 MHz [1] driven by a Vantage 256 system (Verasonics Inc., Redmond, WA). A scan 
sequence based on the transmission of 5 steered diverging waves [2] was used. A 5 kHz pulse repetition 
frequency enabled 1 kHz frame rate (post-angular compounding). The acquisition was 2-seconds-long and 
the collected raw radio-frequency data was beamformed offline (USTB [3]). The singular-value-
decomposition (SVD) filter was used on the beamformed and angle compounded data to remove tissue 
signals. The filtered data was then used to calculate power and color Doppler volumetric images. To remove 
breathing motion, rigid motion correction [4] was performed using the power Doppler time series and 
applied to both power and color Doppler results.  

Results 
A branch of the kidney artery tree was imaged. After clutter filtering and power Doppler filtering, the 

3D structure can be seen in Fig.1a. Smaller vessels in the renal cortex are visible in power Doppler maximum 
intensity projections (b) as well as in volume (c). Accumulation in time allowed the visualization of 
complete vessels (b). Application of volume-wide color Doppler processing (d) allowed the distinction of 
flow directions in small vessels. In the renal cortex, parallel vessels could be seen with microbubbles flowing 
in opposite directions (d, black arrows).  

Conclusions 

This work demonstrates in-vivo transcutaneous volumetric microbubble imaging in a complex organ 
using a sparse spiral array. The array, which was developed in house by our group and collaborators, enables 
high frame rate imaging at reduced channel counts, thus providing the high correlation in both space and 
time to remove tissue signals with SVD. 
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Figure 1. (a) 3D render of the average power Doppler of the entire acquisition (2 s). (b) Small vessels with 
few bubbles at any given time become clearer as the power Doppler frames were accumulated and displayed 
as maximum intensity projections (MIP). (c,d) Slices through the volumes after power (c) and colour (d) 
Doppler processing. Smaller vessels are clearer in power Doppler, while colour Doppler gives information 
on the direction of flow. Parallel vessels flowing in opposite directions can be seen in (d, black arrows). 
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Introduction  
Acoustic angiography images microvasculture in 3-D at high resolution and high contrast-to-tissue ratio. 

Given the high specificity and senstivity, quantitative metrics of vascular tortuosity and density of tumors 
can be derived from these images to inform cancer diagnostics [1]. However, the current image analysis 
pipeline suffers from time-consuming vessel segmentation and high inter-operator variability [2], which 
significantly limits the translation of this technique towards the clinic. Alternatively, deep learning can be 
used to automate the classification task [3] in an end-to-end manner without reliance on hand-crafted metrics 
of vascular morphology. Here, we demonstrate the feasibility of classifying healthy tissue and tumors in in-
vivo acoustic angiography images using deep convolutional neural networks (CNNs). 

Methods 
We obtained 3-D acoustic angiography images of both healthy and tumor-associated tissue in Fischer-

344 rats using a dual-freuency (Tx = 4 MHz, Rx = 30 MHz) wobbler transducer with n = 195 images (97 
tumors, 98 controls). We evaluated 5 CNN architectures: (1) EfficientNet-B0-3D, (2) EfficientNet-B0, (3) 
EfficientNet-B1, (4) DenseNet-121, and (5) ResNet-18. We then compared the performance of the various 
architectures in a nested k-fold cross validation study where the number of inner and outer folds were each 
set to 5. We also utilized Grad-CAM to measure network attention on test images.  

Results 
The 3-D CNN (EfficientNet-B0-3D) produced the highest average test accuracy across the 5 outer folds 

compared to the 2-D CNNs (Fig. 1a), as expected given that the 3-D representation of images are maintained 
during training whereas 2-D maximum projections are used to train the 2-D models. Nonetheless, the 2-D 
CNNs still demonstrated high accuracies between 78.2 and 88.8% and remain feasible candidates in cases 
where computationally intensive training of 3-D architectures may be limited. Additionally, as a qualitative 
metric of the model performance, saliency maps (Fig. 1b) highlight regions of high vascular tortuosity and 
density as areas that largely contributed to the correct classification of tumors, which agrees with clinical 
understanding of tumor vasculature.  

Conclusions 
This work demonstrates the feasibility of CNNs for accurate classification of in-vivo tumors from 

healthy tissue. We attained an average accuracy of 92.8 ± 3.4% for the 3-D CNN and 88.8 ± 4.6% for the 
best performing 2-D CNN, calculated on the outer folds. Furthermore, qualitative assessment of the models’ 
classification indicates general agreement with known clinical markers of tumor-associated vasculature. 
Future application of this methodology include detection of spontaneously developing tumors and prediction 
of tumor treatment response.  
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Figure 1. (a) The accuracies of each CNN evaluated. (b) Representative Grad-CAM saliency maps from 
EfficientNet-B0 of correctly identified tumor images, where “hot” areas represent regions of importance for 
the model’s classification.  
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Introduction 
Microbubbles are of great interest for ultrasound imaging, where they are used as contrast agents, as 

well as for ultrasound therapy, in drug and gene delivery applications. In both cases, a full characterization 
of the response of microbubbles to ultrasound is crucial to fully exploit the nonlinear features of these 
bubbles. Besides the intrinsic bubble dynamics nonlinearities, these nonlinearities also depend on the 
nonlinear viscoelastic shell beahvior, especially at low driving amplitudes [1]. While acoustic attenuation 
measurements can be used to characterize bubble populations at low acoustic pressure, these need to be 
performed on a microbubble suspension, and thus high-precision characterization is only possible by using 
monodisperse bubbles [2, 3]. In contrast, single microbubbles can be characterized using ultra-high-speed 
optical imaging [3], but this requires relatively large oscillation amplitudes, and measurements in the free-
field pose great difficulties.  

Here we propose a novel method to characterize the viscoelastic shell properties of single microbubbles 
in an acoustical camera setup [4, 5]. Detailed knowledge of the acoustic driving pressure and frequency 
combined with a precise measure of the resulting strain, and strain rate of the bubble interface allows us to 
derive the elastic and viscous properties of single microbubbles. Not only does this technique allow the 
study of single bubble dynamics, but it also opens new possibilities to unravel the dissipation mechanisms 
within the interface as a function of strain and strain rate. 
 
Methods 

The elastic and viscous pressure contributions (which we call function 𝑓𝑓) are the result of a pressure 
balance resulting from inertia, thermodynamic behavior of the gas inside the bubble, sound re-radiation, 
atmospheric pressure, and the incident acoustic pressure, which we extract by rewriting the Keller-Miksis 
bubble dynamics equation [1]:  

𝑓𝑓 = 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠 + 𝑃𝑃𝑣𝑣𝑣𝑣𝑠𝑠𝑣𝑣 =  − 𝜌𝜌𝐿𝐿 �𝑅𝑅
d2𝑅𝑅
d𝑡𝑡2

+ 3
2
d𝑅𝑅
d𝑡𝑡
� + �𝑃𝑃0 + 2𝜎𝜎(𝑅𝑅0)

𝑅𝑅0
� �𝑅𝑅0

𝑅𝑅
�
3𝜅𝜅
�1 −  3𝜅𝜅

𝑣𝑣𝐿𝐿

d𝑅𝑅
d𝑡𝑡
� − 𝑃𝑃0 − 𝑃𝑃𝑒𝑒𝑣𝑣 ,  (1) 

with 𝑅𝑅 = 𝑅𝑅(𝑡𝑡) the bubble radius, 𝑅𝑅0 the initial radius, 𝜎𝜎(𝑅𝑅0) the initial surface tension at rest, 𝜌𝜌𝐿𝐿 the density 
of the medium, 𝜅𝜅 the polytropic exponent of the gas, 𝑐𝑐𝐿𝐿 the speed of sound in the medium, 𝑃𝑃0 the atmospheric 
pressure, and 𝑃𝑃𝑒𝑒𝑣𝑣 the incident acoustic pressure. The elastic and viscous contribution are commonly modeled 
as [1]: 

2𝜎𝜎(𝑅𝑅)
𝑅𝑅

+ 4
𝑅𝑅
d𝑅𝑅
d𝑡𝑡

 �𝜇𝜇𝐿𝐿 + 𝜅𝜅𝑠𝑠
𝑅𝑅
�,     (2) 

with 𝜎𝜎(𝑅𝑅0) the radius-dependent surface tension,  𝜇𝜇𝐿𝐿 the viscosity of the medium, and 𝜅𝜅𝑠𝑠 the shell viscosity. 
Through nondimensionalization of Eq. 1, the viscous and elastic pressure contributions can be written as a 
function of the radial strain (𝑅𝑅(𝑡𝑡) − 𝑅𝑅0)/𝑅𝑅0, and its time derivatives. The elastic contribution, and thereby 
the effective surface tension, is independent of the strain rate and can thus be determined from the 
nondimensionalized function 𝑓𝑓 at zero strain rate. The remainder of the shell contributions is due to the 
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viscosity of the shell and of the medium. Note that this approach does not require any a priori knowledge 
on the material constitutive laws of the monolayer shell.  

The viscoelastic contribution of the shell of a single microbubble as a function of the radius and bubble 
wall velocity is determined by ramping-up the incident acoustic pressure, while measuring radial strain and 
strain rate, using the ‘acoustical camera’ setup as described in [4, 5], see Fig. 1A. Briefly, this setup consists 
of a tank filled with a microbubble suspension, in which an ultrasound transducer provides the acoustic field 
that drives the radial oscillations of the microbubbles at a frequency of 1.6 MHz. The wave is programmed 
to increase in amplitude from 0 to 38 kPa in a time span of 100 µs, before it is ramped-down to 0 kPa over 
another 100 µs. Simultaneously, two high-frequency transducers (25 MHz frequency) are used to probe the 
bubble oscillations: the first transmits ultrasound with an amplitude of 500 kPa for 245 µs, arriving 35 µs 
before the low-frequency pulse, while the second receives the amplitude-modulated wave scattered by the 
bubble. The radial strain time trace is then recovered using amplitude demodulation [5].  

Figure 1. A) Schematic of the acoustical camera setup, with low-frequency (LF) and high-frequency (HF) transducers 
[5]. B) The viscoelastic pressure contribution of a single microbubble as a function of strain and strain rate. C) The strain-
dependent surface tension as determined from the viscoelastic pressure contribution in 1B. The orange dashed line shows a 
measured surface tension curve of DPPC-based bubbles of the same size by Segers et al. [3]. D) The combined surface 
tension curves of all bubbles analyzed in this work. The solid blue line indicates the median, and the shaded region the 
standard deviation. The orange dashed line again shows the measured surface tension curve by Segers et al. [3]. 

 

To validate this novel characterization approach, we use lipid-shelled (DSPC mixed with DPPE-
PEG5000, 9:1 molar ratio) monodisperse C4F10-filled microbubbles, made in-house using a flow-focusing 
device at 55°C and using a gas mixture of 13 v% C4F10 in CO2, as described in [6, 7]. The bubbles had a 
radius of 2.6 ± 0.27 µm. The surface tension as a function of bubble radius is recovered by applying an 
error minimization routine that enforces a zero surface tension when the bubble is fully compressed, and a 
surface tension equal to that of water when the bubble shell is fully ruptured, in line with the Marmottant 

A B 

elasticity 

D C 
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shell-buckling model [8]. From the error minimization we can extract three physical parameters: the initial 
radius 𝑅𝑅0 (within the narrow size distribution), the initial surface tension 𝜎𝜎(𝑅𝑅0), and the phase of the incident 
acoustic pressure wave relative to the bubble’s radial response (within the limits of experimental 
uncertainty).   

 
Results 

The total viscoelastic pressure contribution 𝑓𝑓 as a function of the strain and strain rate of a single 
microbubble is shown in Fig. 1B. Starting at a zero strain and near zero strain rate, the hyperplane is travelled 
in successively larger spirals as the driving pressure increases. A typical surface tension curve extracted for 
a single bubble is shown Fig. 1C. The orange dashed line depicts the surface tension curve measured 
experimentally for a monodisperse bubble suspension (DPPC:DPPE-PEG5k, 9:1 molar ratio) with the same 
mean size [3]. Good agreement is found between the surface tension resulting from our stress-strain analysis 
with error minimization, and the curves measured previously on an entire population of bubbles. 

The surface tension curves from 602 bubbles as a function of strain are shown in Fig. 1D, where the 
median is indicated by the solid blue line, and the standard deviation by the shaded region. From the waist 
of the curve at zero strain we can determine the distribution of the initial surface tension:  
𝜎𝜎(𝑅𝑅0) = 26 ± 8.4 mN/m. The slope of the curve corresponds to the shell elasticity (0.54 N/m) measured via 
acoustic characterization of a bubble population at low acoustic pressure amplitudes (<5 kPa) and is in good 
agreement with previous measurements on monodisperse bubble populations (0.5 N/m) [3]. The size 
distribution determined through error minimization (𝑅𝑅0 = 2.3 ± 0.28 µm) also agrees well with Coulter 
Counter measurements of the bubble suspension.  

 
Conclusions 

The combined viscoelastic pressure contribution of lipid-shelled microbubbles is determined from the 
radial strain of single microbubbles recorded by an acoustical camera. The elastic contribution, obtained at 
zero strain rate, provides the surface tension as a function of the bubble radius. The surface tension is in 
good agreement with earlier measurements on a monodisperse bubble population, for small radial amplitude 
oscillations. The stress-strain analysis and error minimization also provide statistics on the size and the 
initial surface tension of single microbubbles. Future work will investigate the dependence of the viscous 
contribution of the shell on the strain and strain rate. 
 
References 
[1]. M. Versluis, E. Stride, G. Lajoinie, B. Dollet, and T. Segers, “Ultrasound Contrast Agent Modeling: A Review”, 

Ultrasound in Medicine & Biology, 46.9: 2117-2144, 2020. 
[2]. M. A. Parrales, J. M. Fernandez, M. Perez-Saborid, J. A. Kopechek, and T. M. Porter, “Acoustic 

characterization of monodisperse lipid-coated microbubbles: Relationship between size and shell viscoelastic 
properties”, The Journal of the Acoustical Society of America, 136.3: 1077-1084, 2014. 

[3]. T. Segers, E. Gaud, M. Versluis, and P. Frinking, “High-precision acoustic measurements of the nonlinear 
dilatational elasticity of phospholipid coated monodisperse microbubbles”, Soft Matter, 14.47: 9550-9561, 
2018. 

[4]. G. Renaud, J. G. Bosch, A. F. W. Van Der Steen, and N. De Jong, “Low-Amplitude Non-linear Volume 
Vibrations of Single Microbubbles Measured with an ‘Acoustical Camera’”, Ultrasound in Medicine & Biology, 
40.6: 1282–1295, 2014. 

[5]. S. Spiekhout et al., “Observations of monodisperse microbubble resonance by an ‘Acoustical Camera’”, 
presented at the 26th European Symposium on Ultrasound Contrast Imaging, 2021. 

[6]. T. Segers, A. Lassus, P. Bussat, E. Gaud, and P. Frinking, “Improved coalescence stability of monodisperse 
phospholipid-coated microbubbles formed by flow-focusing at elevated temperatures,” Lab on a Chip, 19.1: 
158-167, 2019. 

The 28th European symposium on Ultrasound Contrast Imaging 
---------------------------------------------------------------------------

83



[7]. T. Segers, E. Gaud, G. Casqueiro, A. Lassus, M. Versluis, and P. Frinking, “Foam-free monodisperse lipid-
coated ultrasound contrast agent synthesis by flow-focusing through multi-gas-component microbubble 
stabilization”, Applied Physics Letters, 116.17: 173701, 2020. 

[8]. P. Marmottant, S. van der Meer, M. Emmer, M. Versluis, N. de Jong, S. Hilgenfeldt and D. Lohse, “A model 
for large amplitude oscillations of coated bubbles accounting for buckling and rupture”, The Journal of the 
Acoustical Society of America, 118.6: 3499-3505, 2005. 

The 28th European symposium on Ultrasound Contrast Imaging 
---------------------------------------------------------------------------

84



Predicting the Spontaneous Vaporisation of Nanodroplets  
 

Luca Bau1, Qiang Wu1, Cameron A.B. Smith2, Kai Reimer3, Mengxing Tang3, Nicholas 
Ovenden4, Eleanor Stride1  

 
1Institute of Biomedical Engineering, University of Oxford, Oxford, UK  

2Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, USA 
3Department of Bioengineering, Imperial College London, London, UK 
4Department of Mathematics, University College London, London, UK 

Corresponding author: luca.bau@eng.ox.ac.uk; eleanor.stride@eng.ox.ac.uk; n.ovenden@ucl.ac.uk 
 

Introduction  
Superheated perfluorocarbon droplets have been widely explored as agents for ultrasound imaging and 

therapy [1] and in other applications such as radiation dosimetry [2]. Submicron, or nano-, droplets offer a 
number of potential advantages over microbubble agents, e.g. longer circulation half-lives, higher surface 
area to volume ratio and the ability to perfuse the microvasculature more easily. A key challenge in the use 
of nanodroplets, however, is the need to avoid spontaneous vaporisation whilst keeping the energy required 
for acoustic activation within the range of pressures that can be used safely in humans. This is especially 
important for imaging applications. Perfluoropropane (C3F8) microbubbles can be condensed to form liquid 
nanodroplets [3] that offer a good trade-off between thermal stability and acoustic vaporisation threshold. 
Anecdotal reports, however, suggest that C3F8 droplets can spontaneously vaporise, and may therefore pose 
a potential safety risk, especially in the presence of concurrent coalescence. The aim of this study was to 
build on recent theoretical models of droplet vaporisation [4] and investigate the probability of vaporisation 
as a function of temperature and interfacial tension.  

Methods 
The spontaneous vaporisation of a droplet of radius 𝑟𝑟𝐷𝐷  at temperature 𝑇𝑇  is modelled as a Poisson 

process with rate  

𝜆𝜆(𝑟𝑟𝐷𝐷 ,𝑇𝑇) = 𝐽𝐽(𝑟𝑟𝐷𝐷,𝑇𝑇) ⋅
4
3
𝜋𝜋 𝑟𝑟𝐷𝐷3 

where 𝐽𝐽(𝑟𝑟𝐷𝐷 ,𝑇𝑇) is the volumetric nucleation rate. The half-life of a droplet is then 

𝑡𝑡1/2(𝑟𝑟𝐷𝐷,𝑇𝑇) =
ln 2

𝜆𝜆(𝑟𝑟𝐷𝐷 ,𝑇𝑇) 

while the volume fraction of vaporised droplets as a function of time is  

𝜒𝜒(𝑡𝑡;  𝑇𝑇) =
∫ ∫ 4

3𝜋𝜋
∞
0

𝑡𝑡
0  𝑟𝑟𝐷𝐷3 𝑃𝑃𝑃𝑃𝑃𝑃(𝑟𝑟𝐷𝐷) 𝜆𝜆(𝑟𝑟𝐷𝐷 ,𝑇𝑇) exp[−𝜆𝜆(𝑟𝑟𝐷𝐷 ,𝑇𝑇)𝜏𝜏]  𝑑𝑑𝑟𝑟𝐷𝐷𝑑𝑑𝜏𝜏

∫ 4
3𝜋𝜋

∞
0  𝑟𝑟𝐷𝐷3 𝑃𝑃𝑃𝑃𝑃𝑃(𝑟𝑟𝐷𝐷)𝑑𝑑𝑟𝑟𝐷𝐷 

 

where 𝑃𝑃𝑃𝑃𝑃𝑃(𝑟𝑟𝐷𝐷) is the normalised droplet size distribution. 
Classical nucleation theory (CNT) predicts a non-zero work of formation at the spinodal, which results 

in the underestimation of nucleation rates [5]. In order to make the CNT result for the nucleation rate 
consistent with the vanishing work of formation at the spinodal, we apply a correction factor 𝐹𝐹(𝑟𝑟𝐷𝐷,𝑇𝑇) to 
the surface tension [6].  
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The corrected nucleation rate is  

𝐽𝐽(𝑟𝑟𝐷𝐷,𝑇𝑇) =
𝑁𝑁𝐴𝐴

𝑣𝑣𝐿𝐿(𝑇𝑇)
�2𝐹𝐹(𝑟𝑟𝐷𝐷 ,𝑇𝑇)𝜎𝜎𝐶𝐶𝐶𝐶𝐶𝐶(𝑇𝑇)

𝜋𝜋𝜋𝜋
exp �−

𝐹𝐹(𝑟𝑟𝐷𝐷 ,𝑇𝑇)3𝑊𝑊𝐶𝐶𝐶𝐶𝐶𝐶
∗ (𝑟𝑟𝐷𝐷,𝑇𝑇)

𝑘𝑘𝑇𝑇
� 

where 

𝑊𝑊𝐶𝐶𝐶𝐶𝐶𝐶
∗ (𝑟𝑟𝐷𝐷,𝑇𝑇) =

16
3
𝜋𝜋

𝜎𝜎𝐶𝐶𝐶𝐶𝐶𝐶(𝑇𝑇)3

[𝑝𝑝𝐺𝐺(𝑟𝑟𝐷𝐷,𝑇𝑇) − 𝑝𝑝𝐿𝐿(𝑟𝑟𝐷𝐷)]2 

is the reversible work of formation of a critical nucleus, 𝑁𝑁𝐴𝐴 is Avogadro’s number, 𝑣𝑣𝐿𝐿(𝑇𝑇) is the molar 
volume of the superheated liquid, 𝜎𝜎𝐶𝐶𝐶𝐶𝐶𝐶(𝑇𝑇) is the surface tension at a flat interface, 𝜋𝜋  is the molecular 
mass, 𝑘𝑘  is Boltzmann’s constant, 𝑝𝑝𝐺𝐺(𝑟𝑟𝐷𝐷,𝑇𝑇) is the pressure inside the critical nucleus and 𝑝𝑝𝐿𝐿(𝑟𝑟𝐷𝐷) is the 
pressure of the superheated liquid. The correction factor, which is equal to one at the binodal, where CNT 
is expected to hold exactly, and zero at the spinodal, is [6]  

𝐹𝐹(𝑟𝑟𝐷𝐷 ,𝑇𝑇) = �1 − 𝐴𝐴 𝑥𝑥(𝑟𝑟𝐷𝐷 ,𝑇𝑇) + �𝐴𝐴 − 1 −
𝐴𝐴3

108�
𝑥𝑥(𝑟𝑟𝐷𝐷 ,𝑇𝑇)2 −

𝐴𝐴2

6
𝑥𝑥(𝑟𝑟𝐷𝐷,𝑇𝑇)2  ln𝑥𝑥 (𝑟𝑟𝐷𝐷,𝑇𝑇) +

𝐴𝐴3

108
 𝑥𝑥(𝑟𝑟𝐷𝐷 ,𝑇𝑇)3�

1/3

 

where 𝑥𝑥(𝑟𝑟𝐷𝐷 ,𝑇𝑇) is a nondimensional degree of superheat defined as 𝑥𝑥(𝑟𝑟𝐷𝐷 ,𝑇𝑇) = 𝑝𝑝𝐺𝐺(𝑟𝑟𝐷𝐷,𝐶𝐶)−𝑝𝑝𝐿𝐿(𝑟𝑟𝐷𝐷)
𝑝𝑝𝐺𝐺,𝑆𝑆(𝐶𝐶)−𝑝𝑝𝑆𝑆(𝐶𝐶)  

where 𝑝𝑝𝐺𝐺,𝑆𝑆(𝑇𝑇) is the pressure inside the critical nucleus at the spinodal, and 𝑝𝑝𝑆𝑆(𝑇𝑇) the spinodal 
pressure. The parameter 𝐴𝐴 ≃ 0.1481118  is determined by fitting 𝐹𝐹(𝑥𝑥)3 to 𝑊𝑊𝐷𝐷𝐷𝐷𝐶𝐶

∗ (𝑥𝑥)/𝑊𝑊𝐶𝐶𝐶𝐶𝐶𝐶
∗ (𝑥𝑥), where 

𝑊𝑊𝐷𝐷𝐷𝐷𝐶𝐶
∗ (𝑥𝑥) is the work of formation determined by density functional theory (DFT) for a Lennard-Jones 

fluid, using literature data [7]–[9]. 
The pressure of the superheated liquid is calculated using the Young-Laplace equation 

𝑝𝑝𝐿𝐿(𝑟𝑟𝐷𝐷) = 𝑝𝑝𝑒𝑒𝑒𝑒𝑡𝑡 +
2𝜎𝜎𝐷𝐷
𝑟𝑟𝐷𝐷

 

where 𝑝𝑝𝑒𝑒𝑒𝑒𝑡𝑡 is the external pressure and 𝜎𝜎𝐷𝐷 the interfacial tension of the droplet-water interface. The 
pressure inside the critical nucleus is calculated using the Kelvin equation 

𝑝𝑝𝐺𝐺(𝑟𝑟𝐷𝐷,𝑇𝑇) = 𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡(𝑇𝑇)  exp �−
𝑣𝑣𝐿𝐿(𝑇𝑇)
𝑅𝑅𝑇𝑇 �𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡(𝑇𝑇) − 𝑝𝑝𝐿𝐿(𝑟𝑟𝐷𝐷)�� 

where 𝑝𝑝𝑠𝑠𝑠𝑠𝑡𝑡(𝑇𝑇) is the vapour pressure at a flat interface and 𝑅𝑅 is the gas constant. The pressure 𝑝𝑝𝐺𝐺,𝑆𝑆(𝑇𝑇) 
inside the critical nucleus at the spinodal is calculated by replacing 𝑝𝑝𝐿𝐿(𝑟𝑟𝐷𝐷) with 𝑝𝑝𝑆𝑆(𝑇𝑇) in the expression 
for 𝑝𝑝𝐺𝐺(𝑟𝑟𝐷𝐷,𝑇𝑇) above. Vapour pressure, molar volume and spinodal pressure are predicted using a volume-
translated Peng-Robinson equation of state [10], [11]. The temperature-dependent 𝜎𝜎𝐶𝐶𝐶𝐶𝐶𝐶(𝑇𝑇) was predicted 
using the model described in [12].  

The droplets used in the serum stability experiments were manufactured by emulsification of 100 µl of 
liquid perfluorobutane in 4 ml of 16:3:1 phosphate buffered saline/propylene glycol/glycerol containing 
1,2-distearoyl-sn-glycero-3-phosphocholine and 1,2-distearoyl-sn-glycero-3-phosphoethanol-amine-N- 

[methoxy(polyethylene glycol)-2000] in a 9:1 molar ratio at a final concentration of 4 mg/ml, using a 
probe sonicator (Q125, QSonica, USA) at 50% power for 3 minutes (20 kHz, 33% duty cycle) at –5 °C. 
The droplets were then purified by three cycles of centrifugation at 11,000g for 6 min and resuspension in 
the same volume of phosphate buffered saline. A final concentration of 109 droplets/ml were stained with 
Laurdan (50 µM), incubated in 10% fetal bovine serum and imaged at 5 min intervals in a Zeiss 780 
confocal microscope (355 nm excitation laser, BP 450/50 emission filter, C-Apochromat 63x/1.2 
objective). 
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Results 
The exact value of the interfacial tension of droplets obtained from the condensation of phospholipid-

shelled microbubbles is not known, and could in fact be substantially lower than the equilibrium interfacial 
tension of 25 mN/m [13] because of monolayer compression. We investigated a range of interfacial tensions 
𝜎𝜎𝐷𝐷 between 0 and 25 mN/m, and found that half-lives of a few seconds to minutes at 37 °C are predicted for 
submicron C3F8 droplets for values of the interfacial tension lower than about 10 mN/m (figure 1a). These 
results are in contrast with Mountford’s model [4], which predicts long-term stability across the entire range 
of interfacial tensions (figure 1b).  

Figure 1. a) Predicted half-life of C3F8 droplets at 37 °C as a function of diameter and droplet-water 
interfacial tension; b) Range of half-lives predicted by our model (blue) and [4] (red) at 37 °C for droplet-
water interfacial tensions between 0 and 25 mN/m; c) Time evolution of the volume fraction of vaporised 
droplets at 37 °C for a starting population with lognormal size distribution (median diameter 400 nm, 
coefficient of variation 50%). 

We also modelled the time evolution of the volume fraction of vaporised droplets at 37 °C starting from 
a polydisperse size distribution of median diameter 400 nm modelled as lognormal with coefficient of 
variation 50%. A substantial fraction of the total droplet volume, reaching and even exceeding 50%, can be 
vaporised within typical in vitro and in vivo experimental time scales in a physically plausible range of 
interfacial tensions (figure 1c). It is important to note that our predictions do not take into account the 
possibility of heterogeneous nucleation, which would further increase the vaporisation rate. 

Figure 2. Time course confocal microscopy images of Laurdan-stained perfluorobutane droplets in 
fetal bovine serum at 37 °C. 

 
During our experimental investigations of droplets stability, we also observed accelerated vaporisation 

of perfluorobutane droplets in fetal bovine serum compared to phosphate buffered saline (PBS) at 37 °C. 
Confocal microscopy of fluorescently labelled droplets revealed the formation of large aggregates within 
15 minutes of incubation, which, if followed by coalescence, would be a possible explanation for the 
observed vaporisation behaviour. (figure 2). 
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Conclusions 
Acoustically activatable nanodroplets show great potential but there are challenges for their clinical 

translation, especially in diagnostic applications. Anecdotal observations of spontaneous vaporisation of 
C3F8 droplets have remained unexplained so far. In this study, however, we find that the rate of spontaneous 
vaporisation at 37 °C can be substantially higher than previously predicted. A model has been derived which 
predicts the half-life of a population of C3F8 droplets and the corresponding increase of the vaporised volume 
fraction over time, showing the potential for vaporisation to proceed to a significant degree within an 
experimentally relevant time scale. We have also shown accelerated aggregation of perfluorobutane droplets 
in fetal bovine serum, which could explain their increased vaporisation rate when compared to PBS. Further 
work is needed to develop the model to include heterogenous nucleation and predict acoustic activation 
thresholds. The inherent instability of low boiling point perfluorocarbon droplets should be taken into 
account in preclinical work and, most importantly, in clinical translation.  
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Introduction  
Acoustic droplet vaporization (ADV) is a phase change phenomenon where a volatile liquid droplet 

undergoes a phase transition into a gaseous bubble when exposed to a pressure field above a certain 
threshold. After the initial observations of ADV of perfluoropentane droplets by Kripfgans et. al.[1], this 
phenomenon has been used in many biomedical applications using fluorocarbons as the vaporizing species, 
owing to their high vapor pressure [1, 2, 3]. However, heavier fluorocarbons that are stable against 
dissolution are difficult to vaporize and require higher acoustic intensities [1, 4, 5, 6]. Droplet aggregations 
have been proposed as a potential solution to lower the thresholds required for ADV [4, 7]. Nevertheless, 
an understanding of the underlying physics behind the acoustic vaporization of such droplet aggregations 
and an explanation to the reduced threshold are still missing. Here, we aim at filling this knowledge gap by 
temporally resolving the vaporization process of droplet aggregations using ultra-high-speed video-
microscopy. Although sub-micron droplets are more suited for biomedical applications, here we use larger 
micron-sized droplets to facilitate their optical characterization. 

Methods 
Perfluoropentane (C5F12) droplets of 3-10 µm in radius were fabricated using a flow-focusing 

microfluidic device. Lipid solution with a mixture of 1,2-distearoyl-sn-glycero-3-phosphocholine, 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-n-[polyethylene glycol]-2000 (Na salt) and a biotinylated 
lipid, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(methoxy polyethylene glycol)-2000] 
(90:5:5 molar ratio, 10 mg/ml) was used as the surfactant to generate the droplets. Droplet aggregations 
were formed by taking advantage of the streptavidin-biotin binding scheme. Briefly, droplets were washed 
with PBS to get rid of extra lipids and 400 µl of the droplets were mixed in with 10 ml of 0.2-0.5 mg/ml 
streptavidin solution and left overnight to facilitate streptavidin-biotin binding and form aggregates. The 
droplet aggregates were placed in an optically and acoustically transparent chamber. The droplets were kept 
in a superheated state by placing the chamber in a temperature-controlled water bath. A custom-built 
microscope with a total magnification of 200X, attached to a commercial ultra-high-speed camera 
(Shimadzu HPV-X2) was used to record the images at 10 Mfps. A 5-MHz high-intensity focused ultrasound 
(HIFU) transducer was used to initiate droplet vaporization. 

Results 
We show that stable droplet aggregations could be generated using streptavidin-biotin binding complex. 

Although aggregations with different number of droplets were generated, for simplicity, this work mainly 
focuses on 2-droplet aggregations. We observed a slight reduction in the vaporization threshold when 
comparing vaporizations of 2-droplet aggregations to single droplet vaporizations. This assessment was 
performed in two ways: by comparing i) the radius of the smallest droplet in the aggregation, and  ii) the 
effective radius of the combined droplet aggregation. Figure 1 shows typical visualization of the 
vaporization of a 2-droplet aggregation.  

Interestingly, we also observed some differences in the location of the vapor nucleation site for different 
orientations of the droplet pair with respect to the incoming ultrasound. Additionally, in droplet-pairs 
containing droplets of different sizes, even though the larger droplet typically vaporizes first, the location 
of the larger droplet with respect to the incoming ultrasound affected the vaporization behavior of the smaller 
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droplet. We hypothesize that these curious observations of ADV in droplet aggregates arise, at least partly, 
from complex acoustic lensing effects in these droplets, which enhances the pressure amplification inside 
the droplets [8].  

Finally, after the generation of the vapor bubble inside the droplet, in some cases, entrainment of the 
droplet fluid also created micro-jets. These micro-jets could be sufficiently strong to significantly contribute 
to the mechanical effects of ADV to its surroundings, with implications in the sonoporation of neighboring 
cells such as those forming the blood vessel walls. Future work will focus on numerical studies of acoustic 
lensing in droplet aggregates, physical mechanisms underlying ADV of droplet aggregates, evaluation of 
the final bubble formation from droplet aggregates, and scaling down the sizes of droplets for a more 
biologically relevant investigation. 

Conclusions 
With the increasing use of ADV for various biomedical applications, better physical understanding of 

the dynamics of ADV is desirable. In our work, we use ultra-high-speed microscopy to shed light on these 
mechanisms for ADV of droplet aggregations. We show that droplet aggregations could be a viable method 
to reduce the acoustic intensities required to initiate ADV. Our time-resolved video microscopy also unveils 
a possibly interesting correlation between the first vapor nucleation site and the orientation of the droplet 
pair to the incoming ultrasound, as well as the relative size and location of the droplets in the aggregate. 
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Introduction 

Collapse of lipidic ultrasound contrast agents under high-frequency compressive load has historically been 
interpreted as the vanishing of surface tension [1]. By contrast, buckling of elastic shells is known to occur 
when costly compressible stress is released through bending. Through quasi-static compression experiments 
on lipidic monodisperse microbubbles, we analyze the buckling events in the framework of classical elastic 
buckling theory and deduce the mechanical characteristics of these shells [2]. They are then compared to 
that obtained through acoustic characterization [3]. Finally, we evidence a non-zero displacement of about 
one-third the microbubble radius/cycle upon a complete cycle of deflation and re-inflation.  

Methods 
The monodisperse microbubbles suspensions were produced in a flow-focusing device described in 

detail in [3]. These microbubbles react to an ultrasound pulse by oscillating at a characteristic resonance 
frequency that depends on the stiffness that will be called dynamic stiffness χ𝑑𝑑 in what follows in order to 
underline that it may differ from the stiffness obtained in a quasi-static situation. The dynamic stiffness was 
obtained by fitting a theoretical linear oscillator model to measured attenuation spectra [3].  Monodisperse 
microbubbles of dynamic stiffness ranging from 0.6 to 4.5 N/m were considered as well as the commerical 
contrast agent SonoVue/Lumason® (Bracco Spa, Milan, Italy) to validate the generecity of our result with 
our homemade shells. 

Shells were gently poured in degased water and placed in a Falcon microfluidic reservoir of 15 ml 
(Fisher Scientific, USA) connected to an Elveflow® pressure controller (Elvesys®, France) and to a flow-
through cuvette (Aireka Scientific® Co., Ltd) using PTFE tubings. The chamber is made from quartz with 
a square cross section (12.5mm x 12.5mm). It is placed under an inverted microscope (Olympus®, model 
IX70), which was twisted 90 degrees through three stabilizing aluminium legs (See Fig. 1a). This 
configuration allows to have an observation axis z perpendicular to gravity axis y. After injection in the 
chamber, the microbubbles float upward due to buoyancy. 
The other end of the observation chamber is connected 1) to a valve which is left open to inject the UCAs 
into the chamber by a gentle increase of the pressure in the reservoir (of order 30 mPa above atmospheric 
pressure), and closed to allow for pressurization of the chamber in order to compress the shells  and 2) to a 
pressure sensor (MPS1, Elvesys®, France).  Following the instruction of the manufacturer, the sensor was 
first calibrated by connecting it directly to the outlet of the pressure controller. This sensor was placed at 
the same altitude as the objective of the microscope and allowed us to measure the ambient pressure around 
the shells, while checking potential time delay in the response  of the whole device regarding imposed 
pressure variation. 

In order to correlate shell shape evolution with values of external pressure, both pressure sensor and fast 
camera (Miro 310®, Vision Research) are triggered through the Elveflow interface. Movies are taken at a 
rate of 100 frame/s. An automated stage (MS-2000, ASI®, USA) is used to select a microshell prior to the 
recording. 

The 28th European symposium on Ultrasound Contrast Imaging 
---------------------------------------------------------------------------

92



Experiments were conducted at room temperature (around 25 degrees) and the concentration of shells 
(105 shells/mL) is such that interactions between shells can be considered negligible. 

 
To track the UCAs and get their shape at each time step, we  developed a  tracking algorithm with sub-

micron resolution.  The intensity profile of a non-spherical shell is complex and depends on the angle of the 
shell relatively to the optical axis. Being interested essentially in the detection of non-spherical deformation 
events, we approximate it by a two-dimensional (2D) elliptical Gaussian distribution with a tilt angle θ as 
seen in Fig. 1b.  

Results 

We first considered slow variations of pressure, which varied from the atmospheric pressure 𝑷𝑷𝒂𝒂𝒂𝒂𝒂𝒂 =
𝟏𝟏𝟏𝟏𝟏𝟏.𝟏𝟏 kPa to a maximum value 𝑷𝑷𝒂𝒂𝒂𝒂𝒎𝒎  and back to 𝑷𝑷𝒂𝒂𝒂𝒂𝒂𝒂 within 40 s. We systematically observed that when 
the maximum pressure 𝑷𝑷𝒂𝒂𝒂𝒂𝒎𝒎 was set to be slightly above a given value 𝑷𝑷𝒃𝒃 shells would loose their spherical 
symmetry at threshold 𝑷𝑷𝒃𝒃 and collapse into a bowl-like shape which had most of the time a three-fold 
symmetry, as can be seen on Fig. 2a. This deformation was reversible and could be repeated several times 
through slow pressure cycles between 𝑷𝑷𝒂𝒂𝒂𝒂𝒂𝒂 and 𝑷𝑷𝒂𝒂𝒂𝒂𝒎𝒎 with no apparent damage. These points are clear 
signatures of an elastic behaviour, since shapes of shells driven only by surface tension effects would be 
non-specific when surface tension vanishes. Threshold 𝑷𝑷𝒃𝒃 is determined from the rapid change of the shell 
size h (Fig. 2b) and will be called  "buckling pressure". Elastic moduli were estimated by fitting the 
measured linear decay of the aspect ratio as function of the pressure to the buckling theoretical model derived 
in this work. They are in close agreement with the ones measured acoustically except the shell with 𝛘𝛘𝒅𝒅 = 
4.5 N/m, where surface tension based model fails to describe the measured buckling pressures (Fig. 2c).  

Finally, displacements perpendicular to gravity were measured for SonoVue® microbubbles as well as 
for the homemade monodisperse microbbubles. To detect precisely the gravity direction, which may be 
potentially biased by microstreams due to leakage or material deformation, we mixed the UCA suspension 
with 5 µm average diameter hollow glass beads. These shells did not buckle when an  overpressure was 
applied and could be used as reference particles to detect the main advection direction y.  

The overlaid boxplot in Fig. 2d summarizes all the swimming experiments on SonoVue microbubbles 
for two different frequencies 𝑓𝑓 = 1 Hz and 𝑓𝑓 = 2 Hz and for the homemade microbubbles for only one 

Figure 1. a) Experimental set-up for buckling experiments, b) Light intensity distribution of b1) raw image 
in ‘spherical shape, b2) raw image in 'buckled' shape, b3) fitted image in 'spherical' shape and b4) fitted 

image in 'buckled' shape. 
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frequency 𝑓𝑓 = 1 Hz. In all experiments, reference beads with a similar density (which do not buckle) were 
added as a control. A statistical significance in the net displacement of microbubbles is shown through a 
Student T-test (exact 𝒑𝒑𝒗𝒗𝒂𝒂𝒗𝒗 < 𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏). Homemade microbubbles show higher net displacement compared to 
SonoVue which it can be understood by their higher elastic moduli. 

 

 
Figure 2 a) Zoology of shapes of UCAs after buckling. The 3-fold geometry is dominant. The scale bar 

represents 6 µm. b) Variation of the shell size h with the applied pressure 𝑷𝑷𝒆𝒆𝒎𝒎𝒂𝒂, for a shell with 𝛘𝛘𝐝𝐝 = 𝟏𝟏.𝟓𝟓  N/m. 
The spherical part (where h is equal to the shell radius R, purple dots) is linear and the corresponding fit is 

indicated by the solid line. The buckling 𝑷𝑷𝒃𝒃 corresponds to the change of slope, when the height h of the shell 
decreases more abruptly (indicated with the dashed line). c) Buckling pressures 𝑷𝑷𝒃𝒃 for three considered 

shells. d) The absolute net displacement of SonoVue microbubbles (two different frequencies), homemade 
microbubbles and the control (glass beads). Each symbol represents net displacement averaged on at least 8 

cycles. The overlaid boxplots show the median, interquartile range, mean, and the minimum to maximum 
values. Statistical significance indicated with * Student T-test 𝒑𝒑𝒗𝒗𝒂𝒂𝒗𝒗 < 𝟏𝟏. 𝟏𝟏𝟏𝟏𝟏𝟏. 

.  

Conclusions 
Our results highlight the difficulty in assessing a coherent view of the mechanical properties of lipidic 

microshells that would be relevant for all frequencies and amplitudes of loads, including triggering of 
buckling, or buckling-like, events. 
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Surface tension based models intrinsically assume that the shell is always overpressurized, while 
buckling processes require, in the elastic shell framework, the inner pressure to be lower than the outer 
pressure. Here, we explained the buckling process under quasi-static load in the framework of  elastic theory, 
and showed that the overall elastic response in the spherical deformation under quasi-static load is similar 
to that obtained under pulsed, high amplitude, excitation, using a surface tension based model. However, 
we showed that coherence with known buckling thresholds and the typology of deformation with a small 
number of folds in our case, can only be explained by considering that vanishing surface tension is not the 
key to understand non-spherical deformations. Rather, an elastic contribution that includes an effective 
characteristic lengthscale that would emerge from the transverse anisotropy of the shell, is required to 
account for the observed phenomena. 

On the other hand, we showed that this buckling mechanism can be a type of propulsion for 
microbubbles. Though, the direction is controlled in the shell reference frame and can be an answer to the 
problem of directivity accounted in the acoustic radiation force technique used in ultrasound molecular 
imaging and drug delivery.  
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Introduction 
Microbubbles (MBs) with diameters ranging from 1 to 100 μm have been studied for various 

applications, including cleaning and medicine. In this study, we focused on drug delivery systems (DDS), 
one of the medical applications, and proposed and evaluated a method using electric fields for precise motion 
control of MBs, which is indispensable for realizing DDS. Currently, ultrasound is the most common method 
to apply a control force to MBs, and it can capture MBs as a standing wave. On the other hand, the method 
using an electric field can apply an attractive force due to Coulomb force to MBs, and is expected to enable 
more precise control than trapping. In the experiments of this study, the velocity change of MBs with 
changing voltage was measured, and the same trend as in the previous study [1] was confirmed. However, 
under an electric field, forces due to electro-osmosis flow in the liquid inside the container and convection 
flow due to hydrogen generation at the electrodes also act on the MBs, but the effects of these forces have 
not been fully investigated. In this study, the possibility of motion control of MBs using an electric field 
was investigated, including these effects. 

Methods 
In order for the Coulomb force to act on MB, the bubble surface must be charged. Therefore, we first 

positively charged the MB surface using a cationic surfactant as shown in Fig.1. An electric field was 
generated by a DC stabilized power supply to the MBs thus generated, and the MBs were observed to be 
attracted by the Coulomb force. The area captured was the central 1.7 mm x 2.1 mm region indicated by the 
red frame in Fig.2. Here, there is one point to consider regarding the experimental system in Fig. 2. The 
results measured with this experimental system include not only the velocity due to the Coulomb force 
intentionally generated in this case, but also other external forces. Therefore, in this study, we considered 
two external forces other than the Coulomb force. 

The first is the effect of convection on hydrogen generation. In this study, the electrodes were 
installed in water, so hydrogen was generated on the anode side, generating a flow as shown in Fig.3. To 
suppress this effect, a plate was inserted on the anode side and the experiment was conducted again. The 
second is the effect of electro-osmosis flow, as shown in the image in Fig.4. When an electric 

field is applied to a liquid containing ions, the liquid has a flow velocity due to the bias in the ion 
distribution caused by the electric charge on the tank wall. In the case of this study, because the 
wall surface is positively charged, the liquid near the wall surface has a distribution containing 
many negative ions, and the liquid near the wall surface flows in the direction of the blue arrow 

and in the center in the direction of the red arrow. Since it is difficult to suppress the electro-
osmotic flow experimentally at this time, numerical estimates were made using the Navier-

Stokes equation and the Poisson-Boltzmann equation. 
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Results 

Fig. 5 shows the average velocity of MB with and without plates shown in Fig.3 at 40V. Comparing 
the solid and dashed lines, the velocity indicated by the dashed line is suppressed to 56% of the solid line at 
the same voltage, indicating that the effect of convection associated with hydrogen generation is well 
suppressed by the plate insertion. However, this convection itself does not have a significant enough effect 
to change the velocity scale. Fig.6 shows the relationship between the voltage and the average velocity of 
the MBs. It can be seen that the average velocity increases with the voltage. This suggests the possibility of 
motion control of MBs by changing the electric field strength. Fig.7 shows the velocity of the electro-
osmotic flow evaluated theoretically. It is significantly small relative to the Coulomb force, as seen in Fig.6. 

Conclusions 
The evaluation of the control performance of microbubbles using an electric field showed that the 

effect of other external forces on the intentionally generated Coulomb force was small, and it is expected 
that motion of MBs can be controlled by an electric field even taking these external forces into account. 
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Introduction 
Microvascular imaging plays a major role in medical diagnostics. Contrast-enhanced ultrasound (CEUS) 

imaging provides real-time analysis of the vasculature with the help of injected ultrasound contrast agent 
(UCA) microbubbles. Recently, based on CEUS imaging, super-localization methods have shown promise 
for the assessment of fine microvascular networks by localizing and tracking microbubbles, achieving 
resolutions beyond the diffraction limit [1-3].  

In most super-localization applications, the injected UCA microbubbles are polydisperse with a 
relatively wide size distribution, leading to a wide range of resonance frequencies. However, most clinical 
ultrasound probes operate at a relatively narrow frequency bandwidth with respect to the resonance 
frequency range of UCAs, which results in only a small fraction of the microbubbles being efficiently 
excited at their resonance frequency. Moreover, a center frequency of around 3.5 MHz is usually used in 
clinical scanning due to the dominant resonance frequency of the typical microbubble population [4]. The 
employment of this low frequency does hamper high spatial resolution of the obtained ultrasound images. 

In recent years, monodisperse microbubbles have been proposed, aiming at improving the insonating 
efficiency of UCAs and the signal-to-noise ratio of CEUS imaging by matching the ultrasound transmit 
frequency and the UCA microbubble resonance frequency [5, 6]. Monodisperse microbubbles have a narrow 
size distribution, which thus helps improve the insonating efficiency when transmitting at a certain 
frequency. Moreover, the resonance frequency of monodisperse microbubbles is usually tunable by 
controlling the microbubble size; therefore, fabricating monodisperse microbubbles with smaller size, which 
results in a higher resonance frequency, and insonating them at their resonance frequency may be beneficial 
for enhancing CEUS imaging quality. Based on the properties of monodisperse microbubbles, we 
hypothesize that CEUS imaging and its corresponding super-localization imaging can be optimized by 
jointly tuning the ultrasound transmit settings and the monodisperse microbubble sizes.  

In this work, the impact of monodisperse microbubble size on CEUS imaging quality and the efficacy 
of super-localization imaging was investigated in an in-vitro setting by jointly tuning different frequencies, 
acoustic pressures, and monodisperse microbubble sizes. 

Methods 
First of all, a dedicated microfluidics device provided by Solstice Pharmaceuticals (Solstice 

Pharmaceuticals, Enschede, Netherlands) was employed to fabricate the monodisperse microbubbles. The 
size distribution indicated by the median bubble diameter of the microbubble solution was then measured 
using a Coulter Counter (MultiSizer 4e, Beckman Coulter, Brea, CA). The resonance frequency of the 
fabricated monodisperse microbubbles was also quantified using an attenuation approach [6, 7]. In this way, 
SP1 monodisperse microbubbles (Solstice) having dominant size of 3.7, 3.3, 2.9, 2.7, and 2.6 µm, 
corresponding respectively to resonance frequencies of 3.43, 4.09, 4.58, 5.08, and 5.42 MHz were prepared. 
All the monodisperse microbubbles were diluted at a concentration of 1.6 × 106 bubbles/mL. 

The 28th European symposium on Ultrasound Contrast Imaging 
---------------------------------------------------------------------------

99



In this in-vitro investigation, a sugar-printed dual-bifurcation microvasculature phantom made of 
polyacrylamide (PAA) material, and enclosed in a polymethylpentene (TPX) case for ensuring reliable 
perfusion was perfused with UCA microbubbles [8]. The channel diameter in the phantom varies from 330 
to 650 µm through the subsequent bifurcations. The diluted monodisperse microbubbles were infused into 
the phantom using a syringe pump (Fusion 200, Chemyx, Stafford, USA) at a flow rate of 0.08 mL/min. 
The flow through the phantom was acquired by CEUS imaging in a contrast-specific mode, combining the 
pulse inversion technique and a band-pass filter centered at twice the transmit frequency, using a Verasonics 
Vantage 256 system (Verasonics Inc., USA) equipped with an L12-3 probe. For each microbubble size, we 
transmitted frequencies varying from 3.0 to 6.0 MHz with 0.5-MHz steps while imaging. At each frequency, 
we applied four acoustic pressures corresponding to mechanical index (MI) of 0.1, 0.13, 0.2, and 0.3, 
separately. All the obtained CEUS loops were then post-processed to generate the super-localization map 
using a typical Gaussian-centroid localization approach [1]. 

Results 
In Figure 1, an example of CEUS maximum intensity projection (MIP) and corresponding super-

localization maps is demonstrated. These maps correspond to the five different microbubble sizes combined 
with transmit frequency at their own resonance frequency and MI = 0.13. Finer channel structure in the 
super-localization maps can be observed compared to that in the MIP maps. Figure 2 shows the CEUS MIP 
example of the microbubbles insonated using their resonance frequency and using off-resonance frequency 
when the same MI of 0.13 was applied. Shaper channel structure in the MIP maps can be obtained when 
using a higher transmit frequency, which evidences a better spatial resolution. However, we also observed 
degraded CEUS enhancement when using small microbubbles (e.g. 2.6 and 2.7 µm) combined with high 
transmit frequencies (e.g. 5.5 and 6.0 MHz), which may be attributed to the high frequency-associated 
acoustic attenuation, the limited bandwidth of the probe, as well as weak backscattered signal intensity 
caused by small scattering cross-section of the microbubbles.  

     Figure 1. The five pairs of maps refer to the five different microbubble sizes combined with transmit 
frequencies at their own resonance frequency (3.5, 4.0, 4.5, 5.0, and 5.5 MHz) and an MI of 0.13. The line in 

each map is used to extract the pixel intensity profile. 

 
Metrics including the generalized contrast-to-noise (gCNR) ratio of the CEUS acquisitions, full-width 

half-maximum (FWHM) of the pixel intensity profile extracted across a flow channel as shown in Figure 1, 
and the number of localization events, were employed to further quantify the CEUS imaging quality and 
super-localization performance. From the quantification results, an interesting phenomenon was observed. 
For the effectively resonated monodisperse microbubbles, the best MI choice shifted from a high MI range 
of 0.13-0.2 to a low MI range of 0.1-0.13 when the transmit frequency increased, as evidenced by the high 
gCNR values. This could be explained by a change in the elastic regime of monodisperse microbubbles [5]. 
Moreover, the overall FWHM values in the MIP maps are higher than those in the super-localization maps, 
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evidencing the importance of super-localization techniques in microvascular imaging. However, by 
observing the FWHM results of super-localization maps, the changes of FWHM values with the variation 
of transmit frequency does not show a clear trend associating higher transmit frequency with higher 
resolution. This could be ascribed to variations in the localization efficiency. High-frequency imaging 
allows the isolation of two neighboring microbubbles that may not be distinguished in a low-frequency 
imaging setting. Hence, more microbubbles can be localized and accumulated to form the super-localization 
maps, contributing to a more complete reconstruction of the microvascular architecture while possibly 
leading to larger channel diameters. The results on the number of localization events support this hypothesis. 
Therefore, this also leads to the contradictory deduction that higher FWHM values in the super-localization 
maps at higher frequencies are not necessarily associated with a worse spatial resolution, but may on the 
contrary reflect better super-localization performance.  

 

     Figure 2. MIP maps showing microbubbles insonated at their resonance frequency and using off-
resonance frequency when the same MI of 0.13 was applied. 

 

Conclusions 
In this study, the impact of the monodisperse microbubble size on CEUS imaging quality and the 

performance of super-localization imaging was investigated using five different monodisperse microbubble 
sizes, combined with seven different transmit frequencies and four MI values. In general, improved CEUS 
imaging quality and better super-localization performance can be achieved by jointly optimizing the transmit 
frequency and pressure for monodisperse microbubbles with smaller sizes. Yet, the weaker backscatter of 
smaller microbubbles must also be considered. 
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Introduction  

The dynamics of ultrasound contrast agents (UCA) is affected by both their stabilizing shell (typically  
phospolipids) and the viscoelastic properties of the surrounding medium. Both the shell elasticity and the 
medium elasticity increase the resonance frequency, while the viscosity of both the shell and the medium 
increase the damping [1]. In addition, mechanical properties of medium are a function of strain rate [2]. 
However, the elasticity and the viscosity of medium experienced by the bubbles in the MHz range cannot 
be directly estimated from to standard rheological measurements typically performed at low strain rate. 
Here, we use monodisperse microbubbles driven at MHz frequencies to measure the viscoelastic properties 
of polyacrylamide hydrogels  using ultra-high speed imaging. The aim of the present study is to devise more 
physically accurate models to simulate the fully nonlinear oscillations of contrast agents in viscoelastic 
tissue.  

Methods 
Ultra-high-speed imaging (Shimadzu HPV-X2) at a frame rate of 10 Mfps was used to record the 

nonlinear response of acoustically driven phospholipid-coated microbubbles in polyacrylamide (PAM) 
hydrogels with different stiffness, see Fig. 1a. The ultrasoud wave was generated using a programmable 
arbitrary waveform generator (8026, Tabor Electronics Ltd., Tel Hanan, Israel) fed into a high-power RF 
amplifier (Vectawave VBA100-200 10kHz-100MHz 200W). The microbubbles were insonified by a 
focused ultrasound transducer (C305 SU, Olympus). The transducer was calibrated to ensure that the 
pressure at the focus remains constant at different insonifying frequencies. A PAM hydrogel was chosen as 
tissue surrogate since it is easy to vary its stiffness by tuning the ratio between acrylamide and water and 
because it is optically transparent. In terms of acoustic transparency, PAM hydrogels are very close to human 
tissue. The details of PAM samples preparation are explained in reference [3]. The microbubbles were 
produced using the flow focusing technique in a custom-built setup [4]. The concentration of microbubbles 
was adjusted to minimize their interaction during insonification. Thus, the concentration of the original 
bubble container (obtained by Multisizer 3 Coulter Counter, Beckman Coulter) was used to calculate the 
optimum dilution amount in the acrylamide solusion. We adjusted this dilution to ensure the bubbles were, 
statistically, more than 200 𝜇𝜇𝜇𝜇 away from each other.  

The radius-time curve of the oscillating microbubbles was extracted from the high-speed recordings 
using a custom written edge detection MATLAB script. The resonance curves were then computed using 
fast fourier transform (fft function in MATLAB) and compared with the simulated resonance curves using 
a root mean square error (RMSE) minimization routine. For simulations, the Rayleigh-Plesset equation was 
modified to account for the C4F10 gas in the bubble, stabilizing shell surface tension [5], and the elastic (G) 
and viscous (μ) properties of the medium [6].  
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(a) (b) 
Figure 1 (a) Schematic of the optical characterization setup: The microscope and the ultrasound transducer are confocal, and the 
SHIMADZU HPV-X2 ultra-high-speed camera records the bubble cavitation at 10 Mf/S. (b) The best fit from the root mean square 
error (RMSE) minimization, MB excursion curves as a function of frequency for two pressures for the data set of a MB with R0 ≈ 
1.70 μm in a soft hydrogel. The circles correspond to optical measurements; the red circles were not considered in determining the 
error minimization; the green circles were included. The green dashed line is the error minimization simulation, and the blue dashed 
line represents the same MB (with shell) in water, with μ = 2 mP as, accounting for thermal damping. 

Results 

We observe that the resonance frequency of the microbubbles increases proportionally with the stiffness of 
the surrounding medium. However, the amplitude of oscillation is strongly reduced and the full width at 
half maximum of the resonance curves is increased which indicates higher damping that originates  the 
added viscosity of the medium, see Fig.1b. 

We show the difference between the storage and loss modulus (𝐆𝐆′ and 𝐆𝐆′′ respectively) of hydrogels at low 
(Hz) and high (MHz) strain rates in Figure 2. These graphs indicate that the microbubbles experience higher 
stiffness at the MHz strain rate. Namely, 𝐆𝐆′ = 𝟏𝟏𝟏𝟏𝟏𝟏 𝐤𝐤𝐤𝐤𝐤𝐤 is measured with rheometer (Anton Paar MCR 
502), while microbubble senses 𝐆𝐆′ = 𝟑𝟑𝟏𝟏𝟏𝟏 𝐤𝐤𝐤𝐤𝐤𝐤. Interestingly, the rheology of the PAM hydrogels differ 
strongly from that of water for low strain rates, but becomes very comparable in the MHz frequency range. 

 

 

The 28th European symposium on Ultrasound Contrast Imaging 
---------------------------------------------------------------------------

104



 
Figure 2 Rheological measurements (red) and the Kelvin-Voigt model (black). Data points retrieved by optical 

characterization are added in blue and green. Note that the error bars represent one standard deviation. The error bars for G′ are 
small (≈ 3 kPa) and not visible due to the logarithmic scale. Additionally, two lower bounds of the error bars in the soft gel 
experiment are not shown as they reach into a negative G′′, not depicted on logarithmic scale. 

The values of G and μ for the softer and stiffer PAM hydrogel measurements as a function of transmitted 
acoustic pressure are shown in Fig. 3. The error bars represent best fit parameters. It should be noted that 
there is an uncertainty in finding the edges of the bubble due to high microscope magnification and light 
diffraction limit. Therefore, a sensitivity analysis is performed with +5% and -5% of the initial radius. These are 
shown by the red and blue dashed lines in Fig. 3. 

 

 

Figure 3 The shear modulus and the viscosity of polyacrylamide hydrogel as a function of transmitted acoustic pressure for 
two different stiffnesses. Soft and stiff hydrohels contain 6.4% and 16% acrylamide respectively.  

Microbubbles have shown their potential to be a good tool for rheological measurements at such a high 
frequency (MHz). Previously Jamburidze et al. performed experiments in the kHz regime using largebubbles 
in agarose gel [2].  In this article, we have gone one step further by considering the interplay between the 
phospholipid shell and the viscoelastic medium in the US medical imaging frequency range. This will 
provide more insights into optimizing ultrasound parameters and UCA properties for therapeutic 
applications. 
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Conclusions 

Our experiments show that the viscoelastic properties of the surrounding medium modify the resonance 
frequency of the microbubbles. This change allowed us to extract rheological properties of the hydrogel, 
such as shear modulus and viscosity, at a high strain rate (> 106/s). Conversely, the strain rate applied by the 
contrast agent microbubbles modifies the rheological properties of the medium. This study can helps us to 
better understand the interaction between UCAs and cells for ultrasound-mediated drug delivery with 
bubbles. We investigated the linear deformation of the medium in this study. However, there is still a gap 
in our knowledge of yield stress and the effect of high amplitude strain on the medium, which will be the 
future direction of our research.   
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Introduction 
Microbubble-assisted biomedical imaging and therapy show increasing importance due to the 

noninvasive and cost-effective theranostics properties that ultrasound contrast agents possess. The dynamic 
responses of microbubbles to ultrasound, such as size changes and shape oscillations, are crucial for contrast 
agent design [1], harmonic imaging [2], and the interaction between microbubbles and tissues and/or 
bacteria [3]. Existing shape oscillation studies mostly considered uncoated air bubbles with a size of more 
than 10 µm in radius insonified with kHz ultrasound [4-5], which is far from clinical applications. This 
limits the translation of microbubble dynamics to enhance ultrasound imaging quality and/or microbubble-
mediated drug delivery efficiency. Therefore, this study aimed to investigate the shape oscillation 
characteristics and relationship between different surface modes and oscillation amplitude of phospholipid-
coated microbubbles (3 to 10 µm in radius) both experimentally and analytically. 

Methods 
An ultra-high-speed camera (Shimadzu HPV-X2) was air-coupled to a custom-built upright Eclipse Ni-

E microscope  (Nikon Instruments, the Netherlands) at 100× magnification with a frame rate of 5 Mfps, in 
order to record microbubble shape oscillation upon insonification. DSPC-based lipid-coated microbubbles 
with a C4F10 gas core were made by a microfluidic flow-focusing device (Horizon [6]). Through adjusting 
the flow rate and gas pressure, different microbubble sizes ranging from 3 to 10 µm in radius were obtained. 
Microbubbles were placed in an IbiTreat polymer µ-slide (0.2 mm channel height; IBIDI GMBH) in a 
concentration of 1×105/ml at room temperature. A single-element transducer (used at 1 MHz) was placed 
underneath the microchannel at a 45◦ angle to insonify the microbubbles. The experimental setup is 
schematically illustrated in Fig. 1a. 

 

Figure 1. (a) Schematic representation of the experimental setup (not drawn to scale). (b) Definition of the 
microbubble contour 𝑹𝑹𝒔𝒔(𝜽𝜽) at one snapshot of an ultra-high-speed recording. (c) The associated mode 

decomposition of the microbubble in Fig. 1b having an initial size of 𝑹𝑹𝟎𝟎  =  𝟒𝟒.𝟐𝟐𝟐𝟐 μm. 
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After acquiring the microbubble oscillation recordings, the centroid, area, and the microbubble contour 
(𝑅𝑅𝑠𝑠(𝜃𝜃)) were tracked by image processing based on gray value distribution using MATLAB (see one 
example in Fig. 1b). Assuming axial symmetry, a proper expansion of 𝑅𝑅𝑠𝑠(𝜃𝜃) as a Legendre polynomial (Eq. 
1), leads to the computation of the modal coefficients 𝑎𝑎𝑛𝑛 (Eq. 2) by projecting 𝑅𝑅𝑠𝑠 on the 𝑃𝑃𝑛𝑛 polynomial basis 
[7]. Limited by the optical resolution and considering simplification, surface modes above seven were 
disregarded. 

𝑅𝑅𝑠𝑠(𝜃𝜃) = ∑  𝑎𝑎𝑛𝑛𝑃𝑃𝑛𝑛(𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃)6
𝑛𝑛=0  ,  (1) 

𝑎𝑎𝑛𝑛 = 2𝑛𝑛+1
2 ∫ 𝑅𝑅𝑠𝑠𝑃𝑃𝑛𝑛(𝑥𝑥)𝑑𝑑𝑥𝑥   𝑤𝑤𝑤𝑤𝑤𝑤ℎ   𝑥𝑥 = 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃1

−1 .  (2) 

Each 𝑎𝑎𝑛𝑛 corresponds to the oscillation amplitude at the nth-order surface mode. Fig. 1c shows the modal 
decomposition of the microbubble contour shown in Fig. 1b, which highlights the predominance of the third 
surface mode. 

To predict the onset of shape oscillation of the phospholipid-coated microbubble, firstly, a simplified 
shape-stability analytical model [8] was applied (Eqs.3-8), where the unstable mode can be predicted due to 
parametric instability. Compared to conventional models, this model contains a rotational correction which 
helps to achieve better prediction. Secondly, due to the surface tension variation of the encapsulated 
microbubble compared to an uncoated air bubble, we propose an equivalent surface tension 𝜎𝜎𝑒𝑒 (Eq. 9) based 
on the Marmottant model [9], by calculating an average surface tension that the microbubble experienced. 

𝐶𝐶𝑡𝑡 = �(𝛼𝛼1 − 1)2 + 4(𝛼𝛼2 + 𝛼𝛼2𝑟𝑟𝑟𝑟𝑡𝑡)2 𝑋𝑋2 + 𝑌𝑌2⁄ ,  (3) 

where 

𝑋𝑋 = 2𝑛𝑛 + 1 − 1.5𝛼𝛼1 + 2(𝛼𝛼2 + 𝛼𝛼2𝑟𝑟𝑟𝑟𝑡𝑡)2,  (4) 

Y=𝛼𝛼3 + 𝛼𝛼3𝑟𝑟𝑟𝑟𝑡𝑡,  (5) 

𝛼𝛼1 = 4(𝑛𝑛 − 1)(𝑛𝑛 + 1)(𝑛𝑛 + 2) 𝜎𝜎
𝜌𝜌𝜔𝜔𝑑𝑑2𝑅𝑅03

 ,  (6) 

𝛼𝛼2 = 2(𝑛𝑛 + 1)(𝑛𝑛 + 2) 𝜇𝜇
𝜌𝜌𝜔𝜔𝑑𝑑𝑅𝑅02

,           𝛼𝛼2𝑟𝑟𝑟𝑟𝑡𝑡 = 2𝑛𝑛(𝑛𝑛 + 2) 𝜇𝜇
𝜌𝜌𝜔𝜔𝑑𝑑𝑅𝑅02

,  (7) 

𝛼𝛼3 = −12𝑛𝑛(𝑛𝑛 + 1) 𝜇𝜇
𝜌𝜌𝜔𝜔𝑑𝑑𝑅𝑅02

,                 𝛼𝛼3𝑟𝑟𝑟𝑟𝑡𝑡 = −12𝑛𝑛 𝜇𝜇
𝜌𝜌𝜔𝜔𝑑𝑑𝑅𝑅02

,  (8) 

𝜎𝜎𝑒𝑒 = ∫ 𝜎𝜎𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚
𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚

𝑑𝑑𝑅𝑅 (𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑅𝑅𝑚𝑚𝑚𝑚𝑛𝑛� ), 𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝜎𝜎 = �
0

𝜒𝜒(𝑅𝑅2 𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑛𝑛𝑏𝑏2� − 1)
𝜎𝜎𝑤𝑤𝑚𝑚𝑡𝑡𝑒𝑒𝑟𝑟

𝑅𝑅 ≤ 𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑛𝑛𝑏𝑏
  𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑛𝑛𝑏𝑏 ≤ 𝑅𝑅 ≤ 𝑅𝑅𝑟𝑟𝑏𝑏𝑟𝑟𝑡𝑡𝑏𝑏𝑟𝑟𝑒𝑒

𝑅𝑅 ≥ 𝑅𝑅𝑟𝑟𝑏𝑏𝑟𝑟𝑡𝑡𝑏𝑏𝑟𝑟𝑒𝑒
.  (9) 

 𝐶𝐶𝑡𝑡 is the relative amplitude of microbubble oscillation, which in this work it expressed as excursion 
rate, equal to (𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑅𝑅0)/𝑅𝑅0, where 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 represents the maximum radius of the microbubble before it 
turns to shape oscillation and 𝑅𝑅0 denotes the initial radius of the microbubble. The elastic modulus 𝜒𝜒 of 
microbubble’s shell is taken from Langeveld et. al [10] where a similar microbubble formulation was used. 

Results 

Typical examples of the recorded microbubble shape oscillation are shown in Fig. 2a for microbubbles 
of radii 4.4 μm, 4.5 μm, 4.5 μm, 5.3 μm, 6.5 μm, and 9.3 μm, revealing the onset and evolution of the surface 
modes n =  2, 3, 4, 5, 6 respectively. It should be noted that these shape oscillations appeared after certain 
cycles of spherical oscillation, and gradually shifted to a specific order of the surface mode. The combined 
analysis of the predominant surface mode (Eqs. 1-2) and experimental data (21 points) of microbubbles’ 
shape oscillation are plotted in Fig. 2b using different markers. It shows that surface mode is sensitive to the 
initial microbubble size at the applied ultrasound frequency (1 MHz): the larger the microbubble, the higher 
the order of the surface mode it can generate. 
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By solving Eqs. 3-9, the analytical prediction of different surface modes at different amplitude 
thresholds is shown in lines with different colors in Fig. 2b, which separates shape-stable (below the line, 
grey area) and shape-unstable regions (above the line). The shape-unstable region means the microbubble 
preferably turns to a certain mode of shape oscillation which is indicated by the corresponding colors. 
Compared to larger sized uncoated air bubbles [4], the phospholipid-coated microbubbles below 10 μm in 
radius shows a more mixed trend of different surface modes, which possibly causes a more complicated 
tuning of a particular oscillation regime that is in demand. In general, the results of the analytical model 
agree well with the experimental dataset. 

 
Figure 2. (a) Selected frames of different surface modes observed from various recordings of microbubble 
oscillation (Scale bar = 10 μm). (b) Excursion rate-radius diagram showing the different surface modes of 

the microbubbles in the established regimes. Mode 0 represents spherical oscillation. The background 
colors correspond to the analytical solution: red, mode 2; purple, mode 3; green, mode 4; yellow, mode 5; 
blue, mode 6; black, mode 7. The combination of different colors means a mix of possible surface modes. 

Experimental data points are illustrated as , mode 2; ▲, mode 3; +, mode 4; , mode 5; , mode 6.  

Conclusions 
In this study, we could monitor the shape oscillation of phospholipid-coated microbubbles ranging from 

3 to 10 μm in radius with surface modes n=2 to n=6, by ultra-high-speed microscopic imaging. The shape-
stability analytical model integrated with equivalent surface tension agrees well with our experimental 
findings. Thereby, it enables us to predict different regimes of encapsulated microbubble shape oscillation 
above the oscillating amplitude threshold. With these findings, we are able to gain additional information 
and control of microbubble oscillation upon ultrasound, which could lead the way to more efficient and 
tailored microbubble-assisted ultrasound imaging and therapy. 
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Introduction  
Acoustic angiography is a dual-frequency, contrast-enhanced imaging approach that transmits at a low 

frequency (f0) and receives at high frequencies (>3f0) to isolate microbubble signal within the vasculature 
from surrounding tissue. This superharmonic technique generates high-resolution microvasculature images 
with resolution on the order of 100 µm with promising application towards evaluating diseases that affect 
microvascular morphology, such as cancer [1]. Due to bandwidth limitations of current piezoelectric 
technology, dual-frequency imaging typically requires separate transmit and receive elements. Here, we 
determine the optimal transmit-receive combinations in silico that maximize microbubble signal relative to 
tissue at clinically relevant depths. 

Methods 
The simulations were implemented in MATLAB R2020b (Mathworks, Inc. Natick, MA, USA). To 

model the propagation of transmit waveforms, we applied a modified angular spectrum approach that uses 
a flux-conservative Rusanov method to solve nonlinearity. Frequency-dependent models of tissue 
attenuation were also considered. The response of polydisperse microbubbles were calculated using the 
Marmottant equation [2], which provides a widely accepted model of nonlinear microbubble behaviors that 
are important for superharmonic imaging [3].  Given the polydisperse distribution, we computed the bulk 
scattered pressure from the microbubbles using a size integration technique [4]. Finally, we calculated the 
contrast-to-tissue ratio (CTR), assuming a mostly linearly attenuated tissue signal propagating back to the 
transducer, to evaluate the overall imaging response. To evaluate the accuracy of the simulations, we 
compared the in silico calculations of CTR with in vitro measurements acquired in a cellulose microvessel 
embedded in a tissue-mimicking gel-graphite phantom.  

Results 
The in vitro experimental results (Fig. 1) show general agreement with the CTR trends generated from 

the simulations for a subset of parameters at 20 mm depth. Both show increasing CTR with increasing 
transmit pressure that appears to reach a saturation level at higher pressures. Furthermore, the trends indicate 
that transmitting above a threshold pressure (>625 kPa) is necessary to generate sufficient superharmonic 
signals. For a 1-MHz transmit, both the experimental and simulation results show a maximum CTR with a 
10-MHz receive at the highest pressure. However, 2-MHz simulations results show more variable results, 
likely due to the limitations of the Marmottant solver. The simulation results also restate the importance of 
lower transmit frequencies for imaging deeper targets. At focal depths  ≥60 mm, minimal CTR (<3dB) is 
observed when transmitting ≥2 MHz, regardless of receive frequency.  

Conclusions 
We have developed a custom tool for simulating the superharmonic response of polydisperse 

microbubbles to evaluate imaging response, in terms of CTR, as a function of transmit and receive 
frequency, transmit pressure, and focal depth. With trends that follow in vitro results, the simulations can 
serve as guidelines for the future development of dual-frequency transducers. Further optimization, 
especially in the computationally intensive solving of the Marmottant equation, can improve the robustness 
and accuracy of the simulations.    
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Figure 1. Comparison of experimental results with simulated calculations of CTR at 20 mm depth. 
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Introduction 
Targeted ultrasound contrast agents, comprising gas-filled microbubbles (MBs) conjugated with 

molecule specific ligands, are used to image physiological processes at the molecular level by targeting to 
the molecular markers associated with the disease of interest [1]. Ultrasound molecular imaging (USMI) 
relies on the separation and differentiation of ultrasound signals resulting from non-adherent MBs 
(indicating absence of selected molecular marker) and adherent MBs (indicating presence of selected 
marker). Prior studies from our laboratory, both in vitro and in vivo, have demonstrated that the normalized 
singular spectrum area (NSSA) measurement provides effective and fast differentiation of adherent MB 
signals (intermediate NSSA value) with respect to both non-adherent MB signals (high-NSSA value) and 
static background tissue signals (low NSSA value) [2], [3]. In this study, we tested our hypothesis that the 
intermediate NSSA values of adherent MBs are due to their small motions along the vessel wall by observing 
adherent MBs dynamics optically. The speed of adherent and non-adherent MBs measured from the optical 
validation was used in a numerical simulation and the NSSA values of simulated signals were in good 
agreement with our previous work. 

Methods 
NSSA measurement is based on the spatiotemporal property derived from the sigular value 

decomposition (SVD) of the interframe signals from an ensemble of ultrasound data [3]. Briefly speaking, 
the highly dimensional signal from non-adherent MBs has energy dispersed across multiple singular values, 
leading to a high NSSA value. Conversely, the low dimensional signal from static tissue has energy 
predominantly in the first eigenvalue resulting in a low NSSA value. 

MBs were prepared using previously described methods [4]. We prepared two kinds of MBs for the 
optical validation: the cationic MBs to enhance the adherence and normal lipid-coated MBs as control. We 
assumed that cationic MBs would have similar dynamics to molecular targeted MBs, wobbling or having 
small displacements before they become completely static. On the other hand, control MBs move with a 
higher speed and never become adherent. Optical visualization was provided using an inverted microscope 
(IX71, Olympus, Japan), a fiber optic illuminator (NOVAFLEX Fiber Optic Illuminator, World Precision 
Instruments, USA) as the light source, and a digital single-lens reflex camera (EOS Rebel T3i, Canon, Japan) 
to record images at a frame rate of 18Hz. An ibidi µ-slide I Luer (ibidi GmBH, Martinsried, Germany) was 
fixed on the stage above the microscope and the objective lens (40X ELWD Objective, Nikon, Japan) was 
focused at the bottom of the channel. Connection tubing were connected into the adapters of the ibidi slide 
and diluted MB solution at a concentration of 5 × 105 mL-1 was injected through the tubing using a syringe 
pump (PHD 2000, Harvard Apparatus, USA). The injection flow rate was set to be 0.03 mL/min. The 
recorded images were exported and the measurement was completed in MATLAB (MathWorks, USA). 

For the numercial simulation, we used single scatter points with high signal intensity located in the 
vessel region represent the MBs, and the random scatterers outside the vessel region were considered as the 
background static tissues. The displacements of MBs in the simulation were set to match the optical 
measurement results. The non-adherent MBs were distributed randomly throughout the lumen of simulated 
vessel and were set to move in lateral dimension at 40 µm/s. To simulate the adherent MBs and their small 
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displacement, we located them in a specific region on the bottom wall and they were set to move slowly at 
10 µm/s. 

Results 
For cationic MBs, we selected 8 MBs that exhibited small displacements in the microscope field of view 

(FOV). Similarly, we also followed the movement of 8 control MBs under the microscope. The mean 
movement speed of MBs adherent to the bottom was 9.77 ± 2.40 µm/s while the mean movement speed of 
non-adherent MBs was 40.70 ± 9.03 µm/s. The Welch’s T-test was used for statistical analysis and we found 
that the movement speed of adherent MBs was significantly different from the non-adherent MBs (𝑃𝑃 <
0.001). 

The NSSA values of the simulated signals matched our previous results. The non-adherent MB flow 
showed a high NSSA value (mean NSSA value = 2.23), the static tissue showed a low NSSA value (mean 
NSSA value = 1.02), and the adherent MB on the vessel wall exhibited a intermediate NSSA value (mean 
NSSA value = 1.42). 

Conclusions 
In this optical validation study, we observed the small displacements of MBs adherent to a solid surface. 

The movement speed of these adherent MBs was significantly lower than the non-adherent MBs moving 
with the flow (𝑃𝑃 < 0.001). The NSSA measurements from the simulation are consistent with our hypothesis 
that the small displacements of adherent MBs result in intermediate NSSA values that can be used to 
differentiate signals from both moving non-adherent MBs and static background tissue. 

Figure 1. (A) The small displacement of adherent MB measured under the microscope. Above: X 
coordinate of the MB at t=1s; Below: X coordinate of the MB at t=2s.  (B) The Welch’s T-test revealed that 
the movement speed of adherent MBs was significantly lower than the non-adherent MBs (𝑃𝑃 < 0.001). (C) 
The simulated adherent and non-adherent MB ultrasound images in the vessel region. Red solid lines 
indicated the locations of adherent MBs. (D) The NSSA mapping of the simulated image, the adherent MBs 
showed an intermediate NSSA value compared to the non-adherent MBs and static background. 
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Introduction 
The ability of ultrasound localization microscopy (ULM) to visualize the microcirculation beyond the 

diffraction limit and its sensitivity to physiologic parameters has made ULM a very valuable tool in clinical 
research. ULM has been demonstrated to measure parameters such as vascular tortoisity and blood flow 
with unprecedented detail and accuracy. A limitation of 2D ULM is out of plane flow, complex 
threedimensional vasculature and motion. This limits the ability of ULM to measure myocardial 
microvasculature structures. Recently, 3D coronary ULM has been demonstrated ex vivo in a small 
laboratory models of a rat’s heart [1]. Here, we present our preliminary results on the feasability of deep 3D 
ULM with a matrix array in a large porcine model with realistic motion [2] to narrow the translational gap 
between research and meaningful clinical applications.  

Methods 
A large animal Langendorff experimental apparatus was combined with a high frame rate tilted plane 

wave imaging scheme to investigate the potential of 3D ULM in a contracting ex vivo porcine heart. Imaging 
was performed with a Verasonics Vantage 256 research ultrasound system and a Vermon multiplexed 8 
MHz 1024-Matrix array probe. In transmission 1024 and in reception a random pattern of 256 elements 
were used. The transmit frequency was 8 MHz, with a frame rate of 200 fps and 5 angles yielding a range 
of 15° degrees. The total number of frames was 960 corresponding to 4.8 s with an imaging depth of 60 
mm. SonoVue microbubble contrast agent (Bracco, Milan, Italy) was infused at a rate of 5 ml/min. All 
experiments complied with the Animals (Scientific Procedures) Act 1986 and were approved by the Animal 
Welfare and Ethical Review Body of the Royal Veterinary College. For motion correction Matlab function 
imregdemons was used. Data was clutter filtered using Singular Value Decomposition and a purpose written 
3D ULM algorithm will be used to generate super-resolution maps of the microvasculature [3].    

Results 
Figure 1 shows the B-Mode result from the ex vivo short (a, b) and long-axis (c, d) view. Figure 1 (a, c) 

each illustrates a maximum intensity projection of a single volume along each axis and Figure 1 (b, d) shows 
the maximum intensity projection of all 960 frames along each axis. The coronary artery, left ventricular 
myocardial wall and left ventricular lumen are clearly distinguishable from each other. With ULM the 
microvasculature flow direction mainly from epicardium to endocardium can be visualized. Towards the 
chamber and with depth the microvascular density appears to decrease.  

Conclusions 
Our preliminary results illustrate the feasability to performf 3D super-resolution ultrasound imaging of 

deep cardiac microvasculature in an ex vivo porcine heart which will foster the translation of 3D ULM to 
the clinical application.  
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Figure 1. 3D imaging of deep cardiac microvasculature in an ex vivo porcine heart. (a, b) short and (c, 
d) long-axis view. (a, c) each illustrates a maximum intensity projection of a single volume along each axis 
and (b, d) show the maximum intensity projection of all 960 frames along each axis. 
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Introduction 

Subharmonic aided pressure estimation (SHAPE) is a technique that utilizes subharmonic signals from 
microbubble-based contrast agents for pressure estimation [1-4]. Validation of the SHAPE technique in 
cardiology relies on synchronous measurements of intra-cardiac pressures using contrast microbubbles and 
a pressure catheter (as the reference standard). During cardiac catheterization procedures, iodinated contrast 
is used for catheter guidance and placement and for visualizing vascular patency. Therefore, during data 
acquisition for validation studies of the SHAPE technique, both ultrasound contrast microbubbles and 
iodinated contrast are present simultaneously within the vasculature. The effect of iodinated contrast on the 
subharmonic signals from contrast microbubbles has not been reported. This study aims to elucidate the 
effects of iodinated contrast (Visipaque, GE Healthcare, Chicago, IL, USA) on subharmonic signal 
amplitude from contrast microbubbles (Definity, Lantheus Medical Imaging, Inc., N Billerica, MA, USA).  

Methods 
In an acrylic water-tank, lined with 25.5 mm of Sorbothane (McMaster-Carr, Atlanta, GA, USA) and 

gum rubber of thickness 9.5 mm (McMaster-Carr) to eliminate effects from standing waves, 0.06 mL of 
Definity and varied amounts of Visipaque (0.14, 0.85, and 1.70 mL) were added to 425 mL of deionized 
water. Ultrasound scanning was then performed with an SonixTablet scanner (BK Medical Systems; 
Peabody, MA, USA) using previously determined optimized parameters for Definity (ftransmit = 3.0 MHz; 
chirp down) [5] . The order of injecting Definity and Visipaque was randomized in order to decipher the 
impact Visipaque has on the subharmonic signals from Definity microbubbles. Subharmonic data was 
acquired at 16 incident acoustic outputs (IAO; n=3). The subharmonic signal amplitude exhibits a sigmoidal 
relationship with incident acoustic power characterized by occurrence, growth and saturation stages, and the 
subharmonic signal in the growth stage is used for SHAPE applications [6]. Therefore, from all the 16 IAOs, 
data from the growth stage corresponding to 9 incident acoustic outputs (301 kPapeak-to-peak - 900 kPapeak-to-

peak) were analyzed for each trial. Unpaired t-tests with Bonferroni corrections were utilized to determine if 
the changes in subharmonic amplitude for different experimental considered were significant. 

Results 
Across the different IAOs analyzed, the variation in subharmonic signal at baseline (deionized water 

only) ranged from 2.2 to 3.2 dB with a mean value of 2.8 dB. Over the same range of IAOs, change in the 
subharmonic signal relative to baseline was 1.4 ± 0.9 dB with 0.14 mL Visipaque, 0.5 ± 0.3 dB with 0.85 
mL Visipaque and 16.9 ± 1.4 dB with 0.06 mL Definity microbubbles. The change in subharmonic signal 
amplitude after mixing Visipaque and Definity contrast agents are provided in Table 1.  
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Table 1: Results from the mixture of Definity and Visipaque 

Experimental 
condition 

Change in subharmonic signal amplitude (dB) compared to baseline 
 

 
Mean ± Standard 

deviation Minimum Maximum 

Baseline + 
Visipaque (0.14 mL) + 

Definity 
19.8 ± 1.2 17.9 21.3 

Baseline + 
Visipaque (0.85 mL) + 

Definity 
17.7 ± 2.0 13.7 19.6 

Baseline + Definity 
+ Visipaque (1.70 mL) 15.0 ± 0.8 13.6 16.3 

 
When Definity microbubbles were added to a mixture of deionized water and 0.14 or 0.85 mL 

Visipaque, the enhancement in the subharmonic signal amplitude from Defnity microbubbles was 2.8 ± 1.3 
dB (p < 0.001) and 0.7 ± 1.2 dB (p = 0.09), respectively, relative to enhancement due to Definity 
microbubbles and deionized water. When 1.70 mL Visipaque was added to a mixture of deionized water 
and Definity microbubbles, the subharmonic signal amplitude dropped by 1.9 ± 0.7 dB (p < 0.001), relative 
to enhancement due to Definity microbubbles. 

Conclusions 
Changes were noted due to the presence of Visipaque in the subharmonic signals from Definity 

microbubbles. The magnitude of changes in the growth stage subharmonic signal amplitude (relative to 
enhancement of Definity microbubbles) ranged from 0.2 to 4.2 dB across different IAOs and experimental 
conditions considered in this study, with mean values of 0.7, 1.9 and 2.8 dB, which are unilkely to impact 
in vivo SHAPE meassurements. 
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Introduction 
Cavitation-enhanced delivery of therapeutic agents is under development for a number of medical 

applications, including sonothrombolysis. The objective of this study was to ascertain the amount of 
cavitation activity that could be sustained for 30 minutes by Definity® (Lantheus, Billerica, MA, USA) 
infused through the EkoSonic™ Endovascular Catheter System (Boston Scientific, Arden Hills, MN, USA) 
employing 3 different insonation protocols in an in vitro phantom mimicking porcine venous flow. Inertial 
and stable cavitation activity was quantified using passive cavitation imaging. The cavitation energy was 
quantified over the duration of each pulse in order to determine the temporal cavitation behavior for each of 
the insonation protocols. 

Methods 
An in vitro flow phantom mimicking flow in the common femoral vein circulated 0.9% saline at 37 oC 

(180 mL/min ± 10 mL/min). The EkoSonic™ Endovascular System was positioned in a latex tube (9.5 mm-
inner diameter latex tubing with a 1.6-mm wall thickness). The L11-5v transducer array (Verasonics, 
Kirkland, WA, USA) was aligned over the first active proximal transducer with a transverse view using 
micro-positioners (MTS25-Z8, Thorlabs, Newton, NJ, USA) based on radio-frequency passive acquisitions 
emitted by the EkoSonic™ System. Room temperature (22 ± 1 ˚C) Definity® was activated per the 
manufacturer’s instructions, and diluted in 13.7 mL 0.9% saline. The Definity® dilution was infused at a 
rate of 28.6 ml/h over 30 min.  

The EkoSonic™ transducers were driven at a 2.25 MHz center frequency using three different 
insonation protocols. The first protocol was a 3 ms pulse duration, 50 Hz pulse repetition frequency (PRF), 
and 18 W electrical drive pulse power. The second protocol employed a 15 ms pulse duration, a 10 Hz PRF, 
and 18 W electrical drive pulse power. The third protocol, shown in Table 1, sequenced four different 
schemes of acoustic parameters every 5 seconds, which approximated the insonation protocol of the FDA-
cleared EkoSonic™ system. A total of four 30-minute runs were acquired for each insonation protocol. 

Passive cavitation data and B-Mode images were acquired with a Vantage 256 US scanner (Verasonics). 
The data was post-processed using custom MATLAB code (R2018b, The MathWorks Inc., Natick, MA, 
USA). Data was acquired during the entire pulse duration and the acquisition was triggered at the beginning 
of each EkoSonic™ pulse. The acquired passive data was divided into 288 µs segments to minimize spectral 
leakage [2]. Inharmonic and ultraharmonic bands, representing inertial and stable cavitation, respectively, 
were independently beamformed in the Fourier domain [2] within the bandwidth of the array. The 
discretized cavitation energy and point spread function deconvolution were computed according to the 
signal processing described by Lafond et al. [1] and Suarez et al. [3]. The processed received pulses were 
averaged to obtain cavitation energy during the pulses duration over 30 min. Cavitation data from 10 min. 
0.9% saline infusions served as a baseline and were subtracted from the Definity® runs. Next, the obtained 
cavitation energy during the pulses duration was averaged between runs.  Finally, the cavitation dose was 
computed as the product of the treatment time, the PRF, and the integral of the average cavitation energy 
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during the pulses for each run. Statistical significance was determined using One-Way ANOVA with 
Tukey’s multiple comparison correction. 

 
Table 1. Acoustic parameters for the third insonation protocol. The order of schemes was 1, 2, 3, 4, 3, 2. 

Scheme # Pulse duration [ms] PRF [Hz] Electrical drive pulse power [W] 

Scheme 1 4.0 27 47 

Scheme 2 6.9 21 30 

Scheme 3 5.0 27 15 

Scheme 4 8.0 21 9 

 

Results 
Cavitation was sustained for the entire 30 min. infusion using the three insonation protocols. The total 

cavitation energy over the pulse duration for the first and second protocols are shown in Fig. 1. The peak 
inertial cavitation energy occured at the beginning of the pulse and subsequently decreased an order of 
magnitude. The stable cavitation energy initially increased and reached a maximum after ~1 ms and 
subsequently decreased to a level higher than the sustained inertial cavitation energy. This behavior was 
similar for all the pulsing schemes used in the third protocol, independent of the pulse duration, PRF, or 
electrical drive pulse power.  

The cavitation dose for the three insonation protocols is shown in Fig. 2a and for the four separate 
schemes in the third insonation protocol in Fig. 2b. In Fig. 2a, when comparing insonation protocols 1 and 
2, the inertial cavitation dose decreased significantly from ~42 to ~11 mJ µV2 s / MPa2 (p<0.05) when the 
PRF decreased by a factor of 5 and the pulse duration increased by the same factor (the duty cycle was 
preserved). The same observation applied for the stable cavitation dose that decreased significantly from 
~41 to ~18 mJ µV2 s / MPa2 (p<0.05). In Fig. 2b, when the electrical drive pulse power increased in schemes 
1, 2 and 3, the inertial cavitation dose increased significantly (p<0.05) and when the electrical drive pulse 
power increased in schemes 1, 2, 3 and 4 the stable cavitation doses increased significantly (p<0.05). The 
predominance of stable cavitation or inertial cavitation varied according to insonation scheme.  

 
Fig. 1. Average inertial and stable cavitation energy along the pulse duration for protocol 1 (dashed 
lines) and protocol 2 (solid line) (n = 4). 
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Conclusions 
PCI was used to quantify and compare inertial and stable cavitation activity promoted by three 

insonation protocols employed with the EkoSonic™ Endovascular System. Specific bubble dynamics were 
studied by processing the cavitation activity along the pulse duration.  Some schemes exhibited a maximum 
in inertial cavitation dose and other schemes suppressed the inertial cavitation dose and enhanced the stable 
cavitation dose. Thus depending on the type of cavitation desired to promote or suppress a particular 
bioeffect, a particular pulsing scheme could be employed. Our future goal will be to correlate inertial and 
stable cavitation dose with sonothrombolytic efficacy in a model of human deep vein thrombosis using 
Definity® infused through the EkoSonic™ catheter. 
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Fig. 2. a) Inertial and stable cavitation dose for the three insonation protocols (n = 4). b) Inertial and 
stable cavitation dose along the pulse duration for four schemes of the insonation protocol 3 (n = 4). 
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Introduction 
The cellulose nanofiber(CNF)-shelled perfluoropentane (PFP) droplets were the subject of the 

evaluation in this work. CNF-shelled PFP droplets  Mechanical and acoustic properties were studied 
previously and reported elsewhere [1-4], however more insights into the biological effects of these droplets 
are needed to translate previous in vitro tests into in vivo applications as drug carriers in ultrasound-mediated 
drug delivery.  

The aim of this work is to investigate the effect of CNF-shelled PFP droplets on cell viability of 4T1 
cells, a murine breast cancer cell line. Cells were exposed to different concentrations of droplets with or 
without the addition of paclitaxel, i.e. a hydrophobic cancer drug.  

Methods 
Droplets were produced by mixing 0.35 wt% CNF-in-water suspension with PFP using Ultra-Turrax 

and a 25 N - 8 G Dispersing Tool. The volume size distribution and concentration of droplets was estimated 
using optical microscopy (Eclipse Ni-E, Nikon Corporation, Japan). 

4T1 cells were cultivated in RPMI-1640 cell medium supplemented with 10% fetal bovine serum and 
1% penicillin-streptomycin at 5% CO2 and 37°C. For cell viability mesurements, 5,000 cells were seeded 
per well in a 96-well plate. Seven test groups were evaluated: 24 droplets per well, 48 droplets per well, 72 
droplets per well, 24 droplets and 50 nM paclitaxel per well, 48 droplets and 50 nM paclitaxel per well, 72 
droplets and 50 nM paclitaxel per well, and 50 nM paclitaxel only per well. A control group and a group 
exposed to DMSO only was studied in addition to the test groups. An 3-[4,5-dimethylthiazol-2yl]-2,5-
diphenyltetrazolium bromide (MTT) assay was used to determine the cell viability in each well after 48 
hours of exposure. 

Student t-tests and ANOVA-tests were performed to evaluate whether there was statistically significant 
differences between groups. Results were considered as statistically significant if the p-value was smaller 
than 5%. 

Results.   
The average diameter and concentration of CNF-shelled PFP droplets was 14.4 ± 5.3 µm and 3.50 ± 

0.64 million droplets/mL, respectively. 
50 nM of paclitaxel decreased the cell viability of 4T1 cells to 62% compared to the control group, as 

presented in Figure 1c. However, the CNF-shelled PFP droplets did not influence the cell viability of 4T1 
cells at any concentration compared to the control. In addition, when studying cells which were exposed to 
both CNF-shelled PFP droplets and paclitaxel (see Figure 1c) there was no further decrease in cell viability 
observed beyond the effect of only paclitaxel. These results indicate that the droplets do not impact the cell 
viability at the concentrations used.  

Conclusions 
CNF-shelled PFP droplets showed no impact on cell viability of 4T1 cells, which shows that these 

droplets have the potential to be applied as drug carriers in clinical ultrasound-mediated therapy. 
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Figure 1. Cell viability of 4T1 cells when studying the effect of a) DMSO; b) presence of droplets (where 
1x, 2x and 3x are equal to 24, 48 and 72 droplets per well, respectively); and c) combination of droplets and 
paclitaxel in each well. 
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Introduction 
High-intensity focused ultrasound (HIFU) is used for targeted thermal ablation but is limited by the 

acoustic energy needed to overcome anatomical constraints. An increase in the acoustic energy input may 
lead to complications such as unwanted heat deposition outside the focus or intended target, potentially 
leading to burns in the skin and subcutaneous fat. Bubble-enhanced heating (BEH), administration of 
ultrasound contrast agent microbubbles during HIFU, can mitigate this challenge as microbubble cavitation 
enhances the conversion of acoustic energy into thermal and mechanical energy and lowers the requirement 
for acoustic energy input to generate thermal lesions in tissue. BEH for thermal ablation has been studied 
previously both in vitro and in vivo with limited success and mostly overshadowed by safety concerns and 
procedural difficulties. We believe that BEH may be ideally suited for local targeted mild hyperthermia (5-
10 ℃) in drug enhancement applications such as chemotherapeutics for liver cancer. We previously studied 
BEH in tissue-mimicking phantoms with diluted microbubbles and observed that nonlinear attenuation of 
pre-focal microbubbles modified the HIFU pressure field due to excess attenuation and acoustic shadowing. 
Directly delivering microbubbles to the target area via local injection might be a solution to this issue.  The 
goal of this work was to study BEH (using HIFU and commercial UCA microbubbles) in ex vivo non-
perfused and machine-perfused porcine liver under diagnostic ultrasound guidance. Microbubble delivery 
with systemic and local injections of microbubbles was considered. Thermocouple measurements provided 
information of the thermal lesions formed with varying acoustic intensities/pressures and were compared 
with theoretical simulations. A thermal lesion enhancement (greater temperature elevation and/or larger 
thermal lesions) with contrast microbubbles was observed at all pressures (0.63-3.75 MPa). 

Methods 

The experimental setup consisted of a porcine liver partially submerged in a container filled with blood 
mimicking fluid. Two models of porcine liver were prepared in this study: (a) machine perfused porcine 
liver (MPL) [1] and (b) non-perfused liver procured by dissecting the MPL. Each liver model was insonified 
from above using a single element focused transducer (H116; Sonic Concepts) coupled to the liver using a 
4-cm long coupling cone and monitored in real-time using a C5-1 curved array transducer connected to a 
Philips iU-22 scanner (Philips Healthcare, Bothell, WA, USA). HIFU was delivered as a 30 second 
treatment at 0.9 MHz, 372000 cycles, 82% duty cycle, and at estimated non-derated (water) focal acoustic 
pressures of 0.63, 1.25, 2.50, and 3.75 MPa. Temperature measurements were recorded with a needle 
thermocouple positioned under image guidance at the focus of the HIFU transducer. The transducer was 
translated for off axis measurements. Microbubbles were introduced to the liver via local injections at the 
HIFU focus or systemic injections delivered simultaneously to the portal vein and hepatic artery. Local 
injection of microbubbles used 0.05 mL of Sonazoid (estimated concentration: 2 × 108 microbubbles/mL) 
while systemic injections used 0.3 mL of Sonazoid in both the portal vein and the hepatic artery.  The 
presence and location of the injected microbubbles was confirmed with the C5-1 imaging probe while 
scanning in contrast mode, i.e., amplitude modulation at 1.7 MHz and at a low mechanical index (0.05) to 
avoid bubble destruction.  
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Temperature elevation in the absence of microbubbles for both tissue types was modeled using the 
Pennes’ bioheat transfer equation. We added a term in the bioheat equation to account for heat convection 
due to blood perfusion. 

Results 

Temperature elevation measurements in non-perfused ex vivo liver tissue are shown in Figure 1. In Fig. 
1a we show the temperature elevation at the focus over time at 1.25 MPa focal pressure. Without 
microbubbles, the temperature elevation is in good agreement with simulation. When microbubbles are 
injected, we see two prominent features in the temperature profile: an initial rapid temperature rise within 
the first second of HIFU activation, and a significant difference in peak temperature compared to HIFU-
only treatments. The influence of injected microbubbles is further summarized in Fig. 1b which shows the 
peak measured focal temperature elevation (at 40 s total time according to Fig. 1a) at all considered focal 
pressures. A temperature gain is observed at all pressures. At higher pressures (2.50, 3.75 MPa), cavitation 
of residual air micro pockets in the liver tissue was confirmed with imaging during the procedure even when 
no microbubbles were injected. The cavitation of native bubbles also increases temperature elevation and at 
3.75 MPa there is little difference between using and not using microbubbles. The off-axis peak temperature 
measurements (Fig. 1c) provide further evidence of the beneficial action of the introduced microbubbles at 
all pressures, where temperature elevation was always greater when microbubbles were injected. Another 
time point of interest was 35 s after the HIFU was turned off (at 75 s total time according to Fig. 1a) to 
investigate the cooling of the medium and is shown in Fig. 1d. The temperature elevation was greater at this 
time point across all focal pressures when microbubbles were injected in the tissue (the green line is above 
the blue line). Given the increased retention of heat for all focal pressures with microbubbles in Fig. 1d, we 
deduce that larger thermal lesions are formed when microbubbles are added.  

 In Figure 2, we show the temperature elevation in a perfused liver with and without microbubbles 
supplied either systemically (injected into the main feeding vessels) or locally (injected directly at the focus 
under image guidance) at pressures 1.25 (Fig. 2a) and 2.50 MPa (Fig. 2b). The presence of perfusion 
demonstrates the effect of heat convection due to blood flow, with lower peak temperatures in the MPL 
model (Fig. 2) compared to their corresponding pressures in non-perfused tissue (Fig. 1b).  We also observe 
that the local injections result in markedly higher temperatures as seen previously with the non-perfused 
liver. Systemic injections showed little to no thermal lesion enhancement at any pressure, with similar 
temperature elevation and cooling rates to the cases without microbubbles. More importantly, local 
injections produce a significant thermal lesion enhancement at pressures of 1.25 MPa and higher. At 2.50 
MPa the temperature elevation reaches a plateau due to excessive cavitation. In addition, a slower rate of 
cooling that resists the enhanced convective effects of perfusion is further proof of thermal lesion 
enhancement at higher pressures with microbubbles.  

Figure 1. (a) Measured temperature elevation with and without microbubbles on axis at 1.25 MPa 
focal pressure. Measured temperature elevation with and without microbubbles as a function of acoustic 
pressure after 30 s of heating on axis (b), 1 mm radially off axis (c), and 35 s after heating on axis (d). 
Shaded region and error bars indicate one standard deviation.  
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Conclusions 

We demonstrated that adding contrast agent microbubbles during HIFU leads to thermal lesion 
enhancement compared to HIFU without microbubbles. We have also considered the effect of heat 
convection due to blood flow and perfusion with a machine-perfused liver. Local injections of microbubbles 
during HIFU can produce targeted, controlled, mild hyperthermia. This technique is well-suited for drug 
enhancement applications such as chemotherapy for liver cancer which we plan to consider next. 
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Figure 2. Average measured focal temperature elevation in machine-perfused porcine liver with 
and without microbubbles for two focal pressures: (a) 1.25 and (b) 2.50 MPa. Two types of 
microbubble injection were used: local (solid line) and systemic (short dash line). Shaded areas have 
been removed for clarity and follow the trends set in Fig. 1a. 
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Introduction 
Ultrafast Power Doppler (PD) imaging with microbubble contrast agents is a promising technique to 

provide microvascular imaging with superior sensitivity than its non-contrast counterpart. However PD 
method still suffers from the noise background as the ensemble averaging reduces the noise power variance 
but not the mean of the noise background. Several methods have been proposed to improve PD like the 
acoustic subaperture imaging (ASAP) method where the received channel signals are split into two 
subapertures and the beamformed data from each subaperture is temporally correlated to reduce the noise 
[1]. Furthermore the Frame-Multiply-and-Sum-Based Nonlinear Compounding (FMAS) is another method 
where each transmission is coupled and multiplied in all possible pairs and then combined to improve the 
contrast resolution of the PD imaging [2].  

In this work, we proposed to combine both ASAP (temporal) and FMAS (spatial) processing methods 
to reduce the noise and improve the contrast resolution of Power Doppler. 

Methods 
 

 
Figure 1. Signal processing methods for PD, PD FMAS, ASAP and ASAP FMAS imaging 

 
In post-processing, ASAP is combined with FMAS (ASAP FMAS), and compared with three other 

methods PD DAS, PD FMAS and ASAP using data sets generated from the same acquisition. The outline 
of the signal processing steps of all methods is shown in Figure 1 and it follows the conventional methods 
of both ASAP and FMAS [1] [2]. In this work, both ASAP and FMAS ASAP methods are generated by 
splitting the channels into two nonoverlapping subapertures by selecting the odd and even channels while 
in the original method the apertures are made by alternately placing four consecutive channels in one of the 
two groups.  

The kidney of a male New Zealand White rabbit was investigated using a Verasonics Vantage research 
ultrasound system with the multiplexed GEL3-12D linear probe. An amplitude modulation (AM) contrast 
specific acquisition (half, full, half) was performed with two apertures, 10 imaging angles and a frame rate 
of 100 Hz for a PRF of 1000. The centre frequency was 5 MHz with a single cycle transmission and for a 
total of 450 frames. All experiments complied with the Animals (Scientific Procedures) Act 1986 and were 
approved by the Animal Welfare and Ethical Review Body of Imperial College London. 
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To evaluate the methods, the Contrast-to-Noise Ratio (CNR) and Signal-to-Noise Ratio (SNR) are 
calculated at several positions. 

𝐶𝐶𝐶𝐶𝐶𝐶 = 10 log10 �
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where µsignal and µbackground represent the mean blood flow signal and the mean background noise isgnal in 
each region of interest, respectively, and σbackground is the standard deviation of the background noise signal. 
 

Results 
 

PD DAS PD FMAS ASAP ASAP FMAS 

    

    
(a) (b) (c) (d) 

 
(e) 

Figure 2. In-vivo acquisition of a rabbit kidney after a bolus injection of ultrasound contrast agent and 
imaged with an Amplitude Modulation transmission: Power Doppler (PD) DAS (a), PD FMAS (b), ASAP (c) 

and ASAP FMAS (d) processing and corresponding magnified images, displayed at 40dB of dynamic range. 
The white solid arrow in (a) shows a tissue boundary artefact and the blue dashed arrow in (d) shows a 

grating lobe artefact. The intensity profiles (e) are extracted from the white dashed line marked on the PD 
DAS image. Tissue (full white box) and noise (dashed white boxes) region-of-interests to quantify the SNR 

and CNR are provided in (a). 

 
Figure 2 (a-d) shows in-vivo images and results for each implemented method. ASAP and ASAP FMAS 

allow noise background reduction at the deep position, ASAP FMAS has the best SNR and CNR, while PD 
FMAS and ASAP FMAS improve the contrast resolution at the level of the microvasculature. Figure 2.e 
highlights the noise reduction and contrast resolution improvement with the intensity profile along the lateral 
axis. The dark arrows show that ASAP FMAS has a better local contrast resolution where noise between 
vessels is lower and vessel intensity is higher. The green arrows highlight the noise reduction where no 
vessels are present for both ASAP and ASAP FMAS. 
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Another benefit of the FMAS method is artefact reduction. The white arrow in Figure 2.a shows a 
reflection artefact visible in PD DAS and ASAP but highly reduced in PD FMAS and ASAP FMAS. 

However, a limit of the ASAP FMAS method is the generation of some sidelobes or grating lobes shown 
by the blue arrow in Figure 2.d. They come from the split aperture of ASAP approach and different aperture 
patterns may provide different sidelobes or grating lobes pattern. They may be reduce by the sidelobe 
processor step. 

 

Conclusions 
The combination of FMAS with ASAP has the benefit of the noise reduction of ASAP at deep positions 

and the contrast resolution improvement of FMAS. Overall SNR and CNR are improved but with the cost 
of grating lobes generation where the position of them depends of the subaperture generation. Further 
analysis needs to be done to optimized the sidelobe suppresor for ASAP FMAS to further reduce the 
artefacts. 
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Introduction  
Ultra-high speed (UHS) imaging, that is imaging greater than 1 million frames per second, provides 

sufficient resolution to study and resolve microbubble oscillation under ultrasound [1], [2]. UHS-based 
technologies have driven key findings and developments in the field of therapeutic microbubble treatments 
by providing a greater understanding of microbubble behaviour upon exposure to ultrasound (US) waves 
[3]. However, limitations in UHS imaging make it difficult to study the tissue with which microbubbles 
interact at sufficient spatial resolution while deforming at high frequency. This has resulted in a lack of 
quantification of the response of tissue, such as cell deformation, membrane strain and pore formation at the 
high frequencies associated with microbubble therapy. Advances in imaging techniques may address these 
limitations, providing an opportunity to study tissue at the same high temporal resolutions utilised previously 
to image microbubbles. Improved image processing techniques, such as digital image correlation (DIC), 
enables the capture of strain responses at high speeds [4] and has already been tested on biological tissues 
[5], [6]. DIC however, has not yet been applied to single cell studies. Successful application could resolve 
microbubble induced cell deformation at therapeutically relevant strain rates, allowing quantification of cell 
deformation at UHS. The aim of this study was to use UHS and DIC to quantify microbubble induced cell 
deformation, in order to study the relationship between cell rheology and microbubble therapy.  

 

Methods 
A Hypervision HPV-X camera (Shimadzu, Tokyo, Japan), capable of capturing up to 5 million frames 

per second, was utilised in a custom-designed ultra-high speed imaging apparatus. A high-speed pulsed laser 
was used to illuminate samples on an inverted microscope connected to the UHS camera (Fig. 1a). A 
custom-built acoustofluidic device was used to house microbubble-cell interactions, stimulated with a 
pulsed ultrasound regime (1,000 Hz pulse repetition frequency, 30% duty cycle) from a 1 MHz ultrasound 
transducer (Precision Acoustics, Dorchester, United Kingdom). Within the acoustofluidic device, 
distearoylphosphatidylcholine (DSPC) – polyethylene glycol (40) stearate (PEG40s) (Merck, Darmstadt, 
Germany) microbubbles, were incubated with MG-63 osteosarcoma cells. The device was inverted to induce 
interactions between the microbubbles and cells before 128-frame UHS videos of ultrasound-induced 
microbubble oscillation in the presence of cells were captured.  

DIC was used to process the image results and analyse the mechanical response of cells through pattern 
tracking methods. Cell deformation was obtained from the DIC results, as well as quantification of cell 
strain, across the entire cell membrane. Microbubble oscillation was also captured during the interactions 
and quantified using edge detection image processing methods.  

The UHS experiments, and subsequent DIC analysis, were used to perform a number of experiments 
demonstrating the different deformation patterns and mechanical response in cells as a result of different 
microbubble-cell interactions. The structural properties of the cells were altered through paraformaldehyde 
(PFA) fixation to identify the relationship between cell stiffness [7] and microbubble-induced deformation. 
Similarly, the properties of the microbubbles were altered through the inclusion of cationic 1,2-distearoyl-
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sn-glycero-3-ethylphosphocholine (DSEPC) (Merck, Darmstadt, Germany) to induce electrostatic 
interaction and study how the contact between cell and microbubble affects the cell response. 

 

Figure 1. A) Ultra-high speed and acoustofluidic system designed for imaging cell-microbubble interactions at 5 
million frames per second. B) DIC results showing spatially resolved deformation in a cell (coloured region of interest) 
as a result of an oscillating microbubble. Colour bar scale represents horizontal deformation reported in millimeters 
with a positive deformation defined as moving from left to right. 
 

Results 

DIC was successfully applied in a biological study to single cells, as the imaging resolution provided 
sufficient contrast and clarity. It was shown that DIC can converge when used to measure cells of different 
sizes and under different loading conditions as inflicted by oscillating microbubbles (Fig. 1b). Deformation 
values within the range of 50 nm up to almost 3 µm were measured in cells across various UHS images, 
resulting in strains of up to 10%. Spatial quantification of the deformation pattern was used to reveal the 
relationship between deformation magnitude and distance from the contact point between the cell and 
bubble. In all cases deformation decreased as the distance increased and the data set seen in Fig. 1b) fitted 
a two-phase exponential decay with an R-squared value of 0.92 (Fig. 2a). In experiments comparing the 
mechanical response of cells with different structural properties, it was found that fixation of the cells and 
cross-linking of the cell’s cytoskeleton, did not have a significant effect on the maximal cell displacement 
(Fig. 2b). 

 

Figure 2. A) Plot showing the decrease in cell displacement measured using DIC as the distance from the 
microbubble centre increases. The red line corresponds to a two-phase exponential function fitted to the data. B) Bar 
graph comparing the maximal displacement felt from both live cells and PFA fixed cells following microbubble 
stimulation (n = 4). 
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Conclusions 
Digital image correlation has been shown to be a suitable and powerful tool for cell analysis during 

microbubble-mediated ultrasound stimulation, with the capability to resolve cell deformation at time 
resolutions up to 5 MHz. These findings supported the further analysis of the factors affecting cell 
deformation, such as the cell’s rheology, and revealed the possibility to study how the cell responds during 
different therapeutic conditions. The future applications of this method and the experiments it can support 
are vast and represent a large step forward towards finally understanding the unresolved mechanisms that 
drive the therapeutic interactions between cells and microbubbles. 
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Introduction 
Microbubbles are used in ultrasound imaging to provide contrast and in ultrasound therapy to produce 

a therapeutic response. However, while several studies have investigated how bubbles driven by sound (i.e., 
acoustic cavitation) behaves in free body fluid, or in larger vessels (greater than 10 µm), there is very little 
understanding of how microbubbles behave in capillary-sized vessels (less than or equal to 10 µm). Several 
computer simulation studies have predicted that microvascular confinement could significantly alter the 
behaviour of microbubbles[1], but there has not yet been a microvascular phantom which could confirm 
these findings. A suitable microvascular phantom must accomodate several traits, which have made their 
construction difficult: optical transparency, acoustic properties similar to tissue, a small vessel diameter (5-
10 µm), and a capacity to accomodate flow. In this study, we describe a hydrogel-based microfluidic 
phantom that satisfies these requirements. This novel platform could accelerate the experimental analysis of 
acoustic cavitation in confinement. 

Methods 
Tapered glass capillaries were used as the inlet and outlet to provide a structural support near such small 

vessels. The surface of the glass was treated with3-(trimethoxysilyl) propyl methacrylate (TMSPMA) 
following a previously reported protocol  [2]. The hydroxyl groups on the glass formed hydrogen bonds 
with silane, hence the surface was grafted with the anchors. The functionalized glass capillaries were set 
within a 3D printed scaffold (Material: VeroClear, Object30 Pro, TRI-TECH 3D Inc., UK) device. A copper 
wire with the diameter of 10 μm were used as a template for the round channel. To avoid the hydrogel 
sticking to the wire, the surface of the wire was coated with Parylene C using a vapour deposition system. 
Polyacrylamide was used as the tissue-mimmicking material due to its optical transparency and the range 
of Young’s moduli it could accomodate [3]. During the polymerization, the methacrylate groups on the 
TMSPMA grafted on the glass capillary were co-polymerized, creating a tough bond between the capillary 
and hydrogel. After fully polymerized (>1h), the wire was carefully removed. The dimension of the gel was 
10 ×30 ×17 mm. Both sides of the device were open to allow ultrasound to propagate in and out of the 
hydrogel. The integrity of the channel was then evaluated using a fluorescent probe while its suitability of 
studying acoustic cavitation was evaluated by administering microbubbles and exposing them to ultrasound. 

Results 

 Channels with diameters between 10 and 100 µm were successfully made with the methods 
described above. In particular, we were able to create a 10-µm-in-diameter channel, which was intact as 
shown by the infustion of a FITC-dextran solution (Figure 1). No leakage or cracking were observed during 
the experiment (> 1h). The capillary surface was smooth due to the chemical resistance of parylene c 
deposited on the wire. We also confirmed the suitability of this platform for studying acosutic cavitation. A 
microbubble solution was administered into the capillary.  An isolated microbubble was then sonicated at 
with a pulse (centre frequency: 300 kHz, peak-rarefactional pressure: 300 kPa, pulse length: 10 ms) and its 
movement was tracked as it was displaced through the primary acoustic radiation force . 

Conclusions 
  A capillary-sized microfluidic phantom were successfully made using methods readily available in 
most laboratories. This device was optically transparent and used a hydrogel which can be easily 
manipulated to mimmick the mechanical properties of human tissue. Bubbles were introduced to the channel 
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without any leakage or cracking in the hydrogel. This device may help the acoustics community to optically 
and acoustically understand the acoustic cavitation in human capillaries. 
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Figure 1. The microfluidic phantom with a diameter of 10 µm. FITC-dextran (2000 kDa, Sigma-
Aldrich, UK) was dissolved in deionized water and the solution was infused at 10 nL/s from left to 
right. The images correspond to differencial interference contrast (DIC), fluorescein isothiocyanate 
(FITC) and combined respectively. 

 
Figure 2. Demosntration of a signle-microbubble sonication. A single bubble was sonicated at the 
frequnecy of 300 kHz. The calibrated pressure was at 300 kPa.  

 

FITC 
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Introduction  
Despite successful recanalization with percutaneous coronary intervention (PCI), approximately 50% 

of patients with ST-elevation myocardial infarction (STEMI) suffer from ongoing infarction due to 
microvascular obstruction (MVO) (Nijveldt et al., 2009). Contributors to the complex mechanism of MVO 
are distal embolization of thrombus particles, increased in situ thrombogenesis, plugging of activated 
platelets and leukocytes and vasoconstriction (Sezer et al., 2018). The use of intravascular microbubbles 
with concomittant intermittent high mechanical index (HMI) ultrasound impulses has been shown to 
dissolve thrombi and augment microvascular perfusion through vasodilative pathways (El Kadi et al., 2022). 
This technique, also termed sonothrombolysis, could potentially be used in STEMI patients at high risk of 
developing MVO, to enhance reperfusion and limit infarct size. 

Methods 
In this ongoing multi-center, prospective, randomized controlled trial, 118 STEMI patients with 

increased risk for MVO (defined as occlusion of the left anterior descending (LAD) artery [center 1] or 
incomplete ST-resolution  (≤70%) on the electrocardiogram (ECG) after PCI irrespective of culprit artery 
[center 2]) will be randomized to either sonothrombolysis or control. Sonothrombolysis treatment consists 
of a 3% infusion of Luminity microspheres with simultaneous delivery of 40-80 intermittent HMI ultrasound 
pulses (frequency: 1.8/1.8 MHz, MI: 1.2-1.3, 10 flash frames, pulse duration <5µs). Control cases also 
receive a 3% Luminity microspheres infusion with low mechanical index (LMI) ultrasound and no more 
than 6 HMI pulses for perfusion imaging purposes. Primary endpoints are infarct size (% of LV mass) and 
left ventricular ejection fraction (LVEF %) as assessed on cardiac magnetic resonance (CMR) imaging two 
months after inclusion. Secondary endpoints include change in infarct size and LVEF on CMR (CMR < 1 
week versus CMR at 2 months), ST-resolution on serial ECGs, ejection fraction and global longitudinal 
strain (%) on echocardiography, microvascular perfusion before and after study intervention and clinical 
outcome measures at six months after inclusion. 

 
Baseline characteristics  

 Sonothrombolysis (n= 51) Control (n= 49 ) P-value 

Age, y  62 (±12) 63 (±12) 0.24 

Male sex, n (%) 45 (88) 37 (76) 0.10 

Body mass index, kg/m2 26 (24-30) 27 (24-30) 0.94 

SBP, mmHg 133 (112-145) 126 (113-150) 0.90 

Medical history, n (%) 

Diabetes mellitus 11 (22) 6 (12) 0.22 
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Hypertension 16 (31) 22 (46) 0.14 

Dyslipidemia 17 (35) 19 (39) 0.62 

Smoking 20 (39) 19 (39) 0.96 

Previous myocardial infarction 5 (10) 6 (12) 0.70 

Previous PCI 4 (8) 6 (12) 0.46 

Positive family history 12 (24) 16 (34) 0.25 

Drug use before admission 

Aspirin 7 (14) 11 (22) 0.26 

Statin 9 (18) 11 (22) 0.69 

Beta-blocker 5 (10) 5 (10) 0.95 

Calcium-channel blocker 6 (12) 3 (6) 0.32 

ACE-i / ARB 7 (14) 11 (22) 0.26 

Timing  

Symptom-to-diagnosis time (min) 97 (48 - 174) 105 (55 – 228) 0.29 

Diagnosis-to-reperfusion time (min) 45 (36 – 63) 49 (40 – 59) 0.52 

 

Results 
To date, 100 patients have been included in the study. Baseline characteristics are provided in Table 1. 

Mean age of all patients was 62 (± 12) and 82 patients (82%) were male. Culprit artery in patients included 
in center 2 was LAD in 38 patients (72%), right coronary artery in 11 patients (21%) and circumflex artery 
in 4 patients (7%). Time to first medical contact was 97 (IQR: 48 -174) and 105 (IQR: 55 - 228) minutes 
and time from diagnosis to PCI was 45 (IQR: 36 - 63) and 49 (IQR: 40 - 59) minutes in the sonothrombolysis 
group and in the control group respectively. Summed ST-elevation on ECG before and after PCI was not 
statistically different: 11.5 mm (6.5 – 16.1) and 11.2 mm (5.9 - 16.9)  (p= 0.81) before PCI and 8.4 mm (4.3 
– 13.0) and 9.7 mm (4.1 - 16.4) (p= 0.39) after PCI, in the sonothrombolysis and control group. 

No statistically differences between the groups were observed in medical history and drug use before 
admission.  

Conclusions 
STEMI patients with LAD occlusion and patients with incomplete ST-resolution on ECG after PCI are 

at increased risk of MVO and have worse clinical prognosis (van Kranenburg et al., 2014). This clinical trial 
aims to assess efficacy of post-PCI sonothrombolysis in this patient population to limit final infarct size and 
salvage myocardial function. Currently, 100 patients have been included with overall similar baseline 
characteristics. Inclusion, blinded assessment of primary and secondary endpoints and clinical follow up is 
expected to be completed in 2023. 
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Figure 1: Boxplot of baseline summed ST-elevation in mm before PCI (A) and after PCI (B). 
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Introduction  

The microvascular system is profoundly altered by a variety of pathologies. In conjunction with the 

aging population, these microcirculation dysfunctions and small vessel diseases are likely to become more 

prevalent. However, medical imaging on this scale is not currently possible due to the limitations of the 

imaging modalities. A recent development in contrast-enhanced ultrasound, known as super-resolution 

ultrasound imaging (SRUI), demonstrated that capillary-size blood vessels can be imaged in vivo, improving 

the resolution by more than 10-fold below the diffraction limit [1]. 

Methods 

Based on the ultrasound localization microscopy (ULM) technique [2], which is inspired by optical 

nanoscopy, SRUI uses point spread functions to localize and track the centroid of ultrasound contrast agents, 

such as microbubbles (MB). The super-resolved image is created by accumulating the localized and tracked 

MB events, which allows vessels to be distinguished spatially within a few micrometers. In this research 

work, we present the results of our efforts to optimize SRUI in in vitro and ex ovo studies, screen different 

concentrations of SonoVue microbubbles (MB), and analyze them by ULM processing. In the study, the 

performance of ULM in terms of total number of detected MB and percentage of the tracked MB was first 

evaluated in vitro using homemade microflow phantoms (channel diameters range from 170 µm to 500 µm), 

followed by validation in the chicken embryo chorioallantoic membrane (CAM) model. The concentration 

scenarios included low (2.8×10+4 MB/mL), medium (1.8×10+5 MB/mL), and high (1×10+6 MB/mL) numbers 

of microbubbles diluted by in saline solution. The Verasonics system was used to acquire plane wave 

ultrasound images of different MB concentrations at different flow rates using homemade microflow 

phantoms and ex ovo CAM model.  

Following the conventional post processing, tissue signal and noise were removed using singular value 

decomposition (SVD) processing on the complex in-phase and quadrature (IQ) data [3]. After the MB were 

localized using a weighted average algorithm and tracked over several frames using simpletraker algorithm, 

final super-resolved image and velocity map were produced. Furthermore, Jerman's Hessian-based tubular 

(vesselness) enhancement filters [4] were applied in order to smooth the connection of vessel network and 

enabling estimation of morphological metrics such as density, diameter and tortuosity of the vessels. 

 

Results 

In the microflow phantom study, the mean number of detected MB events per 100 frames was roughly 

3000, 1800 and 1000 for high, medium and low concentrations, respectively at the same flow rate. 

Consequently, the percentage of tracked MB decreases with concentration due to the overlapping event, 

reaching 67% at low, 45% at medium and only 30% at high concentration. In the chicken embryo CAM 

study, the optical image revealed a vessel density of 8.0% of the reference image, as shown in Figure 1. 

With only 3 seconds acquisition time, SRUI was able to achieve 5.78% and 4.41% at high and medium 

concentrations, respectively. 

  

The 28th European symposium on Ultrasound Contrast Imaging 
---------------------------------------------------------------------------

138



 

Conclusions 

In conclusion, we have implemented a super-resolution ultrasound imaging technique using standard 

ultrasound localization methods in order to test its performances with different ultrasound contrast agent 

formulations. To determine the optimal agent, further analyses will be required using an in vitro microflow 

calibration setup, an ex ovo CAM model with an optical reference, and in vivo studies. 

 

Figure 1. Illustration of in vitro microflow phantom study and ex-ovo ULM results. 
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Introduction 
Current ultrasound localization microscopy (ULM) approaches utilize sparse microbubble 

concentrations to isolate and track non-overlapping point spread functions. However, this requires lengthy 
acquisition times (> 20 sec to several minutes) to produce a super-resolved vascular map. This is impractical 
for critical care scenarios (e.g., intraoperative use for spinal cord injury) or cases with substantial tissue 
motion (e.g., abdomen), limiting the clinical applicability of ULM. Multiple studies have explored methods 
to alleviate this limitation, including AI/ML-based approaches.[1-2] In this work, we instead apply ULM 
processing to non-sparse acquisitions to achieve super-resolution with substantially reduced total dwell 
time. 

Methods 
An amplitude modulated multiangle plane wave sequence was implemented on a Verasonics research 

ultrasound platform (Kirkland, WA, USA) using a 18 MHz linear array transducer (Vermon, Tours, France). 
Imaging was conducted in the rat spinal cord at thoracic level T7-T9 following a laminectomy. Color 
Doppler and high-concentration ULM images were constructed from a nonlinear Doppler ensemble (4 kHz 
PRF; 180 msec acquisition duration) acquired at the peak intensity following a bolus injection of Definity 
(0.1 mL, 0.2 mL saline flush).[3] Sparse ULM was constructed from 25.2 sec total acquisition time initiated 
5 mins after the bolus injection. Following motion correction and SVD filtering, localization (cross-
correlation) and tracking (Hungarian linker) with differing parameters were applied to construct both sparse 
and non sparse ULM images. 

Results 
All three methods captured the largest penetrating ventral arteries and the major ascending veins on the 

dorsal aspect of the cord (Fig. 1). Full-width at half-maximum (FWHM) measurements of penetrating 
arteries indicated that sparse and high-concentration ULM produced super-resolved vascular maps 
compared to color Doppler (135±2.81, 41.7±2.21, and 40.6±2.89 um for color Doppler, sparse ULM, and 
high-concentration ULM respectively). Overall image resolution measured using the Fourier ring 
correlation was comparable between both ULM images (24.8 vs 33.8 um for sparse vs high-concentration 
ULM, respectively).[4] High-concentration ULM did result in loss of information, particularly with respect 
to the smallest vessels, but was achieved with 140-fold lower total dwell time (180 msec vs 25.2 sec). 

Conclusions 
Application of ULM processing to densely-populated microbubble acquisitions enables super-resolution 

imaging with a 100 fold reduction in acquisition times. In addition to rendering ULM more clinically 
feasible and less susceptible to major tissue motion, this may recover the temporal information that is lost 
with sparse ULM. For example, whereas sparse ULM produces output averaged over many cardiac cycles, 
high-concentration ULM may be useful to quantify pulsatility or other shorter-timescale flow dynamics. 
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Figure 1. High-concentration ULM enables super-resolution with substantially reduced total dwell 
time. Representative color Doppler (A), ultrasound localization microscopy (ULM; B), and ULM applied 
to a densely-concentrated acquisition (C) are shown. High-concentration ULM enabled super-resolution of 
the vasculature with a 140-fold shorter total acquisition time compared to sparse ULM (180 msec vs 25.2 
sec). While high-concentration ULM does not depict the smallest vessels, the largest arteries and veins were 
visualised. Overall image resolution was comparable between sparse and high-concentration ULM (24.8 vs 
33.8 um). 
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Introduction 
Standard initial diagnostic procedures for brain cancer involve MRI or CT evaluation, followed by a 

biopsy if a tumor is suspected.  CT involves radiation, MRI is expensive, and either procedure requires 
access to primary care imaging centers.  With the decreasing cost and increasing portability of ultrasound, 
a method for ultrasound brain cancer diagnostics would provide increased accessibility.  Glioblastoma is an 
aggressive form of cancer with a prognosis that often can be six months or less.   It is known that 
microvascular angiogenesis is a biomarker of cancer, but traditional ultrasound has been unable to visualize 
angiogenesis.  Ultrasound localization microscopy (ULM) has demonstrated potential as a powerful new 
capability to resolve microvasculature.  In this study, we demonstrate the potential of 3-D super-resolution 
ultrasound for detection of glioblastoma in the mouse brain through visualization of angiogenic biomarkers. 

Methods 
The vascular growth of 4 control mice and 8 mice affected by glioblastoma was non-invasively 

monitored up to three weeks.  To do this, we acquired a volumetric scan of the each mouse’s brain using 
volumetric ULM. These scans were acquired using the Verasonics (Verasonics Inc., Kirkland, WA, USA) 
volumetric imaging system, which consists of four 256-channel Vantage systems coordinated by four 
controllers.  These were used to synchronously operate all channels of a 1024-channel 8 MHz fully-
addressed matrix array (Vermon, Tours, France).  For each mouse, a fully volumetric, transcranial 200 s 
contrast-enhanced scan was acquired at a volume rate of 500 vps using a 5-angle plane-wave compounding 
scheme (-3 to +3 on both axes). A total of 100k coarsely beamformed volumes were processed using singular 
value decomposition filtering, microbubble localization, and microbubble tracking.  The mice were 
anesthetized using isofluorane carried by oxygen gas.  A dilution of 9e7 MB/mL/g was infused 
intravenously at a rate of 6 μL/min.  

Results 
The development of the disease was monitored over the lifetime of the mice affected by glioblastoma, 

and we observed the development of abnormal vascular growth each week.  Fig. 1 (a)-(c) shows the 
maximum intensity projection over the saggital dimension of the same mouse over the course of three weeks 
to demonstrate the overall change in vasculature.  By week 3, the tumor has caused significant disruption to 
the appearance of the vascular system.  Fig. 1 (d)-(e) shows the local angiogenesis of a tortuous vessel at 
the site of cell implantation in a mouse with glioblastoma observed in just one week.  Overall, we observed 
a significant decrease in vascular presence in the mice affected by glioblastoma at week three.   

Conclusions 
In this work, we demonstrated the repeatability of a volumetric super-resolution imaging modality for 

pre-clinical studies that can obtain high-resolution images in mice brains without any surgical procedures 
beyond the insertion of a tail vein catheter.  We observed primarily two characteristics of the vascular growth 
over three weeks.  First, we observed the local growth of angiogenic vessels that correlates with the tumor 
cell implantation site that can be detected as early as three weeks post-implantation and can be differentiated 
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between one week of imaging.  Second, we observed that mice that survived to four weeks had significantly 
less vascular appearance than in weeks two and three, which is possibly caused by the slow perfusion of 
dense vascular networks that may be filtered out when SVD filtering.  By comparison, healthy mice 
maintained similar levels of vascular signal at three weeks. 

 

 
Figure 1. The development of the microvasculature at (a) two weeks, (b) three weeks, and (c) four weeks 

post-implantation of U87 GBM cells. A small section of the brain for (d) week one and (e) week two are 
shown.  The growth of abnormal vasculature, demonstated in the white box in (e), appears after three weeks 
of cell growth. 
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Introduction 
Chronic exertional compartment syndrome (CECS) is an underdiagnosed condition that primarily 

affects 10-60% of young, active people (mainly athletes) with exercise induced leg pain most commonly in 
the calf [1]. CECS is caused by exercise-induced pain with increased compartmental pressure in the fascial 
spaces causing impaired tissue perfusion during physical exercise. Definitive treatment is with fasciotomy, 
which has a success rate of up to 95% [2]. However, the average delay between diagnosis and subsequent 
treatment is 2 years, which has been shown to decrease the success rate of both conservative and surgical 
therapy [1-3].  

Currently, the reference standard for diagnosing CECS is invasive compartment pressure testing, which 
involves inserting a handheld 18G gauge needle with a pressure monitor system (Stryker Instruments, 
Kalamazoo, MI, USA) into the four calf compartments and measuring the compartment pressure directly 
(in mmHg). Direct compartment testing is invasive, painful, and carries a complication risk of neurovascular 
damage and infection. Furthermore, there is significant variability in this technique with some studies 
finding more than 5 mmHg difference in 40% of compartmental pressure measurements [4, 5]. 

Recently, other imaging modalities such as magnetic resonance imaging (MRI) and infrared 
spectroscopy have been studied for this application [5, 6]. Another alternative is shear wave elastography 
(SWE), which is a noninvasive imaging modality that evaluates tissue stiffness by measuring in real-time 
the speed of the shear wave propagation in tissues using ultrasound [7]. SWE is primarily used in the liver 
(to diagnose nonalcoholic fatty liver disease (NAFLD) or liver fibrosis), but its use has also been explored 
in musculoskeletal applications to diagnose and monitor disease progression [8, 9]. Moreover, subharmonic 
aided pressure estimation (SHAPE) is a noninvasive method for pressure estimation using ultrasound 
contrast agents and subharmonic imaging, which has shown encouraging results in clinical trials of portal 
hypertension and interstitial fluid pressure measurements [10. 11]. The objective of this study was to 
compare SHAPE and SWE to the invasive, reference standard compartment pressure testing for the 
diagnosis of CECS. 

Materials and Methods 
In this ongoing, prospective, pilot study, healthy volunteers and subjects diagnosed with CECS 

provided written informed consent to participate. The study was approved by the University’s Institutional 
Review Board as well as the United States Food and Drug administration (IND no. 112, 241). The full 
protocol and statistical analysis plan are available at https://clinicaltrials.gov/ct2/show/NCT05247541 (trial 
registration number: NCT05247541). 

Both study groups (i.e., volunteers and subjects with CECS) underwent ultrasound imaging before and 
immediately after exercise. A standardized exercise treadmill protocol was used to induce fatigue and/or 
elicit symptoms: running 5.95 km/h against a 5° slope for 6 minutes or until symptom onset. If symptoms 
did not occur by 6 minutes of exercise, speed was increased to a maximum of 8.0 km/h and/or the slope was 
increased to 8° for an additional 6 minutes (or until symptom onset). In the healthy volunteers, the anterior 
calf compartment was imaged, while the symptomatic compartment was imaged in the CECS subjects. 
Patients were scanned in a supine position with the ankle in a neutral position using a modified Logiq E10 
scanner (GE Healthcare, Waukesha WI, USA) with C1-6 and C2-9 probes. Conventional 2D ultrasound was 
used to identify the muscle of interest.  
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First, the probe was positioned perpendicular to the muscle to optimize the SWE imaging. For pre and 
post exercise acquisitions, real-time SWE color maps were generated at a depth of approximately 3 cm. 
Twelve regions of interests were drawn offline and the system quantified the median shear wave velocity 
(m/s), velocity interquartile range (IQR) (m/s), and velocity IQR to velocity median ratio percentage (in 
m/s) for each examination. For quality assurance purposes, an IQR to median ratio ≤ 15% was considered a 
reliable SWE examination. 

Next, an intravenous infusion of 2 vials of the ultrasound contrast agent Definity (Lantheus Medical 
Imaging, N Billerica, MA, USA) in 50 mL of saline was administered over 5-10 minutes for SHAPE data 
acquisitions. Once contrast microbubbles were visualized within the compartment muscle, a power 
optimization algorithm was run to establish individual acoustic parameters [10-12]. Once the optimal power 
was determined, three 5 second clips were acquired. After the pre-exercise SHAPE acquisitions, the subject 
performed an exercise protocol for approximately 6 minutes (or until symptoms were elicited); as described 
above. Immediately after exercise, the subject returned to the supine position and another three 5 second 
post-exercise SHAPE clips were acquired. Regions of interests were drawn offline around the symptomatic 
compartment muscle and an adjacent vessel pre and post SHAPE (Figure 1). Finally, the post exercise SWE 
acquisitions were performed. SHAPE and SWE results were compared between groups and relative to the 
compartment pressure testing (in mmHg; the reference standard) using paired and unpaired t-test and linear 
regression analysis. All tests were performed using Prism 9.3.1 (GraphPad Software, San Diego, CA, USA) 
with p-values less than 0.05 indicating statistical significance. 
 
 

 

 

 

 

 

 

 

 

 

Figure 1: Time intensity analysis of 3 regions of interest (the whole calf muscle - yellow; the maximum 
signal within the muscle - turquois and the signal in a vessel outside the muscle - red) of a healthy volunteer.  

Results 
To date, data analysis has been completed in 10 healthy volunteers and 4 CECS patients. Among these 

subjects, the mean age of the healthy volunteers was 33 ± 16 years, while for the CECS patients it was 27 ± 
5 years. The healthy volunteers consisted of 6 males and 4 females and among the CECS patients there was 
1 male and 3 females.  

When evaluating SWE in the healthy volunteers from pre to post exercise there was a statistically 
significance difference (p = 0.01), which was not seen in the CECS patients (p = 0.14). Moreover, comparing 
healthy volunteers and CECS patients did not identify any difference using SWE (p = 0.23). Linear 
regression analysis was performed to correlate the invasive compartment pressure testing (in mmHg) with 
the SWE data, but again no statistically significant relationship was observed (R2 = 0.50; p = 0.29).  

When evaluating the whole muscle with SHAPE pre and post exercise both the healthy volunteers and 
the CECS subjects demonstrated a decrease in percent difference, which was statistically significant (p < 
0.01). When comparing healthy volunteers to CECS patients evaluating the whole muscle vs. adjacent 
vessels with SHAPE there was no difference (p = 0.57). Linear regression analysis was statistically 
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significant when evaluating the correlation between compartment pressure testing results (in mmHg) and 
SHAPE estimates (R2 = 0.96; p = 0.02). Alternatively, when correlating the percent difference between 
compartment pressure testing and SHAPE, there was no statistically significant correlation (R2 = 0.12, p = 
0.65). 

Conclusions 
These preliminary data indicate that SHAPE, and to a lesser degree SWE, may be an inexpensive, 

noninvasive, and better tolerated alternative for evaluating CECS patients, which would be a more tolerable 
option for patients to consider.  
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Introduction  
Ligand/receptor-mediated targeted drug delivery has been widely recognized as a promising strategy for 

improving nanomedicines' clinical efficacy but was attenuated by the binding of plasma protein on the 
surface of nanoparticles to form protein corona. Here, we show that ultrasonic cavitation can be used to 
unravel surface plasma coronas on liposomal nanoparticles through ultrasound (US)-induced liposomal 
reassembly. To demonstrate the feasibility and effectiveness of the method, we developed transcytosis-
targeting peptide decorated reconfigurable liposomes (LPGL) loaded with gemcitabine (GEM) and 
perfluoropentane (PFP) for cancer-targeted therapy. In the blood circulation, the targeting peptides were 
deactivated by plasma corona and lost their targeting capability. Once they reached tumor blood vessels, the 
US irradiation induced transformation of LPGL from nanodrops into microbubble via liquid-gas phase 
transition and decorticated surface corona by reassembly of the lipid membrane. The activated liposomes 
regained the capability to recognize the receptors on tumor neovascularization, initiated ligand/receptor-
mediated transcytosis, achieved efficient tumor accumulation and penetration, and led to potent antitumor 
activity in multiple tumor models of patient-derived tumor xenograft. This study presents an effective 
strategy to tackle the fluid biological barriers of protein corona and develop transcytosis-targeting liposomes 
for active tumor transport and efficient cancer therapy. 

Methods 
Here, we first demonstrate the feasibility and effectiveness of the US-induced liposomal reassembly 

strategy for unveiling the protein corona and apply the method to develop protein corona-free liposomal 
drug delivery systems for transcytosis-based active tumor delivery. To demonstrate the concepts, we 
designed a transcytosis-targeting ligand-modified and perfluoropentane-encapsulated gemcitabine 5'-
elaidate-integrated liposomal nanodroplet (LPGL) (Scheme 1). We selected cRGD peptide (cyclic sequence 
of Cys-Arg-Gly-Asp-Lys-Gly-Pro-Asp-Cys, binding to integrin αvβ3 receptor) and NGR peptide (Gly-Gly-
Cys-Asn-Gly-Arg-Cys sequence, binding to aminopeptidase-N CD13 receptor) that are overexpressed 
during tumor neovascularization as the transcytosis-targeting ligand. LPGL was fabricated using the cRGD 
or NGR peptide-modified 1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethylene 
glycol)-2000] (DSPE-PEG-cRGD (or NGR)), 1, 2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and 
a lipophilic fatty acid ester derivative of gemcitabine (CP4126), and loaded with perfluoropentane (PFP) 
(Scheme 1A). Once reaching tumor vasculature, LPGL liposomes change from nanodroplets to 
microbubbles via the liquid-gas phase transition of PFP irritated by the US. Then the microbubbles burst 
and reassemble into smaller nano-sized liposomes. The protein corona is decorticated during this process, 
and the targeting ligands are exposed on the surface. The exposed targeting ligands of LPGL can recognize 
the receptors and initiate an active transporting process - endocytosis, intracellular transport, exocytosis, and 
intercellular transport, across tumor vascular endothelial cells, thereby augmenting the tumor accumulation 
and penetrating deep into tumor parenchyma. Meanwhile, LPGL gradually releases the effective metabolite 
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of gemcitabine triphosphate (dFdCTP) through the cleavage of CP4126 by intracellular esterase to generate 
potent antitumor activity (Scheme 1B). 

 
Scheme 1. Schematic representation of LPGL for active tumor targeting via ultrasonic cavitation-assisted 
protein corona decortication and receptor-mediated transcytosis. 
 

Results 
To test this assumption, we prepared a cRGD-peptide targeted reconfigurable liposomal drug delivery 

system and analyzed the deposition of coronas. LPGL liposomes were prepared by mixing lipids of DSPE-
PEG-cRGD, DPPC, DSPE-PEG, and CP4126 at a mass ratio of 1.5 : 1.5 : 1 : 1 and followed by the 
encapsulation of PFP. Approximately 8.63% of the total lipid molecules in per liposome was the cRGD 
ligand modified-lipid molecules. CP4126 is a potent anticancer prodrug, a lipophilic fatty acid ester 
derivative of gemcitabine (GEM) in clinical trials, and can be fully integrated into the liposomes as the 
component of phospholipid membrane during the size transformation and membrane crack. The 
encapsulation efficiency of CP4126 in liposomes was nearly 100%, and the GEM content was 10%. The 
prepared LPGL was in a form of milky emulsion with a particle size of 188.4 ± 14.5 nm (PDI: 0.21) and a 
zeta potential of -9.1 ± 2.7 mV as measured by dynamic light scattering (DLS). The cryo-transmission 
electron microscope (cryo-TEM) image showed that LPGL had a uniform unilamellar lipid membrane with 
a distinct ice-cloud shadow of PFP in the center. The loading content of PFP was about 0.16 ± 0.07 vol.% 
as measured using the automatic headspace gas chromatographic-mass spectrometric technique. We also 
prepared three kinds of liposomes as control groups, including the non-targeting and non-size-conversional 
nanodroplets (GL), the targeting only nanodroplets (LGL), and the PFP-loaded size-conversion only 
nanodroplets (PGL). The particles sizes of GL, LGL and PGL were149.4 ± 11.7 nm (PDI: 0.16), 154.1 ± 
12.5 nm (PDI: 0.18), 185.7 ± 13.3 nm (PDI: 0.23) respectively, as determined by DLS. The cryo-TEM 
images showed that GL and LGL were empty capsules, and PGL were capsules with ice-cloud shadows 
similar to LPGL.    

Once incubating with plasma for more than 15 min, all the liposomes would absorb abundant types of 
proteins (molecular weight from 25 kDa to 180 kDa) with an average total protein content of about 24 µg/mg 
lipids. After US irritation for 5 min, the total protein content in LPGL and PGL was reduced to less than 
20%, while those of GL and LGL showed no significant changes. Additionally, the decortication of protein 
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corona by ultrasonic cavitation could be enhanced with the increase of US intensity as well as a high 
frequency of 3 MHz , and the protein contents on LPGL and PGL varied with ultrasonic duration. 

We evaluated the antitumor activity of the liposomes in BALB/c nude mice bearing patient-derived 
tumor xenograft of PDA that could reproduce the clinical tumor state and simulate the PDA 
microenvironment. The mice were intravenously administered with GEM, GL, LGL, PGL, and LPGL 
(GEM-equivalent dose 10 mg/kg) or blank control of LPL and PBS four times every two days when the 
tumors reached a size of about 150 mm3. Mice treated with LPL or PBS showed continuous tumor growth 
during the treatment, and no significant difference was observed between the two groups. The tumor growth 
of the GEM, GL, LGL, and PGL group was delayed during the treatment but recovered to grow after the 
treatment. In contrast, the tumor growth of the LPGL group was substantially inhibited and continued to 
regress after the treatment. Half of the LPGL-treated mice were tumor-free at the end of the experiment. On 
day 36, all the mice were sacrificed, and tumors were collected, photographed, and weighted. The tumor 
inhibition rate of LPGL was 98.3%, which was much higher than those of GEM (34.1%), GL (56.3%), LGL 
(76.6%), and PGL (75.8%). All the mice treated with the liposomes showed no noticeable side effects in 
terms of body weight change and white blood cell and blood platelet levels, whereas the mice treated with 
GEM showed distinct body weight loss and hematological damage as indicated by the sharp decrease of 
white blood cell and blood platelet. 

Conclusions 
In summary, we developed an ultrasonic cavitation-based strategy to remove protein corona on targeted 

drug delivery systems. We demonstrated the feasibility and effectiveness of the strategy for developing 
transcytosis-based tumor active transporting liposomes for solid tumor treatment. The strategy utilized the 
ultrasonic cavitation-triggered reassembly of liposomes to decorticate protein corona and reinitiate active 
ligand/receptor-mediated transcytosis for enhancing the nanomedicine's transendothelial cellular transport 
and tumor intercellular transport. The designated active transcytosis LPGL liposomes achieved superior 
tumor accumulation and deep penetration and generated effective antitumor activity in multiple tumor 
models of patient-derived tumor xenograft of PDA and HCC. The ultrasonic cavitation-based reconfigurable 
liposomes are practical and efficient carriers for active tumor targeting drug delivery. 
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Introduction  
Ultrasound (US) induced microbubble (MB) cavitation causes a provascular response that can improve 

cancer radiotherapy [1]. ATP and eNOS-mediated vasodilation have been shown to be implicated in the 
signaling pathways leading to the vasodilation response [2][3]. We are interested in deciphering if 
sonoporation (formation of temporary pores on the cell membrane) or cell death (formation of permanent 
pores) may induce the activation of vasodilation pathways [3], that can provide a better radiosensibilisation 
of hypoxic solid tumor [4]. In this study, we propose a microfluidic model to characterize sonoporation 
under flowing conditions following US+MB treatment.  

Methods 
HUVEC cells were grown on the ceiling of PDMS microfluidic chips (figure 1A). Cells were seeded 

(500 cells/mm^2) in chips previously coated with fibronectin (100ug/ml, 1h; room temperature). The chips 
were flipped upside down and incubated for 28h (37°C; 5% CO2) to allow cell sedimentation and attachment 
on their ceiling. The US probe (A303S-SU, 1MHz, 0.5 Inch) was positioned 2,7 cm far from the channels 
with an angle of 60° with the chip (figure 1B). The microscope and the US beam were co-aligned at the 
same focal spot, taking into account the US refraction angle, using an in-house-designed 3D printed device. 
Then, MB (10^7 MB/ml) and Propidium Iodide (PI 25 ug/ml – sonoporation and cell death marker) were 
continuously infused in the chip (100 ul/min). Meanwhile, the chip was exposed to US to observe PI uptake 
in real-time. Each experiment consisted of a serie of 7 identical US pulses varying pressure (200, 300, 400, 
500, 600 kPa) and the number of cycles (10, 100 cycles), applied with a 2 min interval to allow temporary 
sonopores to heal and MB replenishment between pulses. PI images were taken right before every pulse. 
After the treatment, calcein-AM (12 ug/ml – viability tracer) was incubated with the cells for 30min (37°C; 
5% CO2) and chips were imaged. 

Figure 1. (A) The PDMS microfluidic chip. (B) Experimental design and hypothesis. 
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PI cineloop and Calcein-AM images were processed with an in-house Matlab program: Each cell was 
labeled and then classified into “sonoporated cell” vs “dead cell” category based on calcein-AM/PI 
colocalization and PI intensity (figure 2A). 

Data were analyzed with a two-way ANOVA, with Tukey multiple comparison test (Prism 8, 
GraphPad). p < 0.05 was considered significant. 

Results 
To confirm that time and flow did not impact the sonoporation in our model, the effect of a single pulse 

({300kPa ; 100#cyc}, {400kPa ; 100#cyc} or {500kPa ; 100#cyc}) after 2min and 16min exposition to flow 
were compared (figure 2B). The dead and sonoporated cells proportions after a single pulse were not 
significantly different after 2min exposition compared to 16min exposition. This support that the flow 
exposition during and after the US treatment does not have an impact on the sonoporation rate, at least until 
16min of flow. 

With all pulses, the proportion of dead cells is higher than the proportion of sonoporated at each pulse. 
The dead cell proportions were significantly higher than the sonoporated cell proportions for some US 
parameter (figure 2C, purple stars *: p<0.05 sonoporated cells vs dead cells for one pulse). 

The total PI-positive cell proportions increased with the pressure for the two different pulse lengths 
tested, as expected (figure 2C). In contrary with what was expected, increasing the pulse length also 
increased the sonoporation proportion at a pressure of 500kPa after the 6th pulse (sonoporated cell proportion 
at pulse 6 {500kPa ; 10#cyc} vs. {500kPa ; 100#cyc} p=0,025 and pulse 7 {500kPa ; 10#cyc} vs. {500kPa 
; 100#cyc} p=0,0041). Moreover, the proportion of dead cells were higher with short pulses. The increase 
in the radiation force for longer pulses may explain why longer pulses interestingly induce more 
sonoporation. 

The increase in sonoporated cell proportion is linearly correlated with the number of consecutive pulses 
for {300kPa; 100#cyc}, {400kPa; 100#cyc} and {500kPa; 100#cyc} (figure 2C, R1, R2, R3). This suggests 
that these successive pulses cause an equal amount of sonoporation at least until 7 pulses. Moreover, for all 
of these pulses, the sonoporated proportion is archieving nearly the same rate (around 8%) after 7 pulses for 
every pressure. Interestingly, the proportion of dead cells proportion is increasing with the pressure. Data 
with 100#cyc suggest that the pulse {300kPa ; 100#cyc} is the best compromise between sonoporated and 
dead cells proportion. 
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Figure 2. (A1) PI channel image (7 pulses pressure : 400kPa ; 100#cycles, 20x). (A2) Image A1 
with the cells segmented and labeled. (A3) Image A2 merged with the calcein-AM image corresponding. 
Scale bars represent 100um. (B) Impact of flow on treated cells. (C) Proportion of sonoporated and dead 
cells after each pulse among the total number of cells in the image. 

Conclusions 
We developed an approach that allowed us to quantify the effect of successive pulses of US on 

endothelial cell sonoporation based on calcein-AM/PI colocalization and PI intensity. Overall, longer pulses 
tend to be more efficient and the pulse {300kPa ; 100#cyc} has shown the best efficiency in sonoporation. 

We identified US conditions that will allow us to study ATP and nitric oxide release with the objective 
of finding a compromise between the efficiency and the toxicity of the treatment. We expect this work to 
provide a greater understanding of sonoporation mechanisms to optimize the treatment in vivo and improve 
the outcome of anti-cancer radiotherapy.  
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Introduction 

Several studies have shown that tumor hypoxia is directly associated with a poor prognosis in patients 
with advanced head and neck squamous cell carcinoma HNSCC [1-3]. Hypoxic and/or anoxic areas have 
an oxygen partial pressure (pO2) ranging from 0 to 10 mmHg. A pO2 <10 mmHg in HNSCC patients is 
directly linked to poor local tumor control, disease-free and overall survival, irrespective of treatment 
whether by radiation alone or combined with surgery or systemic chemotherapy [4-6]. Increasing the oxygen 
tension of HNSCC would significantly improve its sensitivity to radiation, especially as nearly 75% of all 
HNSCC patients receive radiation therapy [7, 8]. As a means to mitigate tumor hypoxia before radiation, 
several treatment modifications have been investigated including ultrasound-sensitive microbubbles (MBs) 
containing oxygen [7, 9-10].  

Our group has developed an O2 MB stabilized by sorbitan monostearate and water-soluble vitamin E 
(TPGS) (termed SE61O2) that provides enhancement under ultrasound interrogation in vitro for over 10 
mins [11-13]. These bubbles are easily imaged within hypoxic tumors and can be noninvasively destroyed 
within the tumor vasculature. Prior work demonstrated the feasibility of disrupting oxygen bubbles within 
a murine breast tumor model and a model of metastatic breast cancer in the brain where in both cases 
oxygenation significantly improved both tumor control and animal survival [14-15]. However, the duration 
of oxygenation using this platform was limited, lasting only 2-3 minutes in vivo. More recently, our group 
published modifications to the current O2 MB platform by combining the localized delivery of O2 with a 
pharmacological inhibitor of tumor mitochondrial respiration (lonidamine (LND)), which resulted in 
ultrasound-sensitive MB loaded with O2 and LND. Animals that had O2 and LND co-administered via 
ultrasound-sensitive MBs (SE61O2/LND) had an intratumoral peak increase of 29.05 ± 8.3 mmHg, and 
prolonged oxygenation relative to oxygenated MBs alone, with levels remaining elevated for up to 5 min 
[16]. The objective of the current study was to assess the effect of MBs loaded with O2 and mitochondrial 
respiration inhibitors on an in vivo HNSCC model treated with different radiation dose rates. 
 
Materials and Methods 

Surfactant-shelled oxygen-MBs (SE61O2) composed of a sonicated solution of water-soluble vitamin E 
(TPGS) and sorbitan monostearate were fabricated. In the microbubbles loaded with LND, the drug was 
loaded into the shell by pre-incubation with the TPGS (for 48 hrs.) to form drug-loaded micelles, which 
were then added to the sorbitan monostearate solution. Oxygen was added after freeze-drying the SE61. 

Acoustic enhancement and stability were quantified in vitro in a closed-loop flow phantom setup (ATS 
Laboratories, CIRS, Norfolk, VA, USA). MBs were injected and insonated using a 10L4 transducer and an 
Acuson Sequoia scanner (Siemens Healthineers, Issaquah, WA, USA). Imaging of the MBs flowing through 
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the embedded vessel was performed in cadence pulse sequencing mode every 30 seconds for 10 minutes 
(Fig.1.A).  

For the in vivo experiments, HNSCC tumors were generated in athymic nude mice by injecting 5 x 105 
CAL27 cells (ATCC, Manassas, VA, USA) mixed with 100 μL matrigel subcutaneously on the right flank. 
Additionally, cohorts of animals were placed in a pre-treatment group receiving oral metformin (OM), a 
drug that displays a 50-60% absolute oral bioavailability, while also inhibiting mitochondrial respiration in 
tumors. Animals received 0.1 mL injections of SE61O2 with or without LND, and with, or without 
ultrasound, using a 10L4 transducer and an Acuson Sequoia scanner. Animals receiving ultrasound 
triggering (mechanical index = 1.4) underwent 75 seconds of flash-destruction replenishment sequences 
(Fig.1.B). Animals receiving radiation therapy were placed 40 cm from the radiation source and covered 
with 4 mm lead shielding exposing the right flank and tail. Immediately following ultrasound triggering, 
animals received 5 Gy using an X-RAD 320 biological irradiator (Precision X-Ray, CT,USA) at 320 kV 
with two different added filtrations (2 mm aluminum designated as Filter 1 (F1), or 1.5 mm aluminum, 0.25 
mm copper and 0.75 mm tin designated as Filter 2 (F2)). These filters corresponded to radiation dose rates 
of 3.59 and 1.36 Gy/min, respectively. Tumor-bearing animals were assigned to the treatment groups listed 
in Table 1.  

Table 1. Treatment groups 

 

 

 

 

 

 
 

Results 
In the pulsatile flow phantom insonated in a single plane, a strong signal from SE61O2 with or without 

LND was observed within the lumen remaining stable for over 10 minutes. The ability to noninvasively 
destroy these MBs with higher intensity ultrasound pulses was confirmed in this setup (Fig.1.A).  

 

Group Treatment Ultrasound 5 Gy OM 
1 none no no no 
2 none yes yes no 
3 SE61O2 yes no no 
4 IP Lonidamine yes yes no 
5 Oral Metformin yes yes yes 
6 SE61O2 yes yes no 
7 SE61O2 + IP LND yes yes no 
8 SE61O2 yes yes yes 
9 SE61O2/LND no yes yes 
10 SE61O2/LND yes yes no 
11 SE61O2/LND yes yes yes 
12 SE61N2 /LND yes yes yes 
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Figure 1. Example of ultrasound images A) of flow phantom showing contrast mode (left) and fundamental (B-
mode) (right) of SE61O2/LND and B) in athymic nude mice also in dual B-mode/cadence pulse sequencing mode, 
imaging subcutaneous CAL27 human squamous cell carcinoma.  

 
For the therapy experiments, the experimental group (Group 11) that received SE61O2/LND triggered 

with ultrasound followed by 5 Gy with F1 and OM pretreatment showed a median animal survival of 63 
days. This was a statistically significant improvement compared to animals that received SE61O2 triggered 
with ultrasound and 5 Gy (44 days), OM pretreatment with ultrasound and 5 Gy, and group that had 
ultrasound and 5 Gy administered (42 days) (p < 0.0001). Additionally, animals that had SE61O2/LND 
triggered with ultrasound followed by 5 Gy with F1 showed an improved tumoral growth control and 
survival, with a median survival of 52 days when compared to animals that received the same treatment 
with 5 Gy with F2 (21 days; p= 0.0004). However, there was no significant difference in median animal 
survival for groups treated with SE61O2/LND or SE61O2 triggered with ultrasound followed by 5 Gy with 
F1 (p= 0.29). This demonstrates that while the platform provides significant improvement in tumor control, 
a relatively high radiation dose rate is still required given the limited duration of oxygenation. 

Conclusions 
The co-delivery of O2 and LND via ultrasound-sensitive microbubbles and OM improved radiosensitivity 
and survival in a HNSCC model. Additionally, this work highlights the importance of dose rate given the 
currently limited duration of oxygenation currently available with this microbubble platform.  
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Introduction  
Microbubble-assisted ultrasound (MB-assisted US) is a non-invasive and targeted drug delivery method 

that enhances the therapeutic efficacy of anti-cancer drugs by increasing their intratumoral biodistribution 
and reducing their off-target effects [1]. MB-assisted US generates a number of local acoustic events (e.g., 
pulling/pushing process, microstreaming, shock waves, microjet) near the plasma membrane of cells. These 
events  promote a reversible membrane permeabilization allowing their intracellular uptake  through the 
formation of membrane pores and/or the stimulation of endocytotic pathways [2]. Several parameters 
influence the efficacy of this drug delivery method (i.e pharmacological properties of anti-cancer drugs and 
MBs, the physiology of tumor tissue, US devices and parameters, and treatment schemes). The tumor 
spheroids are promising 3D in-vitro tumor models in order to investigate these processes and to define the 
optimal acoustic parameters for drug delivery. Indeed, their architectures reflect the 3D organization of 
tumor, tumoral heterogeneity and microenvironment, resulting in a greater resistance to drugs than that 
observed in 2D in-vitro models [3,4]. In this context, this study aims at investigating the influence of acoustic 
pressure (peak negative pressure, PNP) on the permeabilization, the growth and the viability of colorectal 
cancer (CRC) spheroids. Secondly, these spheroids were exploited to study the therapeutic efficacy of 
acoustically mediated bleomycin delivery. 

Methods 
PNP influence on the spheroid permeabilization, growth and viability: The CRC spheroids (5 spheroids 

in 1.5 mL medium) were placed in the plastic cuvette. Then, a fluorescent dye, the propidium iodide (PI; 
100 µM), used as a drug model, and Vevo MicroMarker MBs (30 µL; 2.109 MB/mL) were added in the 
cuvette. The center of the cuvette was positionned at the focal distance of the transducer in a deionized water 
tank at 37°C. The mixture was kept uniform using gentle magnetic stirring during the ultrasound application. 
Subsequently, the spheroids were exposed to 1 MHz sinusoid ultrasound waves for 30 s with a pulse 
repetition period of 100 µs, 40 cycles per pulse. The acoustic pressures range from 100 kPa to 400 kPa PNP. 
Few minutes later, the penetration and the intracellular accumulation of PI into tumor cells were assessed 
using fluorescence microscopy. The influence of the acoustic pressure on spheroid growth and viability 
were determined by measuring the spheroid growth for 10 days under optical microscope and by using a 
trypan blue assay at 13th day, respectively. 

Acoustically mediated bleomycin delivery: The spheroids were treated with 0.1 µM or 1 µM of 
bleomycin on its own or delivered using MB-assisted US as previously described. Ten minutes later, 
spheroids were transferred into ULA 96-well microplate for their culture. Spheroid growth and viability was 
evaluated as described above. 

Results 
Influence of PNP on the permeabilization, the growth and the viability of spheroids: The exposure of 

spheroids to an acoustic pressure of 100 kPa in presence of MBs significantly induced an increase of the 
fluorescence intensity into the spheroids compared to PI treatment alone (p < 0.05), demonstrating a 
significant enhancement of the penetration and the accumulation of PI into the spheroids (Figures 1A & 
1B). The increase of the acoustic pressure from 200 kPa to 300 kPa resulted in an additional increase of the 
fluorescence intensity compared with 100 kPa condition (p < 0.05). At both 300 and 400 kPa, a similar 
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fluorescence intensity was detected into spheroids (p > 0.05). As displayed in Figure 1B, the increase of the 
acoustic pressure from 100 to 300 kPa induced a linear increase of the fluorescence intensity before to reach 
a plateau. Finally, the increase of the acoustic pressure from 100 to 400 kPa did not affect the spheroid 
growth and viability (Figures 1C & 1D, respectively). 

 
 

 

 
 
 
 
 
 
 
 

Figure 1. Effect of acoustic pressure on the permeabilization, the growth and the viability of CRC 
spheroids. (A) Microscopic observations of the acoutically-mediated permeabilization of spheroids to a 

fluorescent dye, the propidium iodide (PI). (B) Quantitative analysis of spheroid permeabilization. (C) 
Spheroid growth. (D) Spheroid viability at the 13th day. The Mann Whitney, nonparametric test was used for 
statistical analysis (*p < 0.05 and *** p < 0.005). Each bar represents the mean ± standard error of the mean 

(SEM). 

Cytotoxic effects of bleomycin delivered by MB-assisted US on CRC spheroid: The treatment with 
bleomycin alone  (0.1 or 1 µM) induced a significant decrease in spheroid growth compared to the control 
condition (no treatment). This cytotoxic effect on spheroid growth was potentiated when the bleomycin was 
delivered using MB-assisted US. Indeed, the acoustically mediated delivery of bleomycin at 0.1 µM resulted 
in a significant reduction of spheroid growth, same as spheroids treated only with a 10-fold higher 
concentration of bleomycin. In addition, the acoustically mediated delivery of bleomycin at 1 µM 
completely inhibited spheroid growth from the first post-treatment days (Figure 2). Trypan blue assay 
confirmed these results at the 13th day. Indeed, the delivery of 0.1 µM bleomycin using MB-assisted US 
induced 2-fold decrease in the spheroid viability compared to the bleomycin treatment alone. This reduction 
of spheroid viability was similar to the effect of spheroid treatment with 1 µM bleomycin only. As expected, 
the acoustically mediated delivery of 1 µM bleomycin significantly decreased the spheroid viability 
compared to the control condition and the bleomycin treatment alone. 
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Figure 2. Acoustically mediated bleomycin delivery in CRC spheroids.  

Conclusions 
In conclusion, MB-assisted US induced an efficient and reversible permeabilization of CRC spheroids 

to small molecules (< 4 kDa). The increase of the acoustic pressure induced a significant and gradual 
permeabilization of CRC spheroids without affecting their viability and their growth. The bleomycin 
delivery using MB-assisted US significantly improved the cytotoxic effect of bleomycin, thus resulting in 
an inhibition of spheroid growth.  
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Introduction 
Microbubbles have been commercially available in ultrasonography for the purposes of contrast 

enhanced imaging for several decades. As the understanding of the properties of microbubbles has 
improved, so has the scope for their use in a therapeutic setting. Microbubbles have been described in an 
orthopaedic setting as a method for determining the likely cause of an established non-union in the clinical 
setting(1). There is, however, little literature describing the behaviour of microbubbles in acute bone 
fractures, or therefore their potential for therapeutic and diagnostic use in this application. The aim of this 
study is to determine the ability of microbubbles to perfuse acute fractures in the clinical setting. 

Methods 
Patients who had sustained a humeral shaft fracture were recruited to undergo ultrasound enhanced 

contrast imaging of the fracture site within 28 days of injury.  They underwent ultrasound imaging and 
peripheral injection of commercially available SonoVue (Bracco, Italy) microbubbles. B-mode images were 
captured together with time-intensity curves to assess presence of microbubbles at the fracture site. 

Results 
Four patients underwent ultrasound enhanced contrast imaging of acute humeral fractures with a mean 

time to scan of 16 days. The average Peak Intensity (PI) was 1.16×10-6 acoustic units (AU) with an average 
Area Under the Curve (AuC) of 3.23×10-6 and average Time to Peak (TtP) of 19.8 seconds.  There was a 
noticeable drop in these metrics with increased time from injury, (5 versus 28 days; PI, 42.6%, AuC 55.5% 
and TtP 25.5%). There was a significant flow of microbubbles confined to within the fracture site and within 
the callus itself, as shown in Figure 1, which demonstrates microbubble contrast within the fracture site 
outlined. 

Figure 1: Microbubble 
contrast in acute humeral 

fracture 
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Conclusions 
This preliminary human clinical study demonstrates the presence of peripherally injected microbubbles 

in acute fractures. This demonstrates the viability of using microbubbles for therapeutic purposes and for 
assessing changes in blood flow through fractures over time from acute injury in clinical settings. 
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Introduction 
Cardiovascular disease is the leading cause of morbidity and mortality in the United States [1]. More 

than 1 million Americans are estimated to have a new or recurrent acute myocardial infarction (AMI) each 
year [2]. Although the mortality from AMI has decreased in recent years, post-MI congestive heart failure 
is increasing due to microvascular obstruction (MVO), ultimately limiting the myocardial salvage [3]. It has 
been estimated that up to 60% of all acute ST-elevated myocardial infarction (STEMI) patients receiving 
the percutaneous coronary intervention (PCI) develop MVO, with subsequent decreased left ventricular 
systolic function and major adverse cardiac events, including cardiac death, stroke, myocardial infarction, 
and heart failure requiring hospitalization [4]. Conventional strategies for treating MVO include the 
administration of vasodilators, antiplatelet therapy, thrombus aspiration, embolic protection devices, and 
even hyperoxemic intracoronary reperfusion therapy [5]. Even with the strategies mentioned above, no 
definitive therapeutic consensus for MVO exists, and many clinical trials have yielded conflicting results 
[6]. Therefore, we aim to address an urgent unmet need by devising an image-guided therapy, termed 
sonoreperfusion (SRP), that resolves MVO by ultrasound-targeted microbubble cavitation (UTMC) [7]. To 
further improve this therapy, currently, we are evaluating safe and stable lipid-based fibrin-targeted phase 
shift microbubbles (FTPSMBs) (Microvascular Therapeutics, Inc) to treat MVO.  We hypothesized that 
owing to the smaller size and more efficient microthrombi penetration, FTPSMBs would improve SRP 
efficacy, compared to standard fibrin targeted microbubbles (FTMBs) (~200 nm vs. 1-3 µm). 

Methods 
MVO of the rat (n=6) hindlimb was 

created by directly injecting freshly prepared 
porcine microthrombi into the left femoral 
artery under contrast-enhanced ultrasound 
imaging (CEUS) guidance. DEFINITY® 
MBs (Lantheus Medical Imaging) was 
infused (2 mL/hr) through the right external 
jugular vein for CEUS. Following a stable 10 
min. of MVO, a therapeutic transducer (1 
MHz, 1.5 MPa peak negative pressure, 5 ms 
pulse duration, 5-sec pulse interval) was 
positioned vertically above the hindlimb for 
therapeutic US pulses during concomitant 
administration of fibrin-targeted 
MBs/PSMBs (3 mL/hr). CEUS cine loops 
with burst replenishment were obtained by 
imaging transducer (7 MHz CPS, Imaging MI 0.2, 200 ms frame interval, burst MI 1.9) at baseline (BL), 10 
min post-MVO, and after each of the two SRP treatment sessions (TX1, TX2) and analyzed 
(MATLAB_R2021a).  

 

Figure 1: Schematic representation of US-targeted 
MB/PSMB cavitation during sonoreperfusion therapy. 
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Results  
We successfully created MVO in both groups.  After the first treatment, UTMC with FTPSMBs resulted 

in a more rapid increase in the blood volume (dB) and flow rate (dB/sec) when compared with FTMBs 
(Figure 2).  Both blood volume and flow rate returned to baseline after treatment 1 with fibrin-targeted 
phase shift microbubbles (FTPSMB), which did not occur with fibrin-targeted microbubbles (FTMB). 

 

Conclusions  

US-guided FTPSMB cavitation causes more rapid and complete reperfusion of rat hindlimb following 
MVO compared to FTMB, likely owing to their small size and more effective thrombus penetration. Studies 
to explore the underlying molecular mechanisms associated with sonoreperfusion treatments are underway. 
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Figure 2: Fibrin-targeted Phase shift microbubbles (FTPSMBs) rescued microvascular obstruction. [A] Exapmle 
contrast-enhanced ultrasound images of rat hindlimb. [B] Peak plateau video intensity which reflects vascular 
cross-sectional area. [C] Flow rate. Data expressed as mean ± standard error (n=6). 
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Introduction 
Ultrasound (US) targeted Microbubble (MB) Cavitation (UTMC) aids in enhancing drug delivery across 

the endothelial barrier [1]. The molecular mechanisms regulating UTMC-induced hyperpermeability require 
further investigation for successful clinical application of this technique. Our lab and others have reported 
Ca2+ influx into cells upon UTMC [2,3]. Here we explore if this Ca2+ influx is necessary for UTMC-induced 
hyperpermeability. 

Methods 
Primary human coronary artery endothelial cells (HCAECs) were seeded abluminally on transwells with 

0.4 µm pores and US was delivered using a single element transducer (A302S-SU, 1 inch diameter, Olympus 
NDT, Waltham, MA, USA) placed in a water tank for 10 s (1 MHz, 250 kPa, 10 cycles, 10 ms interval). 
Permeability was measured using transendothelial electrical resistance (TEER) and dextran transfer. VE-
cadherin immunostaining was performed to quantify inter-endothelial gaps and phalloidin staining for 
quantifying stress fibers. For live-cell imaging, fibronectin-coated coverslips with confluent HCAECs were 
placed over the media containing MBs in a 50 mm glass dish. Using an in-house designed cone housing an 
immersion transducer (A303S-SU, 0.5 inch diameter, Olympus NDT), US was delivered for 10 s (1 MHz, 
250 kPa, 10 cycles, 10 ms interval). Fluo4-AM was used to visualize Ca2+ and sonoporation was confirmed 
with propidium iodide [3]. Calcein-AM was used to assess cell viability at the end of the experiments. To 
assess involvement of Piezo1 channels, the inhibitor GsMTx4 and siRNA pool were used.  

Results 
Transwell assays showed that UTMC reduces transendothelial electrical resistance (1.7 fold, p<0.05) 

and increases dextran flux across the transwells (2-fold, p<0.01 for 70 kDa dextran, 1.6 fold, p<0.05 for 10 
kDa dextran). UTMC enhanced the permeability by increasing transient inter-endothelial gaps. UTMC 
caused significant Ca2+ influx which was abrogated when Piezo1 channels were inhibited (n=5, p<0.0001) 
using GsMTx4. Reduction in Ca2+ influx diminished inter-endothelial gaps suggesting Ca2+ influx is 
required, at least partly, for UTMC-induced hyperpermeability. Further, siRNA-mediated downmodulation 
of Piezo1 channels resulted in significant reduction of UTMC-induced Ca2+ influx, confirming the 
specificity. Immunostaining showed that upon UTMC, VE-cadherin reorganized from mostly linear to 
interrupted pattern, known to be associated with hyperpermeability [4]. This also correlated with increased 
stress fiber formation, which was Ca2+ influx-dependent, suggesting increased cell contraction leading to 
gap formation [4].  

Conclusions 
We show that UTMC causes endothelial barrier hyperpermeability via a Ca2+ dependent mechanism, 

mediated at least partly by mechanosensitive Piezo1 channels. UTMC led to a change in VE-cadherin 
organization to an interrupted pattern, along with increased stress fiber formation in about half of the cells, 
suggesting that other pathways downstream of Ca2+ influx might also be involved. Further investigation to 
decipher these pathways will help in clinical translation and optimization of UTMC for delivery of cell-
impermeant drugs. 
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Introduction  
Super-Resolution Ultrasound (SRUS) Imaging has been demonstrated to overcome the wave diffraction 

limit and reveal microvasculature [1] [2]. However, 3D SRUS imaging remains a challenge due to the 
fabrication and computational complexity of 2D matrix array probes. Inspired by X-ray radiography, which 
can present volumetric information in a single projection image with much simpler hardware than X-ray 
CT, this study aims to demonstrate the feasibility of two-dimentional localisation and tracking of contrast 
agents within a volume using a 1D unfocused linear transducer in Volumetric Information Projection SR 
(VIPSR) ultrasound imaging. 

Methods 
For a fair comparison with different imaging methods and to validate the tracking performance of the 

proposed VIPSR method, a 7.8MHz multiplexed matrix array probe with 32x32 elements (Vermon, France) 
was used to mimic different types of probes, 1) 1D linear array with a lens for conventional 2D SRUS by 
taking the central slice image out of the 3D BF image, 2) 1D linear array without a lens for VIP SRUS by 
summing the RF data along one lateral direction, reducing the number of channels from 32 × 32 to 32 × 1, 
and 3) a full 2D matrix array to do 3D SRUS as a gold-standard reference. The processing flow chart is 
shown in Figure 1. 

A Verasonics 256 system was used to transmit zero-angle plane waves without steering and 
compounding with four sub-apertures together by multiplexing, and receive echoes with each sub-aperture 
sequentially. 1000 and 1500 frames were acquired at a frame rate of 500Hz for in vitro and in vivo 
experiments using microbubbles, respectively. Normalized cross-orrelation was used for localization. 
Graph-based tracking algorithm incorporating Kalman Filter in its cost function [4] was used for flow 
tracking. 

Results 
Figure 2 and Figure 3 show the velocity amplitude tracking results of the in vitro and in vivo experiments, 

respectively. As indicated by the triangles in Figure 2, only a tiny part of the out-of-plane tube can be seen  
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in 2D SRUS results, whereas the VIPSR method captured a similar structure as the 3D results. A similar 
phenomenon can also be seen in Figure 3, where branches of vessels stretching out of the central imaging 
plane that the conventional 2D SRUS cannot even capture can be tracked in the VIPSR method, although 
the imaging quality of it was deteriorated compared to 3D. 

Discussions and conclusions 
In conventional 2D SRUS, the existence of a focal lens on the elevational direction reduces the pressure 

intensity dramatically outside the focal imaging slices. While such focusing improves elevational resolution, 
it limited the field of view to a thin imag plane. By removing the lens in VIP-SRUS, the pressure intensity 
profile along the elevational direction is more uniform, and microbubbles that move in any direction in the 
volume can still be detected and tracked in the projection SR results. The SRUS localisation and tracking 
can recover and further improve the resolution loss due to the removal of lens.  

In summary, this study demonstrates the ability of the VIPSR technique to localise and track  
microbubbles in a 3D volume with 2D projection position and flow velocity information, using a 1D linear 
array probe with the fabrication and computational cost similar to that of a traditional 1D array probe, and 
one order of magnitude less than that of a 2D array probe. 
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Introduction 
In super-resolution ultrasound (SRUS), singular value decomposition (SVD) is commonly used to filter 

out the tissue signal leaving the bubble signal for super-localisation and tracking. As tissue motion will 
affect the localisations and hence the SR image, motion correction (MoCo) is often also included during 
post-processing [1]. The order of SVD Filtering and MoCo is of interest as the SVD filter uses the spatio-
temporal properties of the microbubbles and tissue – hence the output of the filter may be affected by MoCo 
[2]. Here we compare the SR images generated when MoCo is applied before and after SVD. 

Methods 
In this study, a B-Mode acquisition of a rabbit kidney is used to compare post-processing with no MoCo, 

MoCo applied after SVD filtering, and MoCo applied before SVD filtering. All experiments complied with 
the Animals (Scientific Procedures) Act of 1986 and were approved by the Animal Welfare and Ethical 
Review Body of Imperial College London. The acquisition consists of 2000 frames at a frame rate of 1000 
Hz after a bolus injection of homemade microbubble contrast agent. Nonrigid motion estimation was 
computed using the image data after beamforming and using this MoCo was done on either the complex 
beamformed data or the complex data after SVD filtering. Based on the work in [3], the correlation between 
the spatial singular vectors (in particular local regions of correlation) was used to decide the cut-off value 
for the SVD filter for each processing stream [3]. Here, the mean of the correlation between each spatial 
singular vector and the next 10 vectors is computed and the cut-off value is chosen to be the first vector 
where this mean reaches a threshold of 0.6 (see Figure 1). Prior to super-localisation, the data is normalized 
and pixel values below a lower bound of 0.05 are classified as noise and zeroed out. The super-localisation 
method is based on the cross-correlation between an estimated bubble PSF and the bubble data. The PSF 
was estimated using a sample of 25 manually selected bubbles and the same PSF and correlation threshold 
was used for all processing streams.  

Results 
The selection of the SVD filter cut-offs for the data with and without MoCo applied is shown in Figure 

1 (a). The full super-resoution images when using no MoCo, MoCo after SVD, and MoCo before SVD as 
well as two regions of interest are shown (b). Example pixel intensity curves examining the impact of MoCo 
and differences between localisations found in the different methods are provided in (c-d).As shown in 
Figure 1, there are differences between the SL images resulting from applying MoCo before or after SVD, 
and more microvascular features become present when SVD is done after MoCo. With these in vivo images, 
however, the ground truth of the vessel structure is not known making it challenging to determine which 
image better corresponds to true vascular anatomy. Further investigation is needed to understand the 
relationship between the tissue motion and microbubble flow velocity and how this may impact differences 
seen in the SR images.  

Conclusions 
Our initial results suggest that the sequence of MoCo and SVD in the post-processing can significantly 

alter the SRUS imaging results.  
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Figure 1. (a) Correlation between the spatial singular vectors (left images) and mean correlation between 
each spatial singular vector and the next 10 vectors (right curves). The selected SVD cutoff values are shown 
in the curves. (b) SR images for all processing streams (left), blue region in the SR images (middle), green 
region in the SR images (right). The arrow in the middle image highlights another area of difference between 
the streams. (c) Pixel intensity averaged over 10 pixels in the depth dimension around the line shown in (i) 
– No MoCo (d) Pixel intensity averaged over 10 pixels in the lateral dimension around the line shown in (ii) 
– No Moco.   
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Introduction  
Ultrasound contrast agents (UCA) have long been hypothesized to be usable for detecting local blood 

pressure. The reasoning is that the surface tension of their lipid shells can introduce pressure-sensitive 
nonlinear behavior like subharmonic oscillations. It is known that differences in initial surface tension can 
entirely change the microbubble’s response,1) so slight pressure changes that change the initial surface 
tension can, in principle, lead to a measurable effect in bubble response.  

The idea of using contrast agents to measure changes in blood pressure has been explored in numerous 
studies,2,3) and clinical trials.4) The common denominator in these works is to relate the subharmonic 
scattered pressure of a population of microbubbles to that experienced at ambient pressure, allowing the 
quantification of pressure changes over a single cardiac cycle.2,3) Although bulk measurements have 
demonstrated the pressure sensitivity of microbubbles, so far they have not been able to identify the 
mechanisms responsible for the local pressure sensitivity of their subharmonic response. 

In this work we investigate whether changes in subharmonic vibrations as a function of ambient pressure 
are measurable on individual microbubbles using the ‘acoustical camera’ principle.5) We demonstrate that a 
subset of SonoVue (Bracco, Milan, Italy) microbubbles can act as highly sensitive pressure sensors, and 
show in simulations that this behaviour may be linked to a low initial surface tension.  

Methods (measurements) 
The setup shown in Figure 1 was used to measure the dynamics of single microbubbles in response to a 

1000-cycle 4-MHz 200-kPa wave (shown in green) transmitted by a low-frequency (LF) transducer (PA275, 
Precision Acoustics, Dorchester, UK). This setup makes use of the acoustical camera principle, introduced 
by Renaud et al.5) Briefly, it measures a single bubble response using an identical pair of perpendicularly-
positioned high-frequency (HF) transducers (V324, Olympus Industrial, Essex, UK) with coaligned foci, 
with HF1 transmitting a 25-MHz 500-kPa wave (shown in blue in Fig. 1), and HF2 receiving the scattered 
signal of the single bubble located in the focus.  

The hydrostatic overpressure due to the water level in the tank was 20 mmHg. To introduce ambient 
pressure changes similar to those occurring in the cardiovascular system but on a timescale measureable in 
the acoustical camera, we added an audio frequency immersion transducer (TC1026, Teledyne RESON, 
Slangerup, Denmark) to the setup. This audio frequency transducer transmitted 5 cycles of a 20-kHz, 20-
mmHg (2.7 kPa) amplitude wave (speaker, displayed red in Fig 1), synced to the start of the LF transmission.  
The HF, LF and 20-kHz signals are received by the bubble in the order as shown in Fig 2A. 

The scattered HF amplitude at 25 MHz quasi-linearly follows the normalized vibrational amplitude of 
the individual microbubble.5) The height of the tank above the probed volume is sufficient to prevent any 
reflections during the 250 µs acquisition duration. 
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The headspace of a SonoVue vial was replaced with C4F10 prior to activation to increase bubble stability, 
and 2 µL of bubble suspension was diluted into 1.8 L of water left overnight at room temperature and added 
to the tank. Mild stirring ensures fresh bubbles moving through the focus, where they can be measured for 
up to 1 ms. The 250 µs excitations are triggered when a bubble is detected by a shorter preceding HF burst. 
This triggering scheme minimizes the risk of measuring a bubble which has been acoustically excited 
extensively, which can affect its response to an acoustical pulse.6) This triggering scheme probably 
introduces a bias for larger microbubbles to be detected, and we assume bubbles with a radius R < 1.5 µm 
are unlikely to be detected.7)  

Quantitative results are presented as mean ± standard deviation.  
Methods (processing) 

A total of 821 individual signals were measured over the course of four experiments each lasting 20 
minutes. The bubbles vibrate in response to the combination of the 20-kHz (red in Fig. 2A) and LF wave 
(green in Fig. 2A). Amplitude demodulation of the scattered 25 MHz probing signal (blue in Fig. 2A) was 
performed as in ref. 8), to obtain the modulus of the analytic scattered signals. This was compared to the 
20 µs HF sections (blue in Fig. 2A) prior and post LF excitation to obtain the bubble’s vibrational relative 
size change (radial strain). An example is given in Fig. 2B, where across the 90-115 µs timeframe an increase 
in subharmonic vibrations can be observed.  

From the 821 measurements, 524 microbubble signals were selected with 1) minimal slow drift in 
amplitude levels, i.e., a bubble remaining in focus during acquisition, and 2) at least 3 % normalized radial 
strain to ensure an actual microbubble was measured (as opposed to a dirt particle). 

To identify changes in subharmonic vibrations as a function of the 20-kHz wave, Short-time Fourier 
transforms were performed on the amplitude-demodulated strain signals for blocks of 1500 samples (6 µs) 
with 1400 samples overlap (0.4 µs steps). This procedure is sketched in Fig. 2C, where the spectrogram of 
the demodulated time signal (from Fig 2B) is displayed in a surface plot. The 5 cycles of the 20-kHz wave 
are added to Fig. 2C to highlight the change in the subharmonic response we are trying to identify. The 
subharmonic at 2 MHz (f/2) was extracted from the spectrogram to analyse its time variance. The ratio of 
expansion over compression was extracted from the strain signal as in ref. 9). 

Methods (simulations) 
To compare the observed bubble responses to modeled behavior, the Rayleigh-Plesset equation with the 

Marmottant10) assumption was solved numerically for a range of bubble sizes similar to our bubble 
population in response to the 4 MHz driving pulse as used in the experiments, with an ambient overpressure 
that is the sum of the static 20 mmHg, and the 20 kHz sinusoidal wave of 5 cycles with a 20 mmHg 
amplitude. The model was solved for all combinations of the following bubble properties, R0 = 1.5, 2, 2.5, 
3.0, 3.5 µm, and initial surface tension σ(R0) = 0 to 0.03 N/m with 0.002 increments. The shell viscosity 
was set to 4×10-9 kg s-1, shell stiffness to 2.5 N/m, and the viscosity of water was set to 1 mPa·s and doubled 
to account for thermal damping. 
 

Results 
Of the 524 measured bubbles, 82 were substantially subharmonic (radial strain@2MHz>0.5 %), and of 

these 82, 35 subharmonic signals showed a considerable modulation (>0.2 %) at 20 kHz. On average, the 
82 subharmonic bubbles had a 0.17% ± 0.12% modulating component in their subharmonic response at 20 
kHz, compared to 0.06% ±0.07% for all 524 measured bubbles.  

The average ratio of expansion to compression was 0.9 ± 0.21. For the bubbles with a subharmonic 
response, this ratio decreased to 0.86 ± 0.18. A compression bias is associated with low initial surface 
tension values.11) 

From the simulations shown in Fig. 4, it was seen that the subharmonic bubble vibrations are sensitive 
to the 20 kHz wave for a radius R0 of 2.5 µm if the initial surface tension ranges from 6-14 mN/m, while 
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for an R0 of 3 µm this sensitive region is between 6-12 mN/m. Bubbles with R0 of 2.5 µm showed a peak 
sensitivity of 1.1 % strain, while for R0 of 3 µm this is 0.55 %. Interestingly the pressure sensitivity is also 
present at initial surface tension values close to 0 mN/m for the bubbles with R0 of 2.5 and 3 µm. The 
bubbles with R0 of 1.5, 2.0 and 3.5 showed no subharmonics, so no modulation could be determined.  

Conclusions 
Here it is demonstrated that ambient pressure changes similar to those encountered in the cardiovascular 

system can modulate the subharmonic vibrations of a subset of in vitro SonoVue microbubbles. This subset 
of microbubbles shows compression-only behavior, often associated with low initial surface tension values. 
We showed that for this subset of individual bubbles, the subharmonic time-evolution follows that of a 
20 kHz modulation of the ambient pressure with an amplitude of 20 mmHg. This indicates that such bubbles 
- in principle - can be used to track the pressure changes during a cardiac cycle, assuming a prolonged 
stability at that timescale (0.5-1 s) and that the haemodynamic conditions do not interfere with the 
subharmonic response. The effects of a higher ambient pressure, and of physiological blood properties on 
the bubble responses have not been addressed here, nor have the differences in rate of pressure change been 
included. 

These results can aid the development of specialized monodisperse bubble formulations aimed at 
intravascular pressure sensing, since it suggests the need for a low initial surface tension. A future study 
aims at a more complete characterization of the pressure sensitive bubbles encountered here.  

 

Figure 1. Acoustical camera setup used. The ambient pressure wave displayed in red is a 5-cycle, 20-
kHz wave with 20 mmHg amplitude. The LF wave in green is a 200 kPa amplitude, 4 MHz excitation and 
lasts 1000 cycles. The pair of HF transducers are used to track bubble vibrations. HF1 transmits a 500 kPa, 
25 MHz wave that lasts 7250 cycles. The signal received by HF2 is amplitude modulated following the 
vibrations induced by the LF wave. All displayed numbers are in µs. 
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Figure 2. A) Signals transmitted to the individual microbubbles, with the 5 cycles of the 20-kHz wave 
in red and the LF and HF wave in green and transparent blue respectively. The HF signal is transmitted 
20 µs prior to the LF and 20-kHz wave. B) Scattered HF signal from a single vibrating microbubble across 
the 90-115 µs time interval from 2A. The green envelope marks the amplitude modulation resulting from 
the bubble vibration. C) Spectrogram of the demodulated scatter signal across the 20-270 µs mark from 2A. 
The subharmonic response is modulated by the 5 cycles of the 20-kHz wave. 

 

Figure 3. A) Time-evolution of measured subharmonic signals of exemplary (blue) and all 82 (red) 
subharmonic bubble signals. The transparent red region indicates the standard deviation. B) Frequency 
spectrum of subharmonic frequency time-evolution in A), with a strong component at 20 kHz. Dashed line 
indicates all 524 bubbles. C) Time-evolution of fundamental signals, with the blue line extracted from the 
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same exemplary acquisition of A, and the red line showing all 82 subharmonic bubbles. D) Frequency 
spectrum of fundamental frequency time-evolution in C).  

Figure 4. Modulation of subharmonic signal caused by the 20 kHz wave. Simulated magnitudes for 
different bubble sizes over a range of initial surface tensions. The highest sensitivity is expected for bubbles 
with R0 of 2.5 µm and initial surface tension values of 8-14 mN/m. 
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Introduction  
The ability to vaporize superheated nanodroplets by exposure to ionizing radiation was recently 

demonstrated, opening the door for ultrasound-based radiation dosimetry applications [1]. In particular, the 
safety and efficacy of proton therapy could be improved by measuring the proton range (i.e., the position at 
which the proton beam ends) in vivo, thereby reducing the large safety margins currently applied to account 
for the various sources of range uncertainties. Our team showed a strong nanodroplet vaporization response 
to proton beams in phantoms, which allowed us to retrieve the proton range with sub-millimeter accuracy 
from ultrasound contrast profiles [2,3]. In this contribution, we present the first in vivo demonstration of 
radiation-induced nanodroplet vaporization in the liver of healthy rats during proton irradiation. 

Methods 
Superheated nanodroplets with a perfluorobutane (C4F10, b.p. -2°C) core and polyvinyl alcohol shell 

were prepared following a previously described protocol [2] and their concentration was quantified using 
19F NMR spectroscopy (400 MHz Avance II, Bruker Biospin GmbH, Germany). Healthy female Sprague-
Dawley rats were anaesthetized and received a first dose of 200 µmol/kg via tail vein injection. The animals 
were positioned such that their liver was in the proton beam path (Fig. 1a), and an ultrasound probe (7.5 
MHz linear array, L7-Xtech, Vermon, France) connected to an ultrasound research platform (DiPhAs, 
Fraunhofer IBMT, Germany) was positioned to continuously image the liver during proton irradiation (5 
plane waves compounding, frame rate of 10 Hz). The acoustic power was kept sufficiently low to avoid 
acoustic droplet vaporization. Irradiations were performed with a passively-scattered collimated proton 
beam at fixed energies (Cyclotron Resources Center, Louvain-la-Neuve, Belgium). The animals received 
first a dose of 5 Gy (2 Gy/min), using a beam energy of 49.7 MeV, followed by a second 5 Gy irradiation 
at the higher energy of 62 MeV, to evaluate whether the nanodroplet response depends on the beam energy, 
and hence, the proton range. Two animals received an additional nanodroplet injection of 350 µmol/kg 
before being irradiated a third time (5 Gy, 62 MeV). The ultrasound B-mode acquisitions were processed 
offline using Matlab. Frames acquired before and after irradiation were correlated to identify pairs of frames 
corresponding to the same phase of the respiratory cycle. Then, an ROI was manually selected and the 
contrast generation was quantified by measuring the contrast difference in paired frames before and after 
irradiation. Ultrasound contrast profiles in the direction parallel to the proton beam were obtained by 
summing contrast values along the axial ultrasound direction. 

Results 
Previous observations in gel phantoms showed that nanodroplets irradiated by protons at 37°C exhibited 

a uniform vaporization response proximal to the proton range [2,3] due to vaporization being induced by 
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heavy secondary particles, and as predicted by the theory of radiation-induced nucleation in superheated 
liquids. A similar response was observed in the irradiated animals (Fig. 1b), with a uniform increase in 
contrast in the proton path, compared to pre-irradiation images displaying little contrast. When the energy 
was increased from 49.7 MeV (~ 2 cm range) to 62 MeV (~3 cm range), the vaporization zone shifted deeper 
into the animal liver tissue (Fig 1b, bottom). We assessed the energy-dependent shift in contrast both 
visually, by delineating manually the end of the vaporization region on ultrasound images (Fig. 1b), and 
quantitatively, by measuring the distance between the 50% drops in contrast profiles (Fig. 1c). Both range 
shift estimates are reported in Fig. 1d. The visual assessment performed better than the automatic 
assessment, with a lower standard deviation and a mean value closer to the theoretical range shift in liver 
tissue, which was estimated to be 10.1 mm. In addition, the total amount of generated contrast was observed 
to increase with the radiation dose (Fig. 1e). 

 
Figure 1. (a) Experimental setup for in vivo proton irradiation of the rat liver and simultaneous ultrasound 
imaging. (b) Ultrasound images of the liver before and after irradiation with two different beam energies. The 
arrows show the proton beam direction and red vertical lines represent the visual assessment of the end of the 
vaporization zone. (c) Contrast profiles for one animal and (d) statistics of the range shift measured in three 
animals. (e) Relationship between contrast generation and cumulative radiation dose (max 3x5 Gy/animal). 

Conclusions 
These results provide a first in vivo demonstration of the energy-dependent radiation response of 

nanodroplets in a proton beam. The strength of the ultrasound response and its correlation with the shift in 
proton range is promising and warrants further efforts to bring this technology to the clinic. The ultrasound 
image acquisition and processing pipeline needs to be optimized to improve the quantitative assessment of 

(a) 

(b) 

(c) 

(d) 

(e) 

The 28th European symposium on Ultrasound Contrast Imaging 
---------------------------------------------------------------------------

178



the contrast generation, which is currently limited due to the motion of the target. For instance, active or 
passive Ultrasound Localization Microscopy could be implemented to quantify individual vaporization 
events [3,4], together with appropriate motion management strategies. In addition, future studies will focus 
on providing an absolute assessment of the in vivo proton range.  
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Introduction 

Contrast-enhanced ultrasound imaging methods rely on the  fast detection of ultrasound contrast agents 
against tissue background. To do so, highly sensitive but also specific methods are desired to prevent 
mislabelling image artefacts as contrast agents. Cross amplitude modulation (xAM) is one of the most 
promising pulse sequences to achieve sensitive and specific ultrasound imaging of nonlinear ultrasound 
contrast agents [1]. Although there has been research on the noncollinear interaction of infinitely long 
progressive plane waves, the fundamental physical principles behind an in vivo study are still unknown. In 
this framework, we shed light on the noncollinear interaction of cross-propagating plane waves (or x-waves) 
in general, and on the significance of local nonlinearities in particular. Our results demonstrate the superior 
specificity of xAM imaging compared to conventional amplitude modulation imaging (AM).  

Methods 
We used the Iterative Nonlinear Contrast Source (INCS) method [2] to simulate ultrasound pressure 

fields transmitted in AM and xAM imaging. Brielfy, INCS solves the Westervelt equation in a 4D 
spatiotemporal domain by explicitly computing the incident pressure field. The incident pressure field is 
iteratively updated via nonlinear field corrections calculated by the convolution of each nonlinear contrast 
source with the Green’s function of a “linearized” medium. In this study, INCS was extended by 
incorporating the d'Alembertian operator of the Lagrangian density as a new contrast source term to account 
for the local field nonlinearities. We also added an inclusion of ultrasound contrast agents in the propagation 
medium as an extra contrast source term, where each microbubble is regarded as a contrast point source. In 
each iteration, the temporal signature of each source was computed by solving the Marmottant model [3]. 
In physical terms, each iteration adds an order of multiple scattering to the pressure field description. Here 
we report the transmitted pressure fields of a high frequency linear transducer array driven to transmit cross-
propagating plane waves or flat plane waves through a monodispere microbubble cloud. 

Results 
We simulated a 64-element, 15 MHz linear transducer array to generate incident pressure fields of 

interest. Each element had a width of 80 μm and an elevation aperture of 1.6 mm. The pitch was 100μm. 
The elevation focus was set to 8 mm and a tukey apodization was used (cosine fraction of 0.2). The imaging 
pulse were gaussian windowed pulses transmitted at a pressure at the source surface of P0= 400 kPa. The 
computational domain was discretized with a sampling frequency of Fs=105 MHz to capture all the nonlinear 
phenomena that occur due to the multiple interactions in the microbubble population. The dimensions of 
this domain were 6.4 mm x 1.6 mm x 10 mm. The microbubble inclusion was a 1mm long cylinder with a 
radius of 1 mm (Figure 1a). The cloud consisted of monodisperse microbubbles of 1.2 μm diameter. 

Total pressure fields generated using flat and 20° cross plane wave transmissions are depicted in Figures 
1b-f. These results include a description of linear transmitted field components, cumulative field 
nonlinearities, local field nonlinearities, and nonlinear ultrasound contrast agent scattering. Figure 1b shows 
that monodisperse contrast agents attenuate the transmitted pressure field downstream of the inclusion. 
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However, the cross-propagating plane waves, or x-wave pressure field appeared more robust to attenuation 
thanks to non-collinear transmissions (Figure 1c). 

In Figure 1d, the AM residual pressure field clearly shows that significant nonlinearities accumulate 
downstream the bubble inclusion. In comparison, the 20° xAM residual pressure field (Figure 1e) minimizes 
nonlinearities along the centerline and only showed weak accumulation of nonlinearty along the direction 

of propagation of each cross propagating plane wave. This result highlighits why xAM enables specific 
imaging void of distal nonlinear imaging artifacts. 

Figure 1.  a) Geometry of a microbubble population consisted of 1.2 μm diameter monodisperse point scatterers.  
b) Total pressure field of a plane wave transmitted from L22-14xV,  
c) Total pressure field generated from the interaction of two cross propagating plane waves transmitted at an angle 
of 20°.  
d) Residual map after applying amplitude modulation, 
e) Residual map after applying the xAM (X – Left – Right). 
f ) Residual pressure at the centerline as a function of depth for different angles of transmission. 
The location of the microbubble inclusion is depicted with dotted white lines. 
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Figure 1f displays (x)AM residual pressure fields along the centerline (X=0, Y=0). Here, results are 
presented for a range of x-wave angles ranging between 0°  and 25° with a step of 5°. The black line is the 
result of AM and the lines with the different shades of blue are the results of xAM. As the angle increases, 
the peak residual pressure decreases significantly. The residual pressure for 0° is constantly increasing along 
depth due to cumulative nonlinear effects, whereas for the 20° case, there is an increase at the intersection 
of the two plane waves and then the residual pressure drops significantly. Results for the 0°  and the 20° X-
wave case in the presence of microbubbles are included with green and red colored lines, respectively. From 
the former, it can be deduced that the microbubble population enhances the total residual pressure mainly 
behind the inclusion, meaning that it is prone to significant downstream nonlinear artifacts. In comparison, 
for the 20° case, the residual pressure from the microbubble cloud is strong at the location of the inclusion 
and decreases sharply downstream the agent inclusion, demonstrating the higher specificity of xAM.       

Conclusions 
To conclude, INCS has been extended to include local nonlinearities due to the noncollinear nonlinear 

interaction of two cross-propagating plane waves and nonlinear scattering arising from a microbubble 
inclusion. Our results show that, in the absence of microbubbles, the peak residual pressure of an AM mode 
increases as the angle of transmission decreases. In other words, residual nonlinearities are minimized for 
higher x-wave angles. In the presence of microbubbles, flat plane wave transmissions lead to increasing 
nonlinearities along depth, and these are enhanced downstream of a resonant monodisperse microbubble 
inclusion. In the 20° x-wave transmission case, nonlinearities are minimized downstream of the microbubble 
population and increase moderately along the direction of propagation. Our study provides novel physical 
insights into nonlinear effects occuring in contrast-enhanced ultrasound imaging and can serve as a tool for 
their optimization.  
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Introduction 

Contrast-enhanced ultrasound techniques have already shown a great scientific and clinical potential. Two 
notable examples are vector flow imaging (i.e. echoPIV) and ultrasound localization microscopy (ULM) [1, 
2]. However, it is very difficult to give an objective account of their performance due to the lack of 
benchmark or ground truth. Furthermore, supervised super-resolution approaches using artificial 
intelligence rely on the availability of training datasets which cannot be acquired in vitro or in vivo. To date, 
only a synthetic approach can provide an objective benchmark and enable exploration of deep learning full 
potential.  

We have identified five criteria for a simulation tool to faithfully emulate contrast-enhanced ultrasound 
imaging: (i) hemodynamics within a realistic vascular architecture, (ii) nonlinear wave propagation, (iii) 
nonlinear microbubble dynamics, (iv) microbubble acoustic coupling, and (v) realistic pressure field from 
the virtual transducer. Here, we present a simulator which accounts for all these criteria. Our toolbox can 
generate pulse-echo radiofrequency data for clinical transducer arrays in both normal and nonlinear contrast 
modes. We show its capabilities on ULM reconstruction of the renal arterial tree vasculature. The simulator 
offers a high accuracy mode as well as a fast mode with minimal accuracy loss. Furthermore, the simulator 
can handle arbitrary (off-grid) microbubble positions, which is critical for super-resolution techniques. We 
also incorporated the polydisperse and monodisperse microbubble distributions. To facilitate use of the 
simulator we wrapped it up in a user-friendly Graphical User Interface (GUI). Upon release, the simulator 
will be made fully open access and available on GitHub. 

Methods 

Our simulator has a modular architecture and relies on synchronised communication between its 
components. In the hemodynamics simulation module, we perform flow computations with MUSUBI solver 
and estimate blood velocities in the vasculature [3, 4]. The streamlines predicted from this simulation are 
used to propagate microbubbles through the vasculature for the duration of the imaging sequence. The 
ultrasound module simulates inhomogeneous, nonlinear wave propagation in 3D using k-Wave toolbox [5]. 
The vibration module solves the Rayleigh-Plesset equation to compute the nonlinear response of the 
microbubbles to the driving ultrasound pulse from the transducer and neighbouring bubbles, Fig. 1a. 

The simulator features an average simulation time of ~10 min per frame in high accuracy mode on an 
NVIDIA Quadro RTX 6000 GPU. It is a limiting factor for the simulation of long imaging sequences, e.g., 
thousands of frames for ULM [1]. Taking benefit from the low amplitude of the waves reemitted by the 
bubbles, the fast simulation mode exploits the analytical solution to lossy, linear, and isotropic propagation 
of the bubble echoes. This minor approximation allows a speed-up of two order of magnitude with minimal 
loss of accuracy.  

We have implemented arbitrary (off-grid) bubble positions using the method described in [6]. This method 
allows to simulate arbitrary shaped source and sensor distributions. So, the bubble positions in the frames 
can be disentangled from the computational grid and take continuous values. This way upon data processing 
the reconstructed tracks from circulating contrast agents are free from “staircasing” effect. We also applied 
this method for transducer elements definition to match the dimensions to probe characteristics.   
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Currently, only polydisperse microbubbles are clinically approved [7]. These contrast agents have a wide 
range in size distribution and are not optimised to any specific transducer frequency. In contrast, the use of 
monodisperse bubbles has become widely spread in research. The simulator can handle arbitrary size 
distributions and features pre-programed examples for monodisperse and SonoVue microbubble 
populations [8]. Fig. 1b demonstrates the added value of a monodisperse population. 

Results 
With the fast mode, we simulated the circulation of 10 microbubbles through a renal arterial system for 

5 seconds [9] at a framerate of 500 Hz, resulting in 2500 frames. The microbubbles were insonified with 
phased array (P4-1, Philips ATL) at 2.5 MHz.  We opted for a monodisperse microbubble distribution with 
mean radius of 2.14 𝜇𝜇𝜇𝜇 Contrast was enhanced with amplitude modulation pulsing scheme. To beat the 
diffraction limit we utilized the radial symmetry algorithm on the beamformed IQ data within the LOTUS 
toolbox [10]. The accumulated localizations through all the frames allowed us to (partially) reconstruct the 
renal tree geometry, see Fig. 1c. We estimated the RMSE to be approximately equal to one third of a 
wavelength (195 𝜇𝜇𝜇𝜇), with a Jaccard index of 61.5 %. The trajectories of the circulating bubbles were 
subsequently predicted using the Hungarian method, which allowed us to measure the in-plane velocities. 
Reconstructed and ground-truth velocimetry maps are shown in Fig. 1c. 

 
Figure 1. a) Modular architecture of the simulation framework and the simulator pipeline. b) B-mode frames 

containing 10 microbubbles in water insonified with a P4-1 probe at 2.5 MHz, 𝜆𝜆 = 616 𝜇𝜇𝜇𝜇. On the left the population 
of contrast agents is monodisperse with a mean radius close to resonance. On the right, the bubble sizes are sampled 
from the SonoVue distribution. In the bottom row, we substituted water with tissue (5% inhomogeneity). Amplitude 
modulation pulse inversion pulsing scheme (AMPI) was used to suppress the linear signal from tissue. c) From left to 
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right: density map with localizations from 2500 frames overlayed with the underlying vessels geometry; output of 
microbubble tracking algorithm; ground truth velocimetry map predicted by fluid dynamics module.  

Conclusions 

The proposed simulator represents a significant progress towards a physically realistic simulation 
framework for CEUS. Our toolbox accounts for hemodynamics, nonlinear wave propagation, nonlinear 
microbubble dynamics, bubble-bubble interaction, and generates realistic pressure fields from virtual 
probes. Additionally, semi-analytical mode allows for the fast generation of large datasets necessary for 
some of the possible applications. The developed GUI significantly improves the end-user experience from 
the interaction with the framework. Thus we hope that this effort will support the CEUS community in the 
generation of reliable synthetic data.  
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Introduction 
Ultrasound Localization Microscopy (ULM) can produce sub-wavelength images and velocity maps of 

vascular structures by localizing isolated microbubbles (MBs) across multiple frames. While impresive 
results have been achieved, there is still a need of improving the performance of ULM algorithms both in 
better bubble separation and precision of localizations. Testing and validation with ground truth data is 
required during development of new algorithms, moreover, large datasets containing tens of thousands of 
MBs are required for training the models of the increasingly popular deep learning based methods. In this 
work we present a comprehensive simulation platform BUbble Flow Field (BUFF) that generates contrast 
enhanced ultrasound images in vascular tree geometries with realistic flow characteristics and validation 
algorithms for ULM. 

 

Methods 
BUFF comprises four modules: (1) Microvascular Structure Generator, (2) Fast Flow Simulator, (3) 

Acoustic and Bubble Simulator, and (4) Evaluation. The microvascular generator is an automated tool that 
can be configured to create organic vessel network structures using a recurrent vasculogenesis-sprouting 
angiogenesis process. The flow simulator uses Hagen–Poiseuille law to quickly compute mean flow and 
pressures across networks, and can simulate particles moving in constant velocity streamlines, obtaining 
ground truth tables with accurate particle positions and velocities. The acoustic and bubble simulator 
integrates linear acoustic simulation1 with non-linear microbubble simulation2. The evaluation module 
incorporates tools and metrics to automate the assessment and benchmark of algorithms. 
 

Results 
Two randomly generated networks of microvascular vessels were created, Microbubbles were seeded 

through the networks, and two acoustic simulations of the flowing microbubbles were performed: (1) high 
frequency ultrasound simulation using a L11-4v transducer; (2) low frequency ultrasound simulation using 
a GE-M5ScD transducer. Thre MBs were localized on the B-Mode images using an Centroid Detection & 
Kalman Filter approach (Fig 1). Superresolved images were generated using microbuble track densities (Fig 
2). The performance of the algorithm was evaluated using six metrics comprising both localization and 
tracking (Fig 3). 
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Figure 1: Localization results. (A & C) HF B-MODE frame 149. (B & D) LF B-MODE frame 4. 
Figure 2: Superresolution Image, (Left) HF, (Right) LF.  
Figure 3: Evaluation Results, (Left) HF, (Right) LF. 

 

Conclusions 
This work introduces BUFF, a simulation framework that simplifies the development and assesment of 

algorithms for ULM. Thanks to its efficient performance on dataset creation, both deep learning models and 
traditional algorithms can benefit from it.  As proof of its capabilities, BUFF was used to evaluate a complete 
ULM pipeline by generating two datasets and mesuring the pipeline performance. 
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Introduction  
In recent years, contrast microbubbles have been utilized within various fields of ultrasound imaging 

[1], including echo particle image velocimetry (echoPIV), which enables investiging of flow characteristics 
in vitro [2] and in vivo [3]. Through high-frame-rate imaging of up to 10,000 frames per second, the 
movement of microbubbles can be tracked inside a flow, and later, with the help of a correlation-based 
algorithim, velocity vectors can be deduced by a frame-to-frame analysis [2]. This method has become 
popular especially for studying blood flow and in the context of cardiovascular disease [4].  

Given that two-dimensional (2D) ultrasound imaging is the predominant ultrasound modality within 
medecine, thus far, most studies have used echoPIV to investigate 2D features of blood flow, such as in-
plane vortices [5]. This study, however, aims to apply 2D echoPIV in the search of signatures of a 3D flow, 
called swirling flow, inside some helical stents, which were developed to mimic native swirling flow inside 
the blood [6].  

It was hypothesized that if swirling flow existed, (a) it would leave some signatures in the flow, such as 
increased vector “complexity” and (b) 2D contrast-enhanced ultrasound (CEUS), alongside with echoPIV, 
would be able to capture these signatures. Therefore, an in-vitro study was designed to test these hypotheses.  

Methods 
Three helical stents (Veryan, UK) with three different levels of helicity were CT-scanned with the aim 

of creating helical lumens replicating the original stent geometries (Fig. 1-(a)). They all had an inner 
diameter of 7 mm and an straight length of 150 mm, developed for the superficial femoral artery (SFA). 
These stents were implemented in thin-walled tubes at different compression levels to mimic the 
compression values that occur in the SFA in various postures of the leg [7]. The recreated geometries were 
tubulated and 3D-printed using a flexible resin (Flexible-80A, Formlabds, USA). They were then installed 
in a flow setup consisting of a gylcerol-based blood-mimiking fluid [7], a pulsating pump (Vivitro, Canada), 

 
Figure 1. Experimental setup: (a) the helical stent models (right: original stents, left: 3D printed models) 

with three levels of helicity, from the most helical (Helical 1) to the least helical (Helical 3), (b) 
Ultrasound imaging of  Helical 2 with L12-3 probe. The model was submerged in water. 
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flow sensors (Sonotec, Germany), and several resistances and a compliance to control the flow rate profile 
within the fluid circuit. The flow rate was set to mimic the cardiac cycle in the SFA [8].  

In-house microbubbles (Physics of Fluid, University of Twente, NL [9]) in a mixture of 6 to 8 
micrometers in diameter were injected in the circulating fluid to serve as contrast agents for utrasound 
imaging. Vatnage-256 system and L12-3 ultrasound probe (both from Verasonics, USA) were used to 
acquire and record the data at the inlet and outlet of each stent model (8 datasets in total). L12-3 (number of 
elements: 192, elevation focus: 20 mm, sensetivity: -58.4 dB) was set to work at 7.5 MHz and a maximum 
voltage of 5 V. The Verasonics code was configured to do planewave imaging—for fast acquisition—and 
the framerate was set at 2000 fps for a duration of 4 seconds. A probe holder was designed to stably position 
the probe, align it with the central plane of stent models, and keep the lumens not far from the elevation 
focus of the probe (Fig. 1-(b)).  

The aquired images were processed with the echoPIV algorithm and velocity vector fields for all the 
frames were extracted. In computing the correlation values, four passes were used and the kernel sizes in 
each pass were respecitvely P1(64×64), P2(32×32), P3(16×16), and P4(16×16) in pixels. Next, vector 
complexity was calculated according to the following equation [10]: 

 

𝑉𝑉𝑉𝑉 = 1 −��̅�𝑥2 + 𝑦𝑦�2 
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𝜃𝜃𝑖𝑖 = tan−1(𝑣𝑣𝑖𝑖 ,𝑢𝑢𝑖𝑖) 
in which 𝑢𝑢𝑖𝑖 and 𝑣𝑣𝑖𝑖 represent the axial and lateral components of each velocity vector and 𝑛𝑛 is the number 
of vectors in the field. Finally, the mean value of 𝑉𝑉𝑉𝑉 was calcuated for three cardiac cycles and it was 
utilized as a metric to test the hypothesis. 

Results 
The vector field output of echoPIV is shown in Fig. 2-(a), averaged for one cardiac cycle and calculated 

over a region of interest, 1 cm alongside the lumen of the stent model and spanning over its diameter. The 

 
Figure 2. Contrast imaging for flow characterization: (a) Velocity vector field, averaged over one 

cardiac cycle, the outlet of Helical 1, (b) axial velocity profile over time in the central point of the vector 
field, (c) vector complexity (VC) calculated for all the inlets and outlets and averaged over three cardiac 
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The velocity profile in the central point of the vector field in Fig. 2-(a) is shown over time in Fig.2-(b), 
matching with the profile reported in [8]. Figure 2-(c) shows 𝑉𝑉𝑉𝑉 values, averaged over three cardiac cycles, 
with standard error bars (𝜎𝜎/√𝑁𝑁, with 𝜎𝜎 denoting standard deviation and 𝑁𝑁 = 3, number of cycles). It is 
clear that in each helical stent model, 𝑉𝑉𝑉𝑉 is meaninfully higher in the outlet than in the inlet. This increase 
is about 62.2%, 15.7%. and 20.9% for Helical 1, 2, and 3 respectively, while the difference between VC in 
the inlet and outlet of the straight stent is only 4.7%. Also, it is noticeable that in all helical cases, 𝑉𝑉𝑉𝑉 is 
higher than that of the straight, whether in the inlet or the outlet. Higher 𝑉𝑉𝑉𝑉 in the inlet of the helical models 
with respect to that of the straight model may be due to the backflow caused by the higher flow resistance 
due to the helical shape.   

Conclusions 
In this study, 2D contrast-enhanced ultrasound (CEUS) was applied to characterize a 3D flow caused 

by the helical shape of three different stent models. Several observations can be made from the results: (i) 
using 2D CEUS, one can characterize flow in the inlet and outlet of stent models of diameters as small as 7 
mm, (ii) the characterizion and vector field calculation by echoPIV is sensentive to changes in vector 
complexity (𝑉𝑉𝑉𝑉), serving as a metric for flow characterization, and (iii) the helical shape of the stents which 
is expected to generate 3D swirling flow leave signatures such as increased 𝑉𝑉𝑉𝑉 in the vector field, 
measurable by echoPIV. These observations validate the hypothesis of this study. The results also show that 
CEUS, alognside with echPIV, is a sensetive method for flow characterization in medical stent models. 
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Introduction  
Today, local blood pressure measurement in vivo is only possible through the invasive insertion of a 

pressure sensitive catheter. Pressure measurement deep in the body, e.g. in arteries and the portal vein, is 
therefore risky as it may induce haemorrhage and infection. Microbubbles bear potential as non-invasive 
pressure sensors since their nonlinear echo response can be strongly dependent on the ambient pressure, in 
particular the subharmonic [1]. The pressure-induced change in subharmonic signal originates from the 
nonlinear dependence of the interfacial tension on surface dilatation [2]. The subharmonic response is then 
governed by the change in stiffness around the equilibrium interfacial tension [2]. Thus, the non-linear 
response can be enhanced by increasing shell stiffness. Furthermore, as the bubble echo is strongly 
dependent on the microbubble size, high precision sensing requires the use of monodisperse microbubbles. 
[3]. Here, we study the role of microbubble stiffness and concentration on the change in subharmonic 
response with an increase in ambient pressure. 

Methods 
Monodisperse C4F10-filled microbubbles were produced in a flow-focusing device [4] operated at 55°C 

and using a gas mixture of 15 v% C4F10 in CO2  [5,6,7] (Fig. 1A). The lipid mixtures comprised  DSPC and 
DPPE-PEG5000 mixed at a 9:1 molar ratio and at a total concentration of 12.5 mg/mL. Palmitic acid (PA) 
was added at 30 mol% and 45 mol% to tune the dilatational shell stiffness curve. These shell stiffness curves 
(Fig. 1B) were measured using ambient pressure dependent attenuation measurements [4]. The maximum 
stiffness for 0 mol% PA was 0.6 N/m and for 30 and 45 mol% PA it was 1.4 N/m and 2.5 N/m, respectively.  
The acoustic scattering response of the microbubbles was measured inside a custom-made bubble container 
that can be pressurized (Fig. 1C). Narrowband  16-cycle ultrasound pulses were transmitted and echos were 
recorded using the Verasonics system and the P4-1 probe transmitting at a frequency of 3.4 MHz. The 
acoustic pressure amplitude was 75 kPa. The employed mean microbubble size of all bubble suspensions 
was such that the ensemble resonance frequency was 1.7 MHz, which was exactly half of the driving 
frequency (3.4 MHz) in order to most efficiently drive a subharmonic response. These frequencies were 
selected such that both fall within the bandwidth of the ultrasound probe at a similar sensitivity.  

Results 
Fig. 1D shows the change in subharmonic scattered power for the three microbubble suspensions. The 

bubbles with a maximum stiffness of 0.6 N/m did not generate subharmonic signals that exceeded the noise 
level of the imaging system, also not at increased ambient pressures. However, the subharmonic response 
of the stiffer bubbles exceeded the noise level and did strongly depend on the ambient pressure. The stiffest 
microbubbles (2.5 N/m) presented an 8-dB increase in subharmonic power over a 100 mmHg increase in 
ambient pressure. 

The change in subharmonic power upon a 200 mmHg increase in ambient pressure with respect to 
athmospheric pressure, and as function of bubble concentration and depth inside the container, is plotted in 
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Fig. 1E for the microbubbles with a maximum stiffness of 0.5 N/m. The subharmonic response disappears 
both with an increase in bubble concentration and with an increase in imaging depth. By contrast, the 
subharmonic signal of the bubbles with the stiffest shell (2.5 N/m, Fig. 1F) increases with both bubble 
concentration and imaging depth.  
 

Figure 1. (A) Monodisperse microbubbles were produced in a flow-focusing device. (B) Microbubble 
stiffness as a function of normalized surface area. Adding palmitic acid (PA) to the shell formulation resulted 
in a stiffer bubble shell. (C) Schematic of the setup used to measure the microbubble response. The sample 
holder can be pressurized. (D) Change in subharmonic response versus overpressure. Microbubbles with a 
stiffer shell show a strong ambient pressure dependency of the subharmonic echo. (E) and (F) The change 
in subharmonic signal strength for 0% PA and 45% PA bubbles, respectively, between 0 mmHg and 200 
mmHg overpressure as a function of bubble concentration and depth inside the bubble container. (G) 
Attenuation spectra for bubbles with a maximum shell stiffness of 0.6 N/m at acoustic pressures ranging 
from 10 to 80 kPa in steps of 10 kPa. For these bubbles, the shift in resonance frequency upon an increase 
in acoustic driving pressure is low as compared to that measured for bubbles with a maximum shell stiffness 
of 2.5 N/m, as shown in (H).  
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This remarkably different behavior is explained by the acoustic pressure dependent resonance 
frequency, which  is entirely different for bubbles with a shell stiffness of 0.6 N/m as compared to that of 
bubbles with a stiffness of 2.5 N/m. The resonance frequency corresponds to the frequency of maximum 
attenuation in an attenuation spectrum. Figures G and H show the attenuation spectra of the microbubble 
suspensions with the lowest and the highest stiffness (0.6 N/m versus 2.5 N/m), respectively. The frequency 
of maximum attenuation decreases when the acoustic pressure in increased. This shift is caused by the 
decrease in effective shell stiffness as the amplitude of oscillation increases. For the bubbles with the stiffest 
shell, the shift in resonance frequency is more than 5 times larger than that for the bubbles with the lowest 
shell stiffness (compare Figs. 1G and H). The frequency of the subharmonic echo generated by both bubble 
suspensions is 1.7 MHz. For the bubbles with the lowest shell stiffnes, this 1.7 MHz subharmonic echo falls 
well within the attenuation spectrum of the bubbles driven at low acoustic pressure (dark blue curve in Fig. 
1G). Thus, as the pressure waves generated by a bubble are of low amplitude, the subharmonic echo 
generated by a bubble is strongly attenuated while traveling through the bubble suspension on its way to the 
imaging probe. However, for the bubbles with the highest shell stiffness, the subharmonic echo at 1.7 MHz 
does not overlap with their resonance curve at low acoustic pressure. There, the subharmonic echo generated 
by a stiff bubble is barely attenuated by the other bubbles in the suspension. To conclude, an increase in 
shell stiffness not only boosts the subharmonic echo response (Fig. 1D), it also allows the subharmonic echo 
to travel through the bubble cloud at low attenuation thereby potentially allowing deep-tissue subharmonic 
pressure sensing.  

Conclusions 
Increasing the shell stiffness of monodisperse microbubbles greatly increases their ambient pressure 

sensitivity. The stiff microbubbles generate a stronger ambient pressure dependent subharmonic response. 
Furthermore, the microbubbles with a stiff shell  attenuate their own subharmonic echo less than bubbles 
with a lower shell stiffness potentially allowing non-invasive pressure sensing deep in the body at increased 
bubble concentrations.  
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Introduction 
Our group has developed a surfactant-stabilized microbubble platform with a shell composed of sorbitan 

monostearate (Span 60) and water-soluble vitamin E (α-tocopheryl polyethylene glycol succinate, 
abbreviated as TPGS), named SE61, which we have used for imaging and targeted theraputic delivery 
utilizing ultrasound.  We have successfully used these microbubbles filled with oxygen to target hypoxic 
tumors,[1] and have utilized the hydrophobic nature of the surfactant tails of the bubble shell to co-deliver 
hydrophobic pharmacological agents such as lonidamine and paclitaxel.[2,3]  These hydrophobic areas, 
however, are not condusive to loading hydrophilic or charged agents. 

One possible way to load hydrophilic theraputics to SE61 would be to create a charged surface to attach 
electrostatically.  Cationic microbubbles loaded with plasmid DNA in combination with ultrasound have 
been shown to improve gene transfection, while attachment of siRNA also improves transfection.[4-7] Other 
hydrophilic molecules, such as the sodium salt of xanthene dye, rose bengal (974 g/mole MW), which has 
been utilized for ultrasound guided sondynamic therapy [8], have the potential to be loaded in this manner. 

This work characterized the zeta potential of SE61, and investigated the insertion of cationic molecules 
to create a positively charged microbubble for loading of anionic therapeutic agents.  The zeta potential of 
SE61 is likely negative, as mixtures containing Span 60 have been reported to have a zeta potential near  
-30 mV due to the orientation of water molecules caused by hydrogen bonding with hydroxyl groups.[9] 
Cationic microbubbles used for plasma DNA loading have had zeta potentials ranging 30-60 mV. [5,6]   

Methods 
SE61 microbubbles were fabricated using a previously reported method with appropriate 

modifications.[10]  Briefly, standard SE61 microbubbles were created using an 85 mM surfactant mixture 
comprised of TPGS (20%) and Span 60 (80%) in PBS (phosphate buffered saline) with added sodium 
chloride (30g/L).  Probe sonication at 20kHz while purging with octofloropropane gas created microbubbles, 
which were then washed and separated by gravity.  Collected microbubbles were diluted 1:1 with 10% w/v 
glucose (cryo/lyoprotectant), frozen using a -20°C bath, lyophilized for 18-20 h, then sealed under vacuum.  
Prior to testing, the vials were filled with octofloropropane and reconstituted with 0.5x PBS. 

The following cationic surfactants and lipids were added to the surfactant mixture at 5%, 15%, and 25% 
molar ratios: hexadecyltrimethylammonium bromide (CTAB), didodecyldimethylammonium bromide 
(DDAB), 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), 1,2-stearoyl-3-trimethyl-ammonium-
propane (DSTAP), and 1,2-dimyristoyl-3-trimethylammonium-propane (DMTAP).  Total surfactant 
concentration was kept constant at 85 mM, and TPGS and SPAN 60 reduced, keeping a relative 1:4 ratio.  
Acoustical dose responses of the microbubbles were conducted using a custom in vitro setup that closely 
mimics in vivo conditions,[11] consisting of a pulsed 5 MHz transducer focused in a sample vessel 
submerged in a water bath (37°C).  Bubble size and concentrations were measured using an AccuSizer 
A7000 (Entegris Inc., Billerica MA, USA).  Zeta potentials were determined using a Zetasizer Nano ZS 
(Malvern Inst., Worcestershire, UK). 

Rose bengal and double stranded DNA were added to 15% CTAB microbubbles to evaluate loading 
potential.  Rose bengal (100 mg) was added to approximately 120 mL of microbubbles after the first 
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wash/seperation step, followed by 3 washes with deionized water, then collected and freeze dried as above. 
Rose bengal loading was determined by reconstituting microbubbles with ethanol and measuring absorption 
using a Synergy H1 plate reader (BioTek,  Winooski, VT, USA) at 560 nm and comparing to a standard 
curve.  Microscope images were taken using an IX71 flourescent microscope (Olympus, Tokyo, Japan), 
using a TRITC filter for flourescent imaging.   

Double stranded DNA comprised of 21 base pairs (5’–AATGAGCCCTTGCATCTAAGAA-3’) was 
utilized as a model for siRNA. After the wash and seperation steps, a solution of 250 mM dsDNA and a 
solution of 20% w/v glucose (cryoprotectant for future freezing) was added to collected microbubbles in a 
1:1:2 ratio.  These bubbles were then tested by adding 5mL deionized water to the loaded microbubbles and 
allowing dsDNA-loaded microbubbles to seperatedue to gravity.  The resulting wash with remaining 
unattached dsDNA was collected and tested using the Quant-iT PicoGreen dsDNA assay (invitrogen) with 
the starting amount of dsDNA subtracted to determine loading. 

Results 
Pre-freeze drying, standard SE61 was found to have a mean size of 2.2 µm, a concentration of 3.2 x 109 

bubbles/mL, and a zeta potential of approximately -40 mV.  Freeze drying resulted in a loss of microbubbles, 
reducing the concentration to 1.1 x 109 bubbles/mL, including distruction of a population between 3 and 
6 µm, which reduced the mean bubble size to 1.6 µm.  The zeta potential was approximately -30 mV, and 
the maximum acoustic responses for reconstituted freeze dried SE61 was above 15dB. 

CTAB was successfully incorporated into the SE61 microbubbles, increasing the zeta potential, shown 
in Figure 1.  Both 15% and 25% CTAB microbubbles were near or above +30 mV when measured pre and 
post freeze drying.  As the amount of CTAB increased, the concentration of bubbles increased, ranging from 
2.3 to 7.8 x 109 bubbles/mL pre freeze drying, while the mean bubble size decreased, ranging from 2.5 to 
1.6 µm. All CTAB bubbles generated acceptable accustical responses greater than 15dB. 

Incorporating DDAB and DOTAP (both of which have double, hydrophobic tails poorly oriented to fit 
into the SE61 microbubble) was difficult, likely due to steric interferance in the microbubble shell.  While 
addition of DDAB to SE61 did increase the zeta potential to at least +30 mV for 25% DDAB pre and post 
freeze drying, increasing the amount of DDAB decreased the concentration of bubbles created during 
sonication, from 3.4 x 109 bubbles/mL for 5% DDAB to 0.73 x 109 bubbles/mL for 25% DDAB, which 
made the wash steps difficult.  Increased amounts of DOTAP prevented SE61 microbubble formation during 
sonication, and only 5% DOTAP solutions resulted in bubbles sutable for testing.  Pre and post freeze drying 
zeta potentials of 5% DOTAP bubbles were less than +15 mV.  

Figure 1. Zeta potentials of 5%, 15% and 25% loaded SE61 microbubbles using CTAB, DSTAP and 
DMTAP both a) pre-freeze drying and b) post-freeze drying.  The values of the bottom of the bars represents 
the zeta potential for unmodified SE61. 

Both DSTAP and DMTAP (with more accomodating double hydrophobic tails) were successfully 
incorporated into the SE61 microbubble, increasing the zeta potential, as shown in Figure 1.  For both 
DSTAP and DMTAP, 15% and 25% microbubbles were near or above +30 mV when measured pre and 
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post freeze drying. No major shifts in bubble populations were observed as the amount of DSTAP and 
DMTAP were increased, with a minimum of 3.4 x 109 bubbles/mL created during sonication.  All freeze-
dried bubbles had acceptable accustical responses greater than 15dB. 

Exploratory studies were conducted using 15% CTAB-loaded SE61 (more available) to determine the 
feasability of attracting anionic species.  Rose bengal was found to be loaded onto 15% CTAB SE61 in a 
concentration of 23.5 µg/mL of microbubble (4.2% loading) compaired to 1.5 µg/mL of microbubble (0.3% 
loading) unmodfided SE61.  Images in Figure 2, taken using a flouresent microscope, clearly show rose 
bengal loading onto the walls of the 15% CTAB SE61, but not unmodified SE61.  Short dsDNA fragments 
were also able to be loaded onto the surface of 15% CTAB, with 373 µg/mL DNA / mL of microbubble 
(63.5% loading) attached compaired to essentially undetectable (-1.0% loading) with unmodified SE61. 

Figure 2.  Rose bengal loaded microbubbles images of unmodified SE61 with a) brightfield and b) 
flourescence (TRITC filter) and of 15% CTAB SE61 with c) brightfield and d) flourescence.  Bars = 20µm. 

Conclusions 
SE61 microbubbles, which have a negative zeta potential (-30mV), can be modified with the addition 

of carefully selected cationic molecules such as the surfactant CTAB or the lipids DSTAP and DMTAP to 
create a positively charged bubble while still maintaining approraite size and accoustical properties for 
ultrasound contrast agents.  The resulting positively charged microbubbles can be loaded with a variety of 
negatively charged theraputic agents, such as rose bengal (useful in sonodynamic therapy) and nucleic acids 
(useful in gene and siRNA delivery), which would be suitable for targeted delivery mediated by ultrasound.   
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Introduction: 
Perfluorocarbon-core nanodroplets (NDs) have emerged as a promising system in the field of antimicrobial 
interventions, particularly in the treatment of biofilm-associated infections. Nitric oxide (NO) is a potent 
signalling molecule known to induce biofilm dispersal; however, it has an extremely short half-life, making 
it difficult to deliver to a biofilm in therapeutically relevant amounts. The liquid perfluorocarbon (PFC) core 
of NDs is stabilised by a lipid shell, and can be loaded with NO [1]. PFC NDs are responsive to ultrasound 
waves and can be converted into gas-filled microbubbles through acoustic droplet vapourisation (ADV) [2]. 
Microbubble cavitation can then be induced, and has the potential to increase temporal control over the 
release of therapeutic molecules loaded into or on the droplet. These characteristics of NDs make them a 
promising platform for co-delivery of biofilm dispersal promoters (such as NO) and antibacterial 
compounds. PFC NDs therefore present a potential improvement in the short-term passive release of NO 
compared to gas-core NO microbubbles [1]. Use of sonication to manufacture NDs is a highly stochastic 
process, and control over the resulting ND populations is possible through modification of sonication 
parameters [3]. Control over the mean diameter and size dispersity of NDs will allow for optimisation of 
the acoustic response of these droplets: a lower size dispersity will lead to a more uniform reponse [4].  
 
This study aims to elucidate the changes in nanodroplet size when manufactured with varying sonication 
parameters and to develop a method for controlling the temperature of samples during manufacture. 
 

Methods 
To manufacture nanodroplets, a lipid solution and perfluoro-n-pentane (PFP, Strem Chemicals, UK) 

were emulsified by two-stage sonication, using a Model 120 Sonic Dismembrator (Fisher Scientific, UK). 
The general protocol for ND manufacture was modified from Ferri et al. [3].  

Lipids were dispersed in phosphate-buffered saline (PBS) in the first-stage of sonication. 1,2-distearoyl-
sn-glycero-3-phosphocholine (DSPC) and polyoxyethylene (40) stearate (PEG40S) were combined in a 9:1 
molar ratio as the lipid shell constituents. Prior to second sonication, PFP was added in a 1:10 volumetric 
ratio and vortexed for 5 s to create precursor droplets. The second sonication stage utilised a pulsed regime 
to allow the sample to cool between pulses. PFP has a bulk transition temperature of 28 °C, and samples 
must be kept cool to prevent loss of PFP or vapourisation of the droplets during manufacture.  

To assess the efficacy of cooling methods during the second sonication step, a reference sonication 
protocol of 60% amplitude and 60 s total sonication (on) time was used. Two cooling methods were tested, 
either a ice-water bath or saturated-saline (~26% w/w) ice bath. Pulsed sonication of either 2 s on - 5 s off 
(duty cycle: ~28.6%) or 2 s on - 15 s off (duty cycle: ~11.8%) were tested .  

A thermocouple data logger was used to measure changes in temperature, with measurements taken 
every 100 ms throughout the varying sonication protocols. Prior to starting sonication, the sample was 
allowed to cool to the temperature of the surrounding bath. For each sample, three independent repeats were 
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measured. After manufacture, each sample was measured by nanoparticle tracking analysis (NTA) using a 
NanoSight NS300 (Malvern, UK). 

To assess the effect of varying sonication intensity and length, pulsed sonication consisted of 2 s on and 
15 s off. The total sonication on time were varied between 15 and 120 s, in 15 s increments. 
The amplitude (%) was varied between 20% and 100%, in 20% increments. Three samples per condition 
were prepared and then analysed by NTA. 

 
Table 1. Summary of Cooling Bath and Sonication Pulse patterns 

Name Pulse Pattern Cooling Bath Composition Average Cooling Bath 
Temperature (°C) 

2/5-I 2 s on, 5 s off 
Water + Ice  1.26±0.18 

2/15-I 2s on, 15 s off 

2/5-S 2 s on, 5 s off Saturated-Saline + Ice -8.54±0.27 

 

Results 
The sample temperature changed during sonication (Figure 1). For the 2s on - 5s off pulsation regime the 
maximum sample temperature reached for the saline-ice bath (2/5-S) was 16.04 °C with a mean temperature 
of 14.75±1.15 °C at this time-point (191.1s). The maximum temperature reached for the ice-water bath 
(2/15-I) was 26.68 °C with a mean temperature of 24.84±2.27 °C at this time-point (156.0s). For the 2 s on 
- 15 s pulsation regime with ice-water bath (2/15-I) the maximum temperature reached was 15.48 °C with a 
mean temperature of 14.15±1.72 °C at this time-point (495.3s). NTA was used to analyse the size 
characteristics of nanodroplet samples manufactured with the different cooling bath-sonication regime 
pairings. Using a one-way ANOVA, no significant difference (P<0.05) was found between the median or 
standard devation of the three test conditions. 2/5-I, 2/15-I and 2/5-S had median values of 191.8±6.7 nm, 
192.3±2.2 nm and 187±9.7 nm, respectively. All errors stated are ±1S.D. 
 
A temperature target of <20 °C was set to reduce the likelihood of PFP loss and unnecessary heating. Of the 
three conditions tested, both 2/15-I and 2/5-S kept samples under this target, with both maintaining sample 
temperature under 16 °C. Though significant differences between the three conditions are not apparent when 
analysed by NTA, significant foaming was observed for 2/5-I, indicating bubble formation and potential 
loss of PFP. The 2/15-I condition was selected for ongoing optimisation experiments varying the amplitude 
(%) and total sonication time (s). 
 

Conclusions 
Both using a saline-ice bath or a longer off time between sonication pulses allowed the ND sample to remain 
under 16 °C, which is an improvement over the higher temperatures seen in the 2 s on - 5 s off ice-water 
bath. The combination of 2 s on - 15 s off pulsation regime and an ice-water bath was selected due to the 
occasional freezing of the ND samples when cooling with the saline-ice bath. Ongoing work is studying the 
effect of changing sonication intensity and duration on the size characteristics of perfluorocarbon 
nanodroplet populations. 
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Figure 1. Graph showing changes in temperature over time of three different samples. The water-ice bath 
cooling method was tested with both 2 s on - 5 s off and 2 s on - 15 s off pulsation regimes (2/5-I, 2/15-I). 
The saline-ice bath was tested with the 2 s on - 5 s off pulse regime (2/5-S). 
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Introduction 
In recent years, research on the use of messenger RNA (mRNA) as a drug, including vaccines against 

infectious diseases, has progressed rapidly. Sonoporation, which uses acoustic cavitation of bubble reagents 
induced by ultrasound (US) irradiation, is the only method that can deliver carrier-free mRNA or plasmid 
DNA into cells with high efficiency [1]. Albumin-based nanobubbles (A-NBs) stay in the liquid longer than 
microbubbles and act as cavitation nuclei [2-4]. However, clinical application of carrier-free mRNA delivery 
into cells by sonoporation for vaccination requires the development of a dedicated device that can be used 
as easily as a syringe in a clinical setting. Here, we devised an inexpensive, home-made, AA battery powered, 
hand-held ultrasound device for intracellular delivery of mRNA, which is effective in combination with 
nanobubbles. 

Methods 
A portable ultrasound device was fabricated as a sonoporator (acoustic intensity: 0.66 W/cm2, 

frequency:  39.5 kHz) (Figure 1). A-NB was generated by dissolving 0.06% albumin in ultrapure water and 
vibrating it vigorously in a closed container filled with perfluoropropane gas (C3F8). The particle size and 
concentration of A-NB were measured by nanoparticle tracking analysis (NTA). 

Flow phantoms consisting of a square shape container of acrylic resin filled with ultrasound gel pad 
(Aquaflex ultrasound gel pad; Parker lab, NJ, USA) were custom made for the ultrasound contrast-enhanced 
imaging experiment setup. The 5 mm diameter cylindrical inner cavity of the phantom was directly perfused 
with 3x diluted A-NB at 2 mL/min and observed with L8-18i-D probe (4-14 MHz, MI 0.6) on harmonic 
mode of LOGIQ E9 (GE Healthcare). Ultrasound from a home-made sonoporator was applied from the side 
during observation to evaluate for acoustic interference. 

Ninety-six multi-well plates cultured with HSC2 cells were added opti-MEM containing A-NBs and 
500 ng of Gluc mRNA. US was applied from the sonoporator through the polyethylene bottom of the cell 
culture plate for 15 seconds. After 48 hours of incubation, the luminescence intensity of the supernatant 
reacted with D-luciferin substrate was measured. Cell viability was measured by MTT assay. 

Results 
The mean size and concentration of A- NBs were 266.7 ± 17.1 nm and  1.38 × 1010/ml, respectively 

(Figure 2). 
The increased brightness caused by A-NBs was clearly depicted on ultrasound imaging (Figure 3). The 

A-NBs were stable and clearly delineated during the 45-second recording time. Furthermore, ultrasound 
irradiation from the home-made sonoporator did not interfere with the echographic image delineation. 

Ultrasound irradiation of A-NBs increased mRNA transfection efficiency by 1.8-fold (Figure 4). 
Ultrasound irradiation of optiMEM without A-NBs did not increase the efficiency of gene transfer. Cell 
viavility was decreased to 93.8% when the medium containing A-NBs was irradiated to US. There was no 
cytotoxicity with US alone. 

Conclusions 
Our albumin-based nanobubbles was useful both as ultrasound contrast reagents and as drug and gene 

delivery reagents. Intracellular delivery of carrier-free mRNA was achieved by combining a portable hand-

The 28th European symposium on Ultrasound Contrast Imaging 
---------------------------------------------------------------------------

200



held sonoporator and albumin-based nanobubbles. It was confirmed that unexpectedly low-intensity and 
low-frequency ultrasound induced transfection of mRNA. In addition, ultrasound at frequencies as low as 
40 KHz would allow simultaneous gene delivery without interfering with diagnostic imaging. The 
innovative contrast nanobubbles and sonoporator we developed may become the cornerstone of future 
mRNA drug delivery technology to living organs. Further studies are needed to elucidate the relationship 
between ultrasound conditions and nanobubble resonance. 

 

Figure 1. Portable home made sonoporator. 
 

Figure 2. Size distribution  and concetration of albumin-based nanobubbles 

The 28th European symposium on Ultrasound Contrast Imaging 
---------------------------------------------------------------------------

201



 

Figure 3. Contrast effect by nanobubbles. NBs: nanobubbles 
 

Figure 3. Efficiency of mRNA transfection by combination of ultrasound and nanobubbles. 
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Introduction  
Pancreatic cancer has risen to the third-leading cause of death globally in 2022 due to its increasing 

incidence and mortality rates.1 Currently, surgical resection is the primary option for curing pancreatic 
cancer, but 80–85 % of patients have advanced diseases that cannot be resected. Unfortunately, pancreatic 
cancer responds poorly to the majority of clinical treatments, including chemotherapy and immunotherapy,1, 

2 and there is an urgent need for the development of alternative treatment strategies. Sonodynamic therapy 
(SDT) is an emerging therapeutic tumor treatment tool based on ultrasound, sonosensitizers, and reactive 
oxygen species (ROS). Briefly, sonosensitizers accumulated in the tumor can generate ROS triggered by 
ultrasonic exposure and sonoluminescence, which thereby induce cancer cell apoptosis. In addition, due to 
the negligible tissue attenuation coefficient of ultrasound, SDT can penetrate deep within soft tissues up to 
a depth of 10 cm and possesses the capability to precisely target the tumor thus avoiding any potential 
damage to adjacent normal tissues.3 However, the pancreatic tumor, surrounded by the abundant tumor 
stroma, is characterized by high interstitial fluid pressures (IFP) and hypoxia tumor microenvironment 
(TME), which limits the penetration of sonosensitizers into the tumor, causing unsatisfactory SDT 
efficiency.4, 5 Therefore, overcoming the stromal biological barrier and enhancing ROS generation remain 
obstacles for efficient SDT treatment of pancreatic cancer.6 

The barrier to penetration in tumors that limits the delivery of therapeutics is associated with 
pathophysiological elements comprising the solid tumor microenvironment and the high IFP,7 which is 
major in the dense tumor stroma around the tumor.8 In clinical trials, the strategies for the elimination of the 
extracellular matrix (ECM) barrier,9 supplemented with chemotherapeutic treatment have shown 
advantageous outcomes.10 Targeting the TME, particularly the ECM barrier, to promote accurate and 
efficient drug delivery could be a potential technique for treating pancreatic cancer.11 Hence, several ECM-
targeting treatment strategies have been developed to improve therapeutic efficacy in tumor therapy,12 such 
as the utilization of hyaluronidase (HAase) and cancer-associated fibroblasts (CAFs).13 Collagen is the most 
abundant protein in the ECM of pancreatic cancer.14 Recent studies have shown that collagen digestion can 
reduce drug resistance of tumors and improve the efficacy of chemotherapy treatment for pancreatic cancer.4, 

15, 16 However, encapsulation of proteins into nanoparticles (NPs) must overcome several challenges, 
including potential protein denaturation during loading and maintenance of a therapeutic release rate at the 
site of action. Since the half-life of collagenase in circulation declines very rapidly after injection,15 
collagenase-containing therapies require enzyme protection before activation within the target tumor site, 
the collagenase alone could not cause damage to cancer cells.4 The ECM barrier and high IFP also restrict 
the production of ROS. There are numerous strategies to increase ROS production, including increasing the 
catalytic performance of the sonosensitizer, decorating enzymes, and alleviating the tumor's hypoxic 
environment.6, 17 Above all, the overall design of efficient sonosensitizers is the essence of effective ROS 
generation. Therefore, using an efficient sonosensitizer as a carrier and carrying collagenase is a promising 
strategy to improve SDT efficiency in pancreatic cancer.   

An essential requirement in SDT is a sonosensitizer that can achieve a reasonable therapeutic release rate 
at the site of action under US irradiation. Recently, various sonosensitizers such as organic sonosensitizers 
and inorganic sonosensitizers have been reported for SDT. 18,19 However, the applications of organic 
sonosensitizers are restricted by their poor aqueous solubility, chemical instability, and phototoxicity,20, 21 
while inorganic sonosensitizers are thought to be great candidates because of their distinctive chemical and 
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physical features.21 Inorganic sonosensitizers such as TiO2 have great potential for SDT,22 because of their 
capacity to generate full ROS and excellent chemical stability against ROS.23,24 However, pure TiO2 leads 
to only moderate 1O2 and •OH production due to its quick electron-hole recombination kinetics and narrow-
spectrum response to US irradiation restricted by their broad bandgap, thus limiting its clinical application.25 
Numerous approaches, such as generating an oxygen-deficient layer on the surface, have been developed to 
address this problem.26 The hollow TiO2 (H-TiO2) possesses electron-rich sites, which provide abundant 
defective species, in particular, oxygen defects which can help to separate electron (e−) and hole (h+) 
produced by US irradiation,27 so hollow TiO2 can furnish an increased quantity of ROS (•OH and 1O2) upon 
US irradiation and be employed as an acoustic sensitizer during SDT to cause oxidative damage of cancer 
cells.6, 28 Furthermore, the hollow shell could reach a high drug loading rate.17  

Herein, a strategy that encapsulated collagenase was developed to alleviate solid stress. The enzyme’s 
activity of collagenase was prolonged and it was protected from early deactivation within plasma via loading 
into H-TiO2 (Col-H-TiO2). This approach can function as a rapid screening test for perfusion-enhancing and 
stress-reducing drugs. An in vitro–in vivo combinatorial phage display method was used in this study to 
identify novel tumor stroma-targeting NPs that are capable of targeting collagen. Our approach can 
overcome the stromal biological barrier and enhance the production of ROS to improve the efficacy of SDT 
in pancreatic cancer. It also accomplished treatment visualization. 

 

Methods 
Synthesis of Hollow Titanium Dioxide (H-TiO2) 

First, the Stöber method was used to prepare silica NPs.29 2.3 mL tetraethyl orthosilicate (TEOS; Aladdin, 
China) was added to a mixture comprising 60 mL ethanol, 3 mL ammonia water, and 1mL deionized water. 
A silica template was produced after 6 h of reaction at 50°C with stirring. Then, the prepared silica was 
redispersed in a mixed solution of 130 mL of ethanol and 2 mL of deionized water. For the preparation of 
the NPs coated with titanium dioxide, 1.45 mL of titanium isopropoxide (TTIP; Macklin, China) was added 
to the previously described solution. The reaction was then stirred for 6 h in an ice bath. The silica-titania 
dioxide core-shell structured NPs were added to 1.0 M sodium hydroxide for etching to obtain hollow 
titanium dioxide NPs. The obtained hollow NPs (H-TiO2) were collected by centrifugation after being 
washed with deionized water. 

Synthesis of Col-H-TiO2 

The free collagenase solution (17018029, Gibco,1 mg/mL, 2 mL) was mixed with 10 mg of the produced 
H-TiO2 NPs. The mixture was stirred for 48 hours at 4°C under dark conditions. The precipitate was 
centrifuged and then washed three times with PBS. The loading amounts were determined using 
collagenase's typical optical absorbance at 260 nm, and the loading efficiency (LE) was calculated using the 
equation below. 

 17 

    Detection of collagenase activity on the surface of enzyme-linked H-TiO2 (Col-H-TiO2) 

FITC (F8070, Solarbio, China) and collagenase-degradable gelatin (ST1339, Beyotime, China) were 
mixed to produce a solid yellow gelatin-FITC gel. After it had solidified, the gelatin-FITC was immersed 
in double distilled water and repeatedly washed until the supernatant of the immersed gelatin-FITC showed 
no fluorescence when measured using a fluorescence spectrophotometer. The gelatin was then treated with 
ddH2O, H-TiO2, Col-H-TiO2, and collagenase-1. A fluorescence spectrophotometer (Tecan Spark, Tecan, 
Switzerland) was used to detect the supernatant's fluorescence after 1 h and to compare it to gelatin that had 
been treated with collagenase. 

    US-responsive Collagenase Release Profile 

The collagenase release of Col-H-TiO2 was estimated at 37 °C at 100 rpm utilizing dialysis tubes (1000 
kDa) in PBS with or without the US. For each H-TiO2 formulation, three vials were used. The Micro BCA 
protein assay kit (23235, Thermo Fisher, USA) was employed to determine the concentration of the released 
protein. 

The 28th European symposium on Ultrasound Contrast Imaging 
---------------------------------------------------------------------------

204



Assessment of Free Radical Generation in Solution 

Singlet oxygen (1O2), hydrogen peroxide (H2O2), and hydroxyl radical (•OH) were assessed with a SOSG 
assay (MA0326, Meilune, China), APF probe (Sigma-Aldrich, USA), and an H2O2 assay (S0038, Beyotime, 
China). Briefly, TiO2 and H-TiO2 were diluted in ddH2O solutions with various amounts of oxygen at the 
same concentration of Ti (25 μg/mL), and the mixtures were then exposed to the US under the same 
condition (1.0 W/cm2, duty cycle 50%, 1 MHz), following which their fluorescence was determined using 
a multiscan spectrum as described previously (Tecan Spark, Tecan, Switzerland). 

Assessment of H-TiO2-Mediated CEUS ability 

CEUS imaging (ZS3, Mindray, China) and a stereoscopic microscope (S9i, Leica microsystems, 
Germany) were used to analyze Col-H-TiO2-mediated bubble production at room temperature. H-TiO2 
samples were suspended in various concentrations (0, 62.5, 125, 250, 500, and 1000 μg/mL) in ordinary or 
deoxygenated ddH2O. 

    Cell experiment 

The BxPC-3 pancreatic cancer cell line was originally obtained from American Type Culture Collection 
(ATCC) and cultured in RIPA 1640 (Gibco, USA) supplemented with 10% FBS (Gibco, USA), penicillin 
(100 U/mL), and streptomycin (100 µg/mL; Gibco, USA). All cells were maintained at 37°C in a humidified 
chamber with 5% CO2. 

    Intracellular Assessment of Free Radical Generation 

Detection of free radical generation within cells was carried out through DCFH-DA (S0033S, Beyotime, 
China). Briefly, BxPC-3 cells were grown on cell climbing slices and then exposed to PBS, TiO2, Col-H-
TiO2, H-TiO2 + US, and Col-H-TiO2 + US. H-TiO2 (25 μg/mL in 1640) and Col-H-TiO2 (25 μg/mL in 1640) 
were added 24 h after plating, and the cells were allowed to incubate for another 24 h. Following 20 minutes 
of incubation with DCFH-DA for 20 min, the cells were treated with or without US (1.0 W/cm2, 1 MHz, 
50% duty cycle, 1 min). CLSM was employed to detect free radical fluorescence. 

    In vitro Cytotoxicity of Col-H-TiO2 and therapeutic efficacy evaluation 

The cytocompatibility of Col-H-TiO2 was assessed using a Cell Counting Kit-8 (K0301, MCE, USA). 
BxPC-3 and HUVECs cells were plated overnight in 96-well plates. Then, media comprising appropriate 
Col-H-TiO2 was added with Ti concentrations of 3.125, 6.25, 12.5, 25, 50, and 100 μg/mL. Following 
another 24 h of incubation, the medium was removed and a CCK-8 assay was conducted following the 
conventional protocols to ascertain cell viability. 

The synergistic therapeutic effects of Col-H-TiO2 were also studied using Bxpc-3 cells treated with five 
different experimental treatments: PBS, PBS + US, Col-H-TiO2, H-TiO2 + US, and Col-H-TiO2 + US (25 
μg/mL; 1.0 W/cm2, 1 MHz, 50% duty cycle, 1 min). Then test the cell viability through a CCK-8 assay. 

BxPC-3 cells were allowed to culture for 24 h until they reached 80% confluency, then treated for 8 
hours with various solutions. The cells were then treated with or without US (1.0 W/cm2, 1 MHz, 50% duty 
cycle, 1 min) before being incubated for 16 h. The cells were then rinsed in PBS and digested with trypsin 
(without EDTA). FITC Annexin V Apoptosis Detection Kit I (556547, BD Pharmingen, USA) and flow 
cytometric analysis (Beckman CytoFLEX, Beckman Coulter, Inc.) were used to investigate apoptosis. 

Live–Dead Cell Staining, BxPC-3 cells cultured for 24 h were washed with PBS and incubated with Col-
H-TiO2 (25 µg/mL-1) for 8 h. The cells were exposed to US (1.0 W/cm2, 1 MHz, 50% duty cycle, 1 min), 
and after 16 h, they were stained using the Calcein-AM/PI Cell Viability/Cytotoxicity Assay Kit (C2015S, 
Beyotime, China) for 30 min and visualized using fluorescence microscopy (Leica Microsystems, 
Germany). 

Cellular uptake assays 
Flow cytometry was utilized to measure Col-H-TiO2 uptake (Beckman CytoFLEX; Beckman Coulter, 

Inc.). Briefly, BxPC-3 cells were added to 6-well plates for 24 h, after which the media was replaced with 
media supplemented with FITC-labeled Col-H-TiO2 (25 µg/mL).  Cells were collected and analyzed using 
flow cytometry after being incubated for 4, 8, 12, or 24 h. Similarly, after incubation of 2 h and 12 h, the 
uptake of Col-H-TiO2 was measured by the CLSM (Leica Microsystems, Germany). 
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    3D MCSs culture 

As previously reported, the hanging drop approach was used to establish MCSs.40 BxPC-3 cells were 
suspended in a 1.2 % methylcellulose/RPMI 1640 medium suspension containing 106 cells per mL. The cell 
suspension was then carefully placed on the lid of the cell culture plate. After 5 days of culture, the MCSs 
were transferred to a 96-well plate containing 100 μL of 1% agarose. Ultimately, 100 μL of culture medium 
was poured into separate wells to culture the MCSs for future investigations. The final testing concentrations 
of H-TiO2 and Col-H-TiO2 were added to the wells and incubated for 12 h.  

 

Results 

 
Construction and Characterization of Col-H-TiO2   

Scheme 1 represents the procedure for the synthesis and the anticancer action of Col-H-TiO2. As depicted 
by the transmission electron micrographs (TEM), the as-prepared TiO2 NPs had a uniform hollow spherical 
shape and a mean particle size of around 100 nm (Figure. 1a, b). H-TiO2 and Col-H-TiO2 have respective 
hydrated particle sizes equivalent to 174.3 nm and 210.4 nm (Figure. 1c). The elemental image obtained via 
EDS depicts the distribution of Ti and Si, as a result of the etching and redeposition of silicon dioxide, which 
provides support for the hollow structure (Figure. 1d).30 The N2 adsorption-desorption isotherms and pore 
size distributions of H-TiO2 are depicted in Figure 1e. The Brunauer-Emmett-Teller surface area and pore 
volume of H-TiO2 were 75.89 m2 g-1 and 0.0950 cm3 g-1. The Barrett-Joyner-Halenda pore size of H-TiO2 
was precisely 3.24 nm. The unique mesoporous channel and the large cavity of TiO2 render H-TiO2 a 
promising choice for loading of drug cargo, delivery, and subsequent release. The ultraviolet−visible 
absorption (UV−vis) of the collagenase and Col-H-TiO2 showed absorption and emission peaks at ~ 260 
nm, indicating the successful loading of collagenase (Figure 1f). Based on the standard curve depicted in 
Figure S1, the H-TiO2 drug loading rate can be estimated to be 11 %. As displayed in Figure 1g, the US 
radiation treatment accelerates the release of the drug. The cavitation effect of the US irradiation may 
destroy the interactions between the H-TiO2 and collagenase molecules, thereby substantially accelerating 
collagenase release. This result indicated that US irradiation enhanced the destruction of Col-H-TiO2 within 
tumor cells and stimulated the release of collagenase, with subsequent sonodynamic activity resulting in a 
profound free collagenase and deep NPs penetration. To evaluate the stability of Col-H-TiO2, the hydrated 
particle size of Col-H-TiO2 was assessed in saline and cell culture medium (DMEM) containing 10% FBS 
were assessed. The diameters didn’t change much after 7 days (Figure S2).  To characterize the ability of 
Col-H-TiO2 of digesting collagen fibers, a mixture of gelatin and FITC powder was used to assess the 
enzyme activity. The enzyme activity of Col-H-TiO2 was 35.64 ± 3.24 % of that of free collagenase, whereas 
H-TiO2 showed almost little activity. (Figure S3) This result indicated that the loading process did not affect 
the enzyme activity of collagenase.  

  Assessment of H-TiO2 ROS-generating properties  

To quantify the ROS yield of H-TiO2 after ultrasound irradiation, singlet oxygen sensor green (SOSG), 
aminophenyl fluorescein (APF), and H2O2 assays were carried out for tracking the generated 1O2, •OH, and 
H2O2. In comparison to PBS and pure TiO2, H-TiO2 possesses a much higher 1O2 generation efficiency 
(Figure. 2a, b). In addition, H-TiO2 displayed a greater •OH generation efficiency than pure TiO2 under 
hypoxic conditions (Figure. 2c) and induced a greater H2O2 generation after ultrasound irradiation in both 
normoxia and hypoxia (Figure. 2d). This data indicated that this H-TiO2 could generate sufficient ROS for 
the treatment of pancreatic cancer with hypoxic solid tumors, which can primarily be attributed to the fact 
that the hollow structure of TiO2 can considerably promote the ROS generation and improve the SDT effect.6 
Subsequently, the intracellular ROS generation of Col-H-TiO2 under US irradiation was investigated by 
using the ROS probe, 2′,7′-dichlorofluorescein diacetate (DCFH-DA). ROS can oxidize the probe, 
generating 2,7 -dichlorofluorescein (DCF) with green fluorescence. The strongest fluorescence was found 
In BxPC-3 cells following the combination treatment of Col-H-TiO2 and H-TiO2 after US irradiation, as 
shown in Figure 2e, indicating that the loading of collagenase maintains the enhanced ROS generation for 
SDT. These findings indicated that an increase in the specific surface area suggests the involvement of a 
greater number of active sites in the catalytic process, by which improves the catalytic effect. This, in turn, 
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would be advantageous in terms of the separation efficacy of h+ and e− triggered by US irradiation, 
subsequently enhancing the generation of ROS.17, 31 

    Assessment of the in vitro sonodynamic antitumor efficacy of Col-H-TiO2 

The tumor therapeutic efficacy of Col-H-TiO2 was also assessed in light of its ROS production 
performance. First, the biocompatibility of Col-H-TiO2 was evaluated using a CCK-8 kit. Without US 
irradiation, no apparent cell toxicity was induced by the NPs in human epithelial cells (HUVECs) and human 
pancreatic tumor cells (BxPC-3) after incubation with a range of equivalent Ti concentrations (0, 3.125, 
6.25, 12.5, 25, 50 and 100 μg/mL) for a period of 24 h (Figure. 2a, b). Similarly, no obvious cytotoxicity 
was induced by these NPs in human epithelial cells HUVECs. BxPC-3 cell viability was evaluated after 
following Col-H-TiO2 treatment and US exposure (1.0 W/cm2, 1 MHz, 50% duty cycle, 1 min). Both H-
TiO2 + US and Col-H-TiO2 + US groups showed a significant decline in the cell viability, although US 
irradiation alone had no detrimental effects on BxPC-3 cell viability over the intensity range examined 
(Figure. 2c). Flow cytometry was employed to determine whether Col-H-TiO2 induces apoptosis of cells to 
investigate the cellular mechanism by which Col-H-TiO2 and US kill tumor cells. Following US exposure 
(1.0 W/cm2, 1 MHz, 50% duty cycle, 1 min), apoptosis was induced by H-TiO2 (early apoptosis + late 
apoptosis = 41.27 ± 5.94 %), as well as Col-H-TiO2 (early apoptosis + late apoptosis = 43.34 ± 6.22 %), 
providing sufficient proof for the ability of sonodynamic to cause the death of tumor cells (Figure 3d, e). 
These findings were further confirmed by calcein-AM/PI co-staining, which showed a notable increase, in 
PI-stained cells after the treatment of Col-H-TiO2 and H-TiO2 under US exposure (Figure. 3f). Since the 
results were consistent with the CCK-8 assay, it is verified that Col-H-TiO2 is suitable for SDT-mediated 
antitumor therapy. 

    Assessment of the penetration in tumors of Col-H-TiO2. 

Cellular uptake of Col-H-TiO2 was evaluated by culturing BxPC-3 cells with fluorescein isothiocyanate 
(FITC) labeled NPs for different periods (0, 4, 8, 12, and 24 H) and then collecting cells via flow cytometry. 
The results showed that the cellular uptake of Col-H-TiO2 uptake was maximum within 12 h. (Figure S4). 
As shown in Figure S5, the green signal of FITC-labelled Col-H-TiO2 visually showed the intracellular 
uptake. Fluorescence intensity is time-dependent, indicating the Col-H-TiO2 can achieve great cellular 
uptake ability.  

To investigate the penetration of Col-H-TiO2 in tumors, multicellular spheroids (MCSs) were employed. 
Three-dimensional (3D) culture models, for instance, spheroids,32 have a better resemblance to the in vivo 
conditions in comparison to 2D models and can mimic tissues for ECM (such as collagen) production and 
cell-cell connections.33 BxPC-3 MCSs having a diameter of approximately 300 nm were constructed 
following the previously reported method.34 CLSM was employed for observing the penetration behavior, 
through Z-stack scanning with a 10 μm scanning step.  

The H-TiO2 and Col-H-TiO2 NPs were placed n various confocal plates that had been treated with or 
without the US. As shown in Figure 4, without the US, faint green fluorescence was observed from H-TiO2 
NPs at the edge of the MCSs, from 10 to 40 μm depth sections, where the Col-H-TiO2 NPs showed deeper 
penetrating ability, and at a scanning depth of 40 μm, the green fluorescence was even full in the Col-H-
TiO2 + US group. The results indicate that collagenase-free NPs were incapable of penetrating MCSs, 
however, following US irradiation of Col-H-TiO2, the released collagenase allowed for increased 
penetration, most likely due to the presence of dense ECM within tumor cells.   

    Assessment of the US imaging effect and tumor accumulation of Col-H-TiO2. 

Col-H-TiO2 performs the same function as contrast-enhanced ultrasound (CEUS) imaging. There was 
nearly no signal in the PBS group, while the echo signal intensity of NPs was significantly increased as the 
Ti concentration increased in vitro (Figure. 5b). Thus, the accumulation of NPs could be evaluated through 
CEUS, probably due to its hollow structure’s ability to contain gas. CEUS and inductively plasma-mass 
spectrometry (ICP-OES) were performed on pancreatic ductal adenocarcinoma (PDAC) PDX models to 
further validate the accumulation and biodistribution of the Col-H-TiO2 (Figure. 5c, 5d). Compared to H-
TiO2, the accumulation of Col-H-TiO2 was more sufficient 12 h after the injection, and the retention was 
significantly greater after 24 h. The tumor ICP-OES data also confirmed this result. These results showed 
that Col-H-TiO2 could function as an ultrasonic contrast agent for monitoring the treatment, and is capable 
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of degrading collagen fibers to increase the permeability and retention of the NPs into tissues in vivo, thereby 
effectively enhancing the SDT efficiency. 

 

Conclusions 
In conclusion, H-TiO2 adorned with collagenase was successfully synthesized to break through 

the stromal biological barrier and stimulate ROS production, which can accelerate tumor 
penetration synergistically and improve sonodynamic therapy of pancreatic cancers. This hollow 
shell structure not only improves drug loading but also provides more active sites by increasing 
specific surface area, thereby strengthening the catalytic action following US irradiation, and 
substantially enhancing SDT-induced ROS production. Furthermore, after US irradiation, the 
loaded collagenase in the TiO2 cavity may escape and act as a molecular scavenger, digesting 
collagen fibers. Col-H-TiO2 SDT can increase vascular density and decrease IFP in tumor centers, 
inducing cell death and necrosis, and exerting a clear therapeutic effect to destroy tumors without 
being constrained by the tumor ECM biology barrier. It is also a one-of-a-kind sonodynamic nano 
agent that can simultaneously visualize tumor penetration ability and monitor treatment in situ. As 
a result, this work provides a promising method for altering TME for the efficient treatment of 
clinical pancreatic cancer. 

 

Scheme 1. Schematic illustration mechanism of Col-H-TiO2 mediated SDT. 
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Figure 1. (a, b) TEM micrographs of H-TiO2 and Col-H-TiO2 (scale bar = 100nm); (c) Dynamic Light 
Scattering (DLS) measurements of H-TiO2 and Col-H-TiO2; (d) The elemental mappings of Ti and Si in H-
TiO2; (e) Collagenase standard curve by UV-Vis method as a function of mass concentration; (f) The UV–
vis spectra of Collagenase type-I (Col- I), H-TiO2, and Col-H-TiO2; (g) The collagenase release from Col-
H-TiO2 triggered by US irradiation (1.0 W/cm2, 1 MHz, 50% duty cycle, 1 min) in different time points (n 
= 3). 

 
Figure 2. Quantitative measurement of 1O2 (a, b), - OH (c), H2O2 (d) generation following TiO2 (12.5 μg/mL) 
and H-TiO2 (12.5 μg/mL) treatment after US irradiation (1.0 W/cm2, 1 MHz, 50% duty cycle, 1 min), n = 3 
(e) Intracellular ROS levels measured by the DCFH-DA probe. BxPC-3 cells were treated with PBS, TiO2, 
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Col-H-TiO2, H-TiO2 + US (1.0 MHz, 1 W/cm2, 1 min, 50% duty cycle), or Col-H-TiO2 + US (scale bar: 30 
μm).  

 
Figure 3. (a) The cell viability of various Ti concentrations of BxPC-3 cells; (b) The cell viability of 
different Ti concentrations of Huvec cells; (c) The cell viability of BxPC-3 cells after PBS, US, Col-TiO2, 
H-TiO2 + US, or Col-TiO2 + US treatment; (d, e) Flow cytometric analysis of necrosis and apoptosis of 
tumor cells following various treatments, n = 3; (f) Calcein-AM/PI staining of BxPC-3 cells following 
various treatments (Green and red indicate living and dead cells; scale bar = 200 µm). 
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Figure 4. CLSM images demonstrating the penetration of FITC-labeled H-TiO2 NPs and Col-H-TiO2 NPs 
in vitro in 3D-cultured BxPC-3 MCSs. The MCSs were incubated with H-TiO2 or Col-H-TiO2 with or 
without the US, measured using CLSM from the top to bottom with 10 μm per section (scale bar: 200μm). 

 
Figure 5. (a, b) Representative US images of various H-TiO2 concentrations and the signal intensity 
quantification; (c) CEUS imaging of H-TiO2 and Col-H-TiO2 delivery over time; (d) Ti biodistribution in 
the tumor following intravenous injection with H-TiO2 and Col-TiO2 for 4, 12, 24, and 48 H. Statistical 
significances were calculated via unpaired t-test (** p < 0.01, n = 3). 
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Introduction: 
Perfluorocarbons are capable of dissolving very large amounts of oxygen. This makes them a possible 

candidate for targeted oxygen delivery into hypoxic regions around bone fractures. As perfluorocarbons are 
insoluble in blood, they must be stabilised by a monolayer of an amphiphatic molecule (such as 
phospholipids) to form a nanodroplet. Sonication is the most common laboratory process for making 
nanodroplets with perfluorocarbons heavier than perfluorobutane. However, sonication is a very stochastic 
process and this can result in reduced repeatability. As the diameter of the nanodroplets will affect many of 
the nanodroplets’ characteristics, from the peak negative pressure required for acoustic droplet vaporisation 
to their ability to be detected by the immune system, optimising the repeatability of the sonication process 
is integral. In this work, a new sonicator set up was designed to allow for improved control over the 
sonication process. The tip height and perfluoropentane (PFP) concentration were then investigated in 
unison, in terms of their effect on nanodroplet size and size dispersity. 

 

Methods: 
To create the nanodroplets, a lipid film was first made. 1,2-distearoyl-sn-glycero-3phosphocholine 

(DSPC) and polyoxyethylene (40) stearate (PEG(40)s) solutions were made up to 31.6 mM and 4.89 mM 
concentrations respectively by dissolving the lipids in chloroform.The resulting mixture was left overnight 
in a fume hood to allow the chloroform to evaporate leaving a dry lipid film. The lipid film was rehydrated 
using phosphate buffered saline (PBS) to create a final lipid concentration of 4 mg/mL. The resulting 
solution was then homogenised by sonicating it continuously for 2.5 minutes at the 40% amplitude setting 
using a Model 120 Sonic Dismembrator with a 3.22 mm diameter sonicator tip.  

The concentration of perfluoropentane (PFP) added was investigated by keeping a constant volume of 
lipid solution (800 µl) with different volumes of PFP (120 µl, 80 µl, 40 µl, 20 µl,  10 µl, 0 µl). Given the 
PFP is more dense than the lipid solution, the height of the tip and the volume of PFP are variables that will 
affect each other. As such, each PFP concentration was tested against each tip height condition. This 
experiment was performed at tip heights of 2 mm, 5mm, 8 mm, 10 mm and 12 mm from the bottom of the 
Eppendorf tube. The lipid-PFP solution was then sonicated for 60 s total at 60% amplitude using a pulsed 
regime of 2 s on and 5 s off. This second sonication was performed in an ice-water bath to keep the 
temperature throughout the whole sonication below the boiling point of PFP (29 oC) The setup of the 
sonicator during the second sonication can be seen in Figure 1. These nanodroplets can be loaded with 
oxygen by placing them in a 100% oxygen atmosphere after sonication. 

To assess reproducibility, the nanodroplets were measured using nanoparticle tracking analysis (NTA) 
to determine the median, standard deviation and concentration of the particle size distribution as well as 
light microscopy to determine if larger nanodroplets were present. 
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Results: 
Both the tip height and the PFP concentration were found to have a significant contribution using a 2-

way ANOVA (P<0.0001). The PFP concentration appears to have a more significant influence on the 
median and standard deviation of the particle size distribution than the tip height. Below 40 µl of PFP, there 
is no clear difference between the values of the median or the standard deviation including the 0 µl group. 
Therefore, below 40 µl, there is no clear evidence of nanodroplets being formed instead of lipid micelles or 
other supramolecular structures. In general, increasing tip height led to a lower median diameter and 
standard deviation. The optimum values (median 156.4 nm and standard deviation 91.73 nm) for 
nanodroplet formulation were found to be 40 µl of PFP at a 12 mm tip height. 

 

Conclusions: 
The concentration of PFP has a very significant effect on the nanodroplet median and standard deviation. 

More PFP led to a larger size dispersity and larger average size of the nanodroplets. The tip height had less 
of an effect on the nanodroplets but did affect the relationship between the PFP concentration and 
nanodroplet size. For the purpose of delivering oxygen to bone, 40 µl of PFP and 12 mm tip height were 
found to be the optimum conditions. 

Figure 1. Sonicator setup designed as part of this work. The red water bath contains ice and water during 
sonication. The water bath is filled with ice and water and screwed down directly underneath the sonicator. 
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Introduction 
Gas-filled microbubbles (MB) are widely used as ultrasound (US) contrast agents. Recent research has 

also focused on their application as drug delivery formulations based on their US stimuli-responsiveness 
and established drug loading and bioconjugation routes [1,2]. While lipid-based soft-shelled MB are 
preferred for US imaging, polymer-based MB can outperform their lipid-based counterparts for drug 
delivery applications due to the higher drug loading capabilities of the polymeric shell [3]. Among the 
several poly(alkyl cyanoacrylate) (PACA) polymers used for MB synthesis,  poly(butyl cyanoacrylate) 
(PBCA) is most commonly employed, because of its biocompatibility and clinical application as a surgical 
glue for wound closure [4,5]. Because MB size, shape uniformity, and shell composition directly affect the 
drug loading capacity and US response of PACA MB, fine control over their morphology is required for 
improved diagnostic and therapeutic performance. Thus, a systematic evaluation of the impact of materials 
involved in PACA MB formation on MB morphology and properties is required. 

Surfactants and alkyl cyanoacrylate monomers are essential components for PACA MB synthesis. While 
surfactants reduce the gas-liquid interfacial tension, monomers participate in the polymerization reaction at 
the gas-liquid interface, resulting in MB formation [6]. Surfactant colloidal behavior depends on chemical 
structure, molecular weight (MW), and hydrophilic-lipophilic balance (HLB); however, the impact of these 
parameters on MB formation and functionality remains elusive. Moreover, while alkyl side chain length of 
the initial monomer impacts the elasticity of the resulting PACA chain [7], as shown for polymer films [8], 
its effect on MB synthesis parameters and MB functional properties remains unexplored. Here, we set out 
to study the effect of key component characteristics (chemical structure, MW, and HLB for surfactants, and 
alkyl side chain length of monomers) on the formation of PACA-based polymeric MB, as well as on their 
shell thickness, drug loading, and US responsiveness. 

 

Methods 
The effect of three surfactants of the Triton family and three surfactants of the Tween family on the 

synthesis and properties of PACA MB were evaluated. These surfactants were selected because they enable 
the formation of PBCA MB while showing opposite MW-HLB trends: HLB values increase and decrease 
with surfactant MW for Triton and Tween compounds, respectively (Figure 1a). PBCA MB were 
synthesized via anionic polymerization under high-speed stirring, where the number of surfactant and 
monomer molecules was kept constant for all samples (Figure 1b). 
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Figure 1. Surfactants to engineer MB properties. (a) Surfactants of the Triton and Tween families were used to 
synthesize PBCA MB to exploit their different MW-HLB trends. (b) Each MB sample was prepared with an equal amount 
of surfactant molecules (16.7 mM) via anionic polymerization of BCA under high-speed stirring. After purification, all 
samples were stored with the solution of the corresponding surfactant (0.3 mM). (c) Shell thickness, acoustic response, 
and drug loading capacity of the PBCA MB were characterized to investigate the impact of the properties of surfactants 
during the synthesis. 

 
To study the effect of alkyl side chain length of the monomer in the resulting polymeric MB, three alkyl 

cyanoacrylate monomers were selected: ECA, BCA and OCA. Those monomers were chosen based on the 
trend of lower polymer elasticity (referred to as glass transition temperature, Tg) with increasing alkyl side 
chain length (Figure 2a). PACA MB were synthesized by copolymerizing different alkyl cyanoacrylate 
monomers (i.e. ECA and BCA, BCA and BCA, or OCA and BCA) in the presence of Triton X-100, while 
keeping the total amount of monomers constant (Figure 2b). Butyl cyanoacrylate monomer was added to 
the synthesis of all samples because monopolymerization of ECA and OCA did not produce stable MB.  
 

 
 

 

 

 

 

 

Figure 2. Alkyl cyanoacrylate monomers to engineer MB properties. (a) Alkyl cyanoacrylate monomers with 
different akyl side chain length were used to synthesize PACA MB. During MB synthesis, an equal amount of ethyl, 
butyl, or octyl cyanoacrylate (ECA, BCA, and OCA, respectively) monomers (22 mM) was mixed with a constant amount 
of BCA (44 mM) for copolymerization. (b) Each MB sample was synthesized with an equal amount of Triton X-100 
surfactant via copolymerization of alkyl cyanoacrylate monomers (66 mM in total) under high-speed stirring. (c) The 
impact of monomers was evaluated by characterization of shell thickness, acoustic response, and drug loading capacity 
of the produced PACA MB. 

 

Results 
All produced MB samples displayed similar mean diameters upon flotation purification (between 2 – 3 

µm), allowing us to investigate the effect of key component characteristics on MB synthesis and the resulting 
MB functional properties.  

For Triton X and Tween-based agents, we observed that the shell thickness of PBCA MB increased with 
the MW of the surfactants (Figure 3a), while no clear trends were identified between MB properties and 
surfactant HLB values. MB with up to three-fold thicker shell were synthesized. PBCA MB with thicker 
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shells were capable to load higher amounts of Coumarin 6 as hydrophobic drug (Figure 3b) and reduced 
acoustic response in non-linear contrast (NLC) mode (Figure 3d) combined with showed higher acoustic 
stability (Figure 3e). US images of surfactant-tailored PBCA MB in NLC mode and acoustic power of 4% 
are presented in Figure 3c. The chemical structure of the surfactants also affected the resulting MB 
properties, since the Triton X-based samples had a larger proportion of smaller polymer chains than the 
Tween-based MB did, likely resulting in lower polymer entanglement, which may explain the enhanced 
drug loading and increased US contrast response of Triton X-based MB as compared to Tween-based MB. 
 

Figure 3. Surfactant- and monomer- tailored PACA MB properties of shell thickness, drug loading, and acoustic 
response. (a) Shell thickness measurements of PBCA MB produced using Triton X and Tween surfactants by CLSM 
images. (b) Numbers of drug molecules loaded into the shell per one MB (Ndrug/MB) of surfactant-tailored PBCA MB.  
(c) Representative NLC mode images for PBCA MB produced with Triton X and Tween surfactants at 4 % acoustic 
power. (d) Mean signal intensities of MB in NLC mode at the acoustic power of 4 % for samples produced with Triton 
X- and Tween- surfactants. (e) PBCA MB destruction at the acoustic power of 10 % for samples produced with Triton 
X- and Tween- surfactants. (f) Shell thickness measurements of PACA MB produced using monomers with different 
alkyl chain length by CLSM images. (g) Numbers of drug molecules loaded into the shell per one MB (Ndrug/MB) of 
monomer-tailored PACA MB. (h) Representative NLC mode images for PACA MB produced with alkyl cyanoacrylate 
monomers at 4 % acoustic power. (i) Mean signal intensities MB in NLC mode at the acoustic power of 4 % for samples 
produced with alkyl cyanoacrylate monomers. (j) PACA MB destruction at the acoustic power of 10 % for samples 
produced with alkyl cyanoacrylate monomers. Values represent mean ± standard deviation of three different batches of 
PACA MB, measured in triplicates. (*), and (***) indicate groups that are significantly different with p < 0.05, and p < 
0.001, respectively (one-way ANOVA with post hoc Tukey HSD test). 

 
For MB produced with different alkyl cyanoacrylate monomers, we observed that the shell thickness of 

PACA MB was the same for all samples (Figure 3f), while the increased concentration of MB produced 
with shortened side-chain monomers could indicate higher reactivity of the monomers. The introduction of 
extended alkyl side chain monomers resulted in higher drug loading capabilities, acoustic response, and 
acoustic stability of produced PACA MB, as demonstrated in Figures 3g, 3i and 3j, respectively. 
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Conclusions 
We identified the impact of surfactants and monomers on the formation and properties of PACA MB, 

including acoustic response, drug loading capablities and US-mediated destruction. These findings enable 
fine-tuning the properties of PACA MB and provide new opportunities for their applications as US-
responsive drug delivery systems and imaging agents. 
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Introduction  
Oncolytic viruses (OVs) are an emerging class of bio-therapeutics which selectively kill cancer [1]. The 

therapeutic response of intratumorally injected OVs is hampered by heterogeneous distribution. However 
intravenous delivery is inefficient since most of the viruses are neutralized by the complement and immune 
system, leading to a limited viral replication in the tumor. Numerous small molecules have been identified 
as viral sensitizers, they enhance virus replication as much as 1,000-fold in tumor cells. One of these 
molecules we named virus-sensitizers 1 (VS1) [2,3, unpublished data from our lab]. Furthermore, VS1 has 
hematological dose limiting toxicities. Thus, new strategies to target VS1 toward solid cancer and to avoid 
accumulation in platelets may be beneficial. In this work, we developed a targeted delivery approach using 
VS1 carrying lipid MBs (VS1LPMBs) and demonstrate that it improves OV therapy in vitro. 

Methods 
VS1-carrying lipid MB (VS1LPMB) were developed using a thin-film hydration mechanical vibration 

method. In brief, lipids (DPPC:DSPE:Hydro Egg PC; 60:20:20 mol%) and VS1 (2 mg) solubilized in 
chloroform were dried overnight and resuspended in ultrapure water at a concentration of 7.0 mg/mL. The 
hydrated solution was then capped with a head space of perfluorobutane and agitated for 45s with a Vialmix. 
MB count and size, morphology, and drug-loading were determined using electrical zone sensing (Beckman 
Multisizer 3), microscopy and high performance liquid chromatography (HPLC). We also assessed the 
stability of MB formulation at 4  ̊C for 6 h. The effect of VS1LPMB on OV replication and cytotoxicity 
were evaluated on 4T1 cells in 96 well plates (1×104 cells per well; N=6). MB destruction was obtained 
using the burst-mode on a Acuson Sequoia scanner (15L8, CPS7, Burst MI=1.9). US was applied through 
the cover plate using coupling gel. A total of 45 bursts were given per well and MB destruction was 
confirmed by imaging. Four hours later, 4T1 cells were infected with fluorescent-OV (VSVd51-YFP) for 
24h at 0.1 multiplicity of infection (MOI). After 24 h, OV replication and cell viability were quantified using 
fluorescence microscopy and Coomassie blue staining, respectively. Statistical analysis was performed 
using GraphPad Prism 8 (Version 8.0.2) software.  

Results 
For VS1LPMBs, drug loading was 12-15 µg of VS1 per 1 x 108  MB with average size 1.59 ± 0.79 µm. 

VS1LPMBs were acoustically active and could be burst by US. VS1LPMBs were stable (>85 % MB) at 
4°C for at least 6 h,which confirms its storage stability on ice for future in-vivo experiments. VS1LPMB 
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significantly increased OV replication by 2.5 times at 0.5 µM and 1.5 times at 0.2 µM compared to 
BlankMB. This was corroborated by an increase in viral titers at 0.2 µM and 1 µM. Finally, cell viability 
decreased in the VS1LPMB group at 5 µM (p<0.05) (Figure 1B), which was corroborated by detached and 
rounded cells at  5 µM in brightfiled microscopy (Figure 2). All this data supports that VS1 can be delivered 
using MB+US. 

Conclusions 
In this work, we demonstrate that MB can be used to deliver OV sensitizing drugs to cells in vitro. In vivo, 
targeted delivery of OV sensitizing drugs is expected to enhance OV replication in sonicated tumors, 
potentially allowing intravenous administration of OV therapy.   

Figure 1. VS1 loaded Microbubbels (VS1LPMB) enhances Vascular stomatitis virus (VSVd51-YFP; MOI: 
0.1) replication and cytotoxicity in mouse breast cancer cells (4T1): (A) Virus replication, (B) Cell viability 
of 4T1 cells using Coomassie blue staining. *p<0.05; Statistical analysis was performed using Mann-
Whitney test. 
 

Figure 2. Representative micrographs: Morphologic changes in 4T1 cells treated by VS1LPMB or 
BlankMB with ultrasound followed by VSV (VSVd51-YFP; MOI: 0.1) at 24 h. 
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Introduction 

The combination of focused ultrasound and microbubbles can be used to temporarily and non-invasively 
alter the permeability of the blood-brain barrier for the purposes of targeted drug delivery. This has 
tremendous potential for applications in diseases ranging from brain cancer to neurocognitive disorders. 
While focused ultrasound and microbubbles can help deliver molecules and particles beyond the vascular 
barrier, the therapeutics must then contend with a variety of clearance mechanisms which reduce therapeutic 
exposure.  

With first-in-human trials demonstrating safe blood-brain barrier disruption, attention has turned to 
mechanisms for retaining drugs in the brain for sustained delivery. Chemically reactive drug depots which 
utilize complimentary click chemistry pairs have been evaluated as a system to capture systemically 
administered compounds and release them locally over time [1]. Evaluations against experimental cancer 
demonstrate that this can reduce off-target toxicities and improve tumor control. The present study evaluates 
the use of focused ultrasound to deliver a reactive fluorophore to a depot in the murine brain to extend 
retention beyond the ability of focused ultrasound alone. 

Methods 
Animals (n=8) were implanted with a 2 µL injection of STP-Azide into one hemisphere of the brain, 

and received a complimentary injection of phosphate buffered saline in the contralateral hemisphere. After 
animals were allowed to heal for 3 weeks, animals received an infusion of Cy5-DBCO and microbubbles, 
and were treated with 1 MHz focused ultrasound in an alternating grid pattern to temporarily increase the 
permeability of the blood brain barrier and deliver Cy5-DBCO to both hemispheres. After 1 week, animals 
were perfused and imaged via ex-vivo fluorescence imaging. 

Results 

Experiments in healthy animals without STP-Azide depots demonstrated that fluorescence of ex-vivo 
brain specimens in the Cy5-DBCO channel did not increase significantly from animals receiving no 
injection, suggesting Cy5-DBCO is unable to cross the blood-brain barrier without focused ultrasound. 
Significant extravasation and retention of Cy5-DBCO was observed following ultrasound-mediated 
disruption, but retained fluorescence returned to control levels within 7 days following ultrasound treatment. 
Combining ultrasound with STP-Azide depots significantly enhanced fluorescence retention at 7 days 
compared to contralateral hemisphere which received sham depots and ultrasound (p = 0.0029).  

 
Figure 1. Reactive drug depots in the brain filled non-invasively with focused ultrasound extend the 

local residence of systemically administered compounds. 

Depot + Cy5-DBCO + US Depot + Cy5 -DBCO
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Conclusions 
We have demonstrated that a model drug fluorophore which does not cross the blood-brain barrier 

natively can be delivered to, and captured by, intracranial drug reservoirs, which significantly extends the 
presence of fluorecence in the brain. Focused ultrasound-mediated delivery alone in the contrralateral 
hemisphere was insufficient to retain fluorescence. In conclusion, the utility of click reactive reloadable 
drug depots can be extended to the brain with focused ultrasound. 
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Introduction 
Sonoporation describes the creation of pores in cells by ultrasound (US), often in combination with 

microbubbles (MB). These pores can occur reversible or irreversible either in the cell membrane of a single 
cell or in the cell layer by opening cell-cell contacts [1],[2]. Lipid-based soft shell MB are frequently used 
for this purpose as a strong stable cavitation can be induced at mild US intensities and they burst when 
exposed to more harsh US intensities. In comparison, hard shell MB show a weaker stable oscillation as the 
shell is less flexible causing MB bursting at lower US intensities [2],[3]. The bursting causes microjets 
triggering the sonoporation effect [1],[3]. This study evaluates suitable US parameters for the application of 
hard shell poly(n-butyl cyanoacrylate) (PBCA) MB to induce opening of cell membranes or cell-cell 
contacts.  

Methods 
Epithelial Madin-Darby canine kidney (MDCK) cells were seeded on cell culture transwell inserts from 

the bottom side. MB (2x107) were added from below to allow direct contact to the cells. Focused US at 
1 MHz (PRF: 2 kHz) was applied for 2 s from below with acoustic pressures between 300 and 4000 kPa 
(Fig. 1 & 2). Control groups (n=3) were treated equally as the treatment groups (n=3), but without MB. Cell 
membrane opening was investigated by propidium iodide (PI) uptake, as it can not pass an intact cell 
membrane [4]. Additionally, the cytoplasm of intact cells was stained with fluorescein diacetate (FDA). To 
evaluate pore resealing, both dyes (PI and FDA) were added to the cells 15 min after treatment. For both 
experiments, dye uptake was detected using fluorescence microscopy and quantified via the software Fiji. 
The presence of FDA and absence of PI confirmed resealed membrane pores. Opening of cell-cell contacts 
was monitored by transepithelial electrical resistance (TEER) measurements. The TEER was compared 
before and directly after US exposure in the treatment (US-MB; n=3) and control group (US, no MB; n=3) 
using an EVOM2 device with a STX2 electrode. 

Results 
US-MB treated groups showed higher uptake of PI in comparison to the control group (US, no MB) 

independently of the applied acoustic pressure (Fig 1 A). PI/FDA staining 15 min after treatment (US-MB/ 
US no MB) could prove the resealing of the cell membrane within this time after treatment (Fig 1 D). 
Independent of the US intensity, the TEER values decreased after US-MB treatment, pointing to an opening 
of cell-cell-contacts (Fig. 2). Except the 300 kPa group, no significant decrease of TEER before and after 
treatment could be proven.  

Conclusions 
Sonoporation with hard shell PBCA-MB induces temporary pores in the cell membrane and disrupts 

intercellular contacts indicated by PI/ FDA uptake and TEER, respectively, already at low US intensities. 
We hypothesized that the maximal effect of sonoporation was already induced at 300 kPa. As a next step, 
we will evaluate whether similar sonoporation effects can be induced by using soft shell MB with the same 
US settings. Finally, we will investigate the effects of the most promising sonoporation parameteres on the 
accumulation of different drug delivery systems in tumors.  
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Figure 1: A: Area fraction (mean +SD) of PI uptake into cells of the US-MB treated (n=3) and control 
groups (US, no MB) (n=3) showing more PI uptake in the treatment group with a significant difference in the 
1500 kPa group (p≤ 0.05). B and C: PI and FDA staining of MDCK cells visualizing PI uptake in US-MB treated 

(B) and PI absence in the control group (US, no MB) (C). D: Cellular uptake of FDA (mean + SD) for US-MB 
treated (n=3) and control groups (US, no MB) (n=3) proves pore resealing in all groups 15 minutes after 

exposure to the respective treatment. ( * p ≤ 0.05; ns: not signifcant) 

Figure 2: TEER (mean + SD) of the US-MB treated group (n=3) and control group (US, no MB) (n=3) 
before (b) and after (a) respective treatment showing the reduction of TEER after US-MB treatment significant 

for the 300 kPa group (p≤ 0.05) demonstrating the opening of cell-cell contacts. For the 300 kPa group and 
1000 kPa group also a significant difference between US-MB treated and control group after respective 

treatment is determined with p≤ 0.01 and p≤ 0.05, respectively. ( * p ≤ 0.05; ** p ≤ 0.01; ns: not signifcant)  

References 
[1]. [1] A. Escoffre, Jean-Michel; Bouakaz, Therapeutic Ultrasound (Overview), vol. 880. 2016. [Online]. Available: 

http://www.springer.com/series/5584 
[2].  [2] P. Frinking, T. Segers, Y. Luan, and F. Tranquart, “Three Decades of Ultrasound Contrast Agents: A Review 

of the Past, Present and Future Improvements,” Ultrasound Med. Biol., vol. 46, no. 4, pp. 892–908, 2020, doi: 
10.1016/j.ultrasmedbio.2019.12.008. 

[3]. [3] V. Paefgen, D. Doleschel, and F. Kiessling, “Evolution of contrast agents for ultrasound imaging and 
ultrasound-mediated drug delivery,” Front. Pharmacol., vol. 6, no. SEP, pp. 1–16, 2015, doi: 
10.3389/fphar.2015.00197. 

[4]. [4] Y. Hu, J. M. F. Wan, and A. C. H. Yu, “Membrane Perforation and Recovery Dynamics in Microbubble-
Mediated Sonoporation,” Ultrasound Med. Biol., vol. 39, no. 12, pp. 2393–2405, 2013, doi: 
10.1016/j.ultrasmedbio.2013.08.003. 

The 28th European symposium on Ultrasound Contrast Imaging 
---------------------------------------------------------------------------

226



Direct Electrophysiological Response of Human Brain 
Endothelial Cell mediated by Ultrasound and Microbubbles 

Jifan Chen1-2, Jean-Michel Escoffre2, Oliver Romito3, Christophe Vendier3, Pintong Huang1, 
Ayache Bouakaz2 

 
1 Department of Ultrasound in Medicine, The Second Affiliated Hospital of Zhejiang University, School 

of Medicine, Zhejiang University, Zhejiang, China. 
2 Inserm UMR 1253, iBrain, Université de Tours, Inserm, Tours, France.  
3 Inserm UMR 1069 Nutrition, Croissance et Cancer, Faculté de Médecine, Université de Tours F-

37032, France, Réseau Molécules Marines, Métabolisme et Cancer and Réseau CASTOR Ganceropole 
Grand Ouest, France. 

Corresponding author: ayache.bouakaz@univ-tours.fr, huangpintong@zju.edu.cn 

Introduction 
The bubble-cell mechanical iteraction will cause physiological endothelial cell response directly [1]. 

The pore formation on the cell plasma membrane caused by US+MBs can be ascribed to a mechanical 
interaction from microbubble stable cavitation which push and pull the cell membrane directly. Thanks to 
the transient pore formation, intra- and extra-cellular ions can exchange based on the concentration gradient, 
which can be a reasonable hypothesis to explain US+MBs induced blood-brain barrier opening. 

Methods 

Patch-clamp technique was used to monitor the modification of the cell potential properties as induced 
by ultrasound-activated microbubbles. A custom device [2] was established for performing the patch-clamp 
experiment. Our study used the patch-clamp in the whole-cell configuration. An inverted microscope was 
used on an antivibration table. Human brain endothelial cells were placed into 35-mm culture dishes for 
electrophysiological analyses at 1500 cells/cm2. The standard bath solution and pipette solutions were 
prepared. 

Results 
An ultrasound and patch-clamp combination device was apllied to stimulate human brain endothelial 

cells using US+MBs in a whole-cell configuration. The electrical signals were recorded and then post-
processed to remove the background noises. (Figure 1A, B&C) As shown in Figure 1D, with the presence 
of MBs, the whole cell hyperpolarization (outflow of whole-cell current) appeared with US irradiation and 
the cellular potentials recovered to baseline when US was turned off. 

Conclusions 
Using in-vitro BBB model, the study showed that US and MBs induce a cascade of electrophysiolocal 

events where the cell membrane first undergoes hyperpolarization and then ion exchange beteen the medium 
and the cell.  
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Figure 1. The patch-clamp signal and data-postprocess. (A) Original Electrical Signal (B) Frequency 

spectrum from -50 to 50Hz (C) Frequency spectrum from -5 to 5 Hz (D) The actual signal extract after 
removing the background noise. 
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Introduction 
The cell membrane is a major barrier to intracellular mRNA delivery [1]. Sonotransfection using 

microbubbles (MB) provides a promising platform capable of inducing pore formation on cell membranes 
to enable the passage of payload [2]. Enormous efforts have been made to optimize the potential of 
ultrasound-mediated gene delivery using various types of MB in cell culture and in vivo studies [3]. 
Unfortunately, defining the most appropriate acoustic parameters is challenging because of the wide range 
of possible variations and the need to closely match the MB's physicochemical properties. Furthermore, 
whether the mRNA-containing carrier needs to be applied separately to the MB (co-administration) or higher 
efficiency can be achieved by attaching the carrier to the MB (co-formulation) is incompletely understood.  
Herein, we hypothesized that we could improve the mRNA delivery efficacy by sonotransfection using poly 
(n-butyl cyanoacrylate) (PBCA) MB. Both, synergistic effects of MB and mRNA-loaded lipoplexes (co-
formulation and co-administration approach) in sonotransfection were systematically evaluated in breast 
cancer cells.  

Methods 
Murine breast cancer cells (4T1) were cultured on the basolateral membrane of transwell cell inserts 

(Fig. 1A). They were exposed to focused ultrasound (fUS) at a frequency of 1 MHz and a pulse repetition 
frequency of 20 kHz. The mCherry mRNA (mDsRed) was used as a reporter gene. Firstly, we evaluated the 
lipofectamineTM3000 mediated mRNA transfection efficiency at different acoustic pressures (100, 200, 300, 
400 kPa) and exposure times (1, 5, 10, 30, 60 seconds) by measuring the expression of DsRed using 
fluorescence microscopy. The number of transfected cells was counted by the CellProfilerTM software. 
Secondly, we compared the transfection efficiency of the co-administration and co-formulation approaches 
using mRNA-loaded DOTAP/DOPE liposomes (lipoplexes) and PBCA MB (Fig. 1 C, D). To achieve this, 
4T1 cells were treated with lipoplexes only, co-administration, or co-formulation approach with or without 
fUS at 400 kPa for 1 s. DsRed expression was again quantified via fluorescence microscpy. 

Results 
At 200, 300, and 400 kPa fUS, PBCA MB enhanced the mRNA transfection significantly compared to 

fUS only. The highest transfection efficiency without significantly decreasing cell viability was achieved at 
400 kPa for 1s (Fig. 1B). Therefore, this setting was applied for all following experiments. The mRNA 
delivery efficacy was significantly enhanced by both approaches, co-administration, and co-formulation in 
presence of fUS. In this regard, the co-formulation approach showed a higher dependency of the transfection 
on the application of fUS, whereas the co-administration approach presented with the highest transfection 
efficiency (Fig. 1E, F).  

Conclusions 
 PBCA MB can be used as a potential enhancer of transfection efficacy. Compared to liposomal 

transfection, co-administration in combination with fUS can significantly improve mRNA delivery. 
Furthermore, our in vitro results indicate that a more fUS dependent transfection can be achieved in a co-
formulation approach, which higher efficacy can be achieved by co-administration. This can be 
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therapeutically important as for some therapeutic genes off site transfection needs to be strongly avoided 
while for others maximizing the degree of transfection is decicive for the therapeutic outcome. However, 
whether these findings also hold true in vivo still needs to be evaluated. 

 
 
Figure 1. (A) Illustration of the in vitro setting for sonotransfection. (B) Transfection efficiency of mCherry 
mRNA using LipofectamineTM3000 under different negative acoustic pressures and sonication times. Data 
are represented as mean ± SD. *p<0.05, **p<0.01. (C) Fluorescent images of MB and lipoplex-conjugated 
MB (600×, scale bar = 5 µm). MB were pre-dyed with rhodamine (in green), while the lipoplexes were 
loaded with Cyanine 5 (Cy5, in red). (D) Formulations of Cy5 lipoplexes only (left), Cy5-lipoplexes mixed 
with MB (flowted to the top, middle), and Cy5 lipoplexes coupled to MB (right). (E) Representative 
fluorescence microscopy images of 4T1 cells transfected with mCherry mRNA using lipoplexes only 
(DOTAP/DOPE), co-administration of lipoplexes and MB, and the co-formulation approach with and 
without fUS (100×, scale bar = 5 µm). (F) Quantification of the transfection efficiency of 4T1 cells using 
the previously mentioned settings. The best transfection specificity could be detected for the co-formulation 
approach, whereas the co-administration approach with fUS presents the highest efficiency. *p<0.05, 
**p<0.01. 
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Introduction  
Microbubble-assisted ultrasound (also termed sonoporation) increases the permeability of  biological 

barriers (e.g., plasma membrane, blood-tumor barriers, blood-brain barrier, etc.) to therapeutic molecules 
[1]. The permeabilization of the round window membrane (RWM) using this drug delivery method could 
increase the intracochlear bioavailability of corticoids or antibiotics in order to treat hearing diseases (e.g., 
infection, inflammation, etc.). The present study aims to assess the safety of a sonoporation protocol to 
permeabilize the RWM [2] in a sheep model. To achieve this objective, we assessed auditory function, 
cochlear heating and analyzed metabolomics profiles of perilymph and plasma. 

 

Methods 
Six normal-hearing ewes were recruited, with one sonoporation and one control ear for each ewe. 

Mastoidectomy was performed on both ears. On the sonoporation side, Vevo MicroMarker® microbubbbles 
at a concentration of 2x108 MB/mL were locally injected into the middle ear, and exposed to 1.1 MHz 
sinusoidal ultrasonic waves, at 0.3 MPa negative peak pressure with 40% duty cycle and 100 μs interpulse 
period for 1 min, repeated thrice with a time interval of 1 min. Then, we assessed 1) the auditory function 
by measuring auditory brainstem responses, with a stimulation via B71W bone transducer and responses 
recorded via subcutaneous needle electrodes; 2) the cochlear heating using a thermal probe which was 
placed in contact with the promontory; and 3) metabolomics profiles of perilymph and plasma using Liquid 
Chromatography – High Resolution Mass Spectrometry (LC-HRMS). The auditory function and cochlear 
heating were measured before and after sonoporation and compared to the control ear for each ewe. 
Metabolomics analysis [3] of plasma was performed on samples collected before and after sonoporation 
while those of perilymph were made on samples collected of sonoporated and control ears at the end of the 
sonoporation procedure. 

 

Results 
The sonoporation protocol did not induce any hearing impairment (Fig. 1) or toxic overheating 

compared to the control condition. The metabolomic analysis did not reveal any significant metabolomic 
difference between perilymph samples of sonoporation and control conditions. However, this analysis 
showed stress and energy consumption pathways in plasma, which can be attributed to the surgery and 
general anesthesia.  
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Figure 1. Representative measurement of bone conduction ABR with sonoporation side (right) before 
sonoporation (A), after sonoporation (B) and control side (left) (C). Waves IV are clearly distinguishable and not 

modified by sonoporation. 

 

Conclusions 
In conclusion, our sonoporation protocol of the RWM is applicable to a sheep model without inducing 

damage to the inner ear.  
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Introduction   
Drug delivery to the brain is severely limited by the blood brain barrier (BBB) [1]. The combination of 

focused ultrasound (FUS) and microbubbles (MBs) has been shown to non-invasively and reversibly open 
the BBB by reducing vascular integrity both transcellularly and paracellularly [2, 3, 4]. However, the 
detailed mechanisms of permeabilization are not yet fully understood and concerns have been raised about 
adverse bioeffects. The aim of this study was to investigate, in real time, the effect of MB distribution and 
dynamics on cell-cell contacts in a primary brain endothelial model in response to FUS exposure; and to 
compare these effects to the cells’ response to non-mechanical stimuli which induce BBB opening.  
  

Methods  
MBs were produced by probe sonication, using the same constituents as Definity (not currently 

commercially available in the UK). 1,2-dipalm itoyl-sn-glycero-3-phosphocholine (DPPC, 25 mg/mL in 
chloroform), 1,2-dipalmitoyl-sn-glycero-3-phosphate (DPPA, 25 mg/mL in chloroform) and 1,2-distearoyl-
snglycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-5000] (DSPE-PEG5K, powder form) 
were combined at a molar ratio of 8:1:1 to form MB films, then resuspended and sonicated in a 
perfluorocarbon atmosphere to form MBs.  Brain microvasculature endothelial cells (BMVECs) were used 
between passages 3-5. To visualise real time changes in cell-cell contact, which is responsible for 
maintaining BBB membrane integrity, adherens junction protein VE-Cadherin were tagged with green 
fluorescence protein (GFP). 

In a custom-built ultrasound exposure tank (Fig. 1, 2a), the BMVEC coated coverslip was placed with 
the cells facing down immersed in phosphate buffered saline (PBS) at 37 degrees, and at the centre of the 
optical and acoustic focal regions. MBs were injected under the cells and allowed to rise so that they were 
in contact with cells and could be detected optically and acoustically. An iCCD camera (Teledyne Princeton 
Instruments PI-MAX 4) was used to capture fluorescent images of the cells 30 seconds before ultrasound 
exposure, during, and then again after exposure for 10 minutes to enable any cell responses to be observed. 
Images were also captured for cells exposed to US only, MBs only and D-mannitol, which is a hyperosmotic 
agent used for BBB opening. The changes in cell-cell contact were quantified as shown in Fig. 3a.  For 
treatment group frames, an additional mask for microbubble tracking was applied to monitor changes in 
microbubble concentration and distribution over time, which was then overlaid on the change of gap area to 
assess causative/correlative effects on cell-cell contacts. US exposure conditions were chosen based on 
existing literature for BBB opening using FUS + MBs: 0.5 MHz centre frequency, 0.17 MPa pp, 25 Hz 
pulse repetition frequency, 10 US cycles per pulse, for 2 minutes. A 3.5 MHz single element transducer was 
also used to capture acoustic emissions during treatment (Panametrics V301, 40mm focus). 
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Results  
 
 

As shown in Fig.3b there was a ~190% increase in the relative change in intercellular area over time 
during exposure to FUS in the presence of MBs, compared to the pre-treatment images. This was 
substantially larger than in both negative controls (MB only: 2%, US only: 7%); and the positive control, 
D-mannitol: 32%. Furthermore, the relative change appears to be correlated with the total number of MBs 
in the field of view over time (Fig 3c). Qualitatively, the regions of maximum cell-cell opening appear to 
coincide with MB locations. Further analysis is needed to determine whether the duration of MB exposure 
is correlated to the degree of cell-cell opening and whether the type of microbubble dynamics affects the 
process. Repeating the experiment in a 3-dimensional cell model is also critical to determine whether the 
same degree of cell-cell opening is observed. PCD data confirms non-linear oscillations of MBs without 
broadband noise. 
  

Conclusions  
Exposure of BMVECs to FUS and MB was seen to promote an increase in paracellular changes, 

specifically cell-cell contacts, as observed by GFP signals tagged to VE-Cadherin. This change was 
substantially different from that seen in unexposed cells, or cells exposed to FUS or MB alone. 
Increase in the time MBs spent in proximity of cells during US exposure increased the change in 
intracellular area which suggested cell-cell opening was initiated by close contact with oscillating 
MB. These results imply that paracellular transport is an important component of BBB 
permeabilization. Further work is needed to understand whether there are any long-term effects of 
these cellular responses. 

  
  

  
 

Figure 1. Ultrasound exposure tank and cameras setup. Light source, cameras and ultrasound 
components are synchronized to minimise phototoxicity, photobleaching, and to ensure all real time changes 
of MB dynamics and cell-cell contacts are captured.  

  

The 28th European symposium on Ultrasound Contrast Imaging 
---------------------------------------------------------------------------

235



  
 

Figure 2. Schematics of the ultrasound exposure tank and experimental timeline. (a) 3D rendering of 
the US exposure tank showing relative positioning of transducer mounted to backing plate, PCD in the 
corner, and illumination window directly below US focus. (b) Timeline showing reagent addition and 
ultrasound onset. (c) Frontal view of US exposure tank showing position of cells on an inverted glass slide 
and MBs resting on the same plane.   

 

  
Figure 3. Data analysis and results. (a) Representative iCCD image (left), with visible intercellular 

cleft masked in pink, which is extracted for every frame (right, selective frames shown due to limited space). 
(b) Relative change in intercellular cleft area normalized to initial frame per group, over 120 second 
treatment period +/- US. (b) Number of MBs in FOV over 120 second treatment period, for 2 runs with MB 
+ FUS, and (c) the corresponding relative change in intercellular cleft area, with MB only control group 
shown as a reference.   
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Introduction 
The blood brain barrier (BBB) poses a significant challenge for deliverying drugs to the brain. 

Ultrasound-targeted microbubble cavitation (UTMC) is being explored as a technique to transiently open 
the BBB, and pre-clinical studies have shown that UTMC-mediated BBB opening increases drug delivery 
to the brain. Phase I and II clinical trials for UTMC-mediated BBB opening in patients are ongoing, yet 
the underlying mechanisms are incompletely understood. We previously developed a contact co-culture 
transwell model of the BBB to study the mechanisms underlying BBB hyperpermeability after UTMC and 
determined that the hyperpermeability is mediated through an influx of calcium. Activation of RhoA is 
calcium dependent, can lead to actin cytoskeletal reorganization, and ultimately to heightened paracellular 
permeability. Thus, we sought to test the hypothesis that UTMC activation of RhoA leads to BBB 
hyperpermeability. 

Methods 
We utilized a transwell model with murine brain endothelial cells (bEnd.3) on the abluminal and 

murine C8-D1A astrocytes on luminal side of a 1.0 µm transwell support membrance. In-house lipid 
microbubbles (MB; mean size 3.0 µm) were added at a 3:1 MB to endothelial cell ratio before applying 
pulsed ultrasound (1 MHz, 250 kPa, 10 µs pulse duration, 10 ms pulse interval) for 20 s. Prior to the 
UTMC treatment, cells were incubated with Rho inhibitor II (Y16; 50 µM) or vehicle (water) for one hour 
at 37˚C. Cells were stained with Hoechst 33342 (nucleus), propidium iodide (sonoporation), and calcein-
AM (viability). Endothelial barrier function was assessed using two metrics: transendothelial electrical 
resistance (TEER) and permeability using 10 kDa Texas Red dextran as a model drug. Differences 
between vehicle and Y16 treament groups were compared using unpaired 2-tailed t-test. For multiple 
group comparison, one way ANOVA with correction of mutliple comparison post-hoc t-testing was 
performed. Significance was defined as p<0.05. 

Results 
After incubation with Y16, there was no difference in endothelial cell death or viably sonoporated 

endothelial cells compared to vehicle. Compared to no UTMC, UTMC increased dextran flux across the 
endothelial barrier from 15 to 60 minutes in the vehicle treatment. Without UTMC, there was no 
difference in dextran flux between Y16 and vehicle. After UTMC, there was less dextran flux at 30 and 60 
minutes in the Y16 treatment compared to vehicle (Figure 1A). In the vehicle treatment, there was a 
decrease in TEER two minutes after UTMC that remained decreased for at least 60 minutes (Figure 1B).  
In the Y16 treatment group, TEER did not change after UTMC (Figure 1B). 

Conclusions 
We developed a contact co-culture model of the BBB that simulates hyperpermeability after 

UTMC. RhoA inhibition decreased UTMC-induced endothelial hyperpermeability. Future studies will 
explore how the downstream signaling of RhoA leads to changes in BBB hyperpermeability after UTMC. 
Understanding the mechanims mediating BBB hyperpermeability after UTMC should facilitate the 
development of UTMC as a drug delivery strategy for the treatment of neurologic diseases. 
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Figure 1. Inhibiting RhoA decreased UTMC mediated BBB hypermeability. Data represents mean ± 
SD (n=3-6). * p<0.05. (A) There was a decrease in 10 kDa Texas Red dextran flux across the endothelial 
barrier at 30 and 60 minutes in the Y16 treatment compared to vehicle after UTMC. (B) After UTMC, 
there was a decrease in TEER two minutes after UTMC that remained decreased for at least 60 minutes in 
the vehicle. In the Y16 treatment group, the change in TEER after UTMC was attenuated. 
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Introduction 
The delivery of drugs to diseased tissue is often hindered by the vessel wall. Local vascular 

permeability enhancement to improve drug delivery can be induced using microbubbles (MBs) which 
oscillate upon ultrasound (US) insonification [1]. However, more insight into the mechanism and the most 
efficient US pulsing scheme is needed to optimize microbubble-mediated drug delivery. A vessel-on-a-chip 
model, which can be grown in the OrganoPlate® 3-lane 40 (Mimetas B.V., Leiden, NL), provides the 
possibility to grow an advanced membrane-free model in which transcellular drug delivery can be 
investigated. Previously, we have reported a proof-of-concept, using this vessel-on-a-chip model to 
investigate the relationship between vascular permeability increase and treatment with MBs and US 
pressures with different pressures and cycle lengths. US pressure of 350 kPa Peak Negative Pressure (PNP) 
at 10×1000 cycles and 480 kPa PNP at 10×10 or 10×1000 cycle length pulses showed significant increases 
in permeability compared to control conditions within ~45 min after US treatment. Furthermore, at 350 and 
480 kPa PNP, we showed a significant increase in sonoporation in the 10×1000 cycles groups whereas this 
was not seen in the 10×10 cycles group [2]. In the present study, the aim was to investigate the leakage 
pattern within the first 5 min upon US treatment in more detail. Furthermore, we investigated whether the 
MB and US treatment affected the cell viability within the vessels. 

Methods 
A confluent 3D microvascular tube (300×220×2200 µm) with perfusable lumen was grown by 

loading collagen I matrix gel in the OrganoPlate® 3-lane 40. The inside of the tube was coated using 
fibronectin after which Human Microvascular Endothelial Cells (HMEC) were seeded and cultured for four 
days under flow. DSPC-based MBs with a C4F10 gas core were produced by probe sonication and targeted 
towards the angiogenic marker αvβ3 as previously described [3]. The microvessels were treated with MBs 
and 2 MHz US pulses of 10×10 or 10×1000 cycles and pressures ranging from 55-480 kPa (PNP). Control 
microvessels were either non-treated (sham), treated with MBs only, or treated with US only (2 MHz, 480 
kPa PNP and 10×10 or 10×1000 cycles). The 10 ultrasound pulses were delivered every 3 s over a time 
period of 30 s. The leakage through the vessel wall was assessed with a Barrier Integrity (BI) assay using a 
150 kDa FITC-dextran green fluorescent dye [2]. Initial state leakage was assessed for 45 min using 
fluorescence microscopy imaging (4× air objective, DS-Fi3 colour camera, Nikon Instruments). After the 
initial state, US treatment was performed directly followed by time-lapse imaging (12 frames/min) for 5 
min. After time-lapse imaging, the vessels were imaged for another ~45 min with a frame interval of ~10 
min. Leakage curves were made by dividing the intensity outside the vessel by the intensity inside the vessel 
using MATLAB. Furthermore, to assess the pattern of the leakage, a spatial leakage distribution was made 
by combining the FITC-dextran signal increase per frame of the time-lapse imaging. Finally, cell viability 
was assessed using a WST-8 chromatography assay. Cell free tubes and vessels with dead cells were 
included as a negative and positive control. 
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Results 

 Figure 1A and B represent the BI leakage data of four representative conditions. The time-lapse 
imaging during the first 5 min after US treatment (Fig. 1A, B) shows a clear increase in leakage directly 
upon treatment for the 350 and 480 kPa 10×1000 cycles groups, albeit that the increase was larger in the 
480 kPa than 350 kPa group. For the 480 kPa 10×10 cycles group, hardly any leakage increase could be 
observed during the first 5 min after US treatment (Fig. 1A, B) while a clear increase can be seen ~25 min 
after US treatment (Fig. 1A). The plateau of the 10×1000 cycles with MBs groups approached 100% 
whereas the 480 kPa 10×10 cycles vessel plateaued at ~70%, indicating that the barrier loss was less with 
the short cycles treatment. Sham (Fig. 1A, B) vessels did not show a clear increase in leakage. The spatial 
leakage distribution of the vessels from figure 1A&B show that the leakage increase was unevenly 
distributed over the vessel with higher leakage into some regions compared with others (Fig. 1C). This 
suggests that some parts of the vessel were more affected by the treatment than others. Further analysis of 
the sonoporation and MB movement profiles could potentially explain the observed differences. Finally, 
cell viability was assessed to see whether this could explain the observed differences in leakage (Fig. 1D). 
There were no significant differences between the MB- and US-treated vessels and the sham condition, 
while all vessels showed significantly higher viability compared to the positive and negative control. 

Conclusion 

The 350-480 kPa and 10×1000 cycles US treatment induced an earlier onset and more vascular 
leakage compared with the 10×10 cycles group. Furthermore, the vessel seemed to be only partially affected 
as the leakage only occurred in certain regions. These findings illustrate that the vessel responded differently 
depending on the US settings. Finally, the US- and MB-treatment did not affect the cell viability within the 
vessels. These results underline the importance of determining the correct US pulsing scheme for future 
microbubble-mediated drug delivery treatments. 

Figure 1: A) Quantification of the leakage during the BI assay with the 5-min time-lapse imaging shown in the red dashed rectangle. 
B) Zoom-in on the leakage quantification during the 5-min time-lapse imaging directly after the last US pulse treatment. C) Spatial 
leakage distribution during the 5-min. time-lapse imaging of the same vessels as in figure A & B. Part of the vessel channel is 
outlined with white dotted lines. D) Cell viability quantification in which higher absorbance indicates more viable cells. Significance 
shown with *p< 0.05. Bar graph showing standard deviation with whiskers. 
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Introduction 
The application of rapid short-pulses of ultrasound has been shown to deliver a 3 kDa model drug 

(dextran) across the blood-brain barrier [1]. Compared with standard long pulses traditionally used for 
ultrasound-mediated delivery, rapid short-pulses can deliver drugs with an improved delivery and safety 
profile. 3 kDa dextran has been delivered to brain tissues with a uniform distribution, with no compromise 
on the dose delivered. Deliveries with this sequence have been achieved without detectable red blood cell 
leakage or tissue damage; and blood-brain barrier integrity has been found to be restored within 10 minutes. 
However, many drugs have far higher molecular weight than 3 kDa, such as protein-based (e.g. antibody 
fragments) and nucleotide-based therapies (e.g. antisense oligonucleotides). Here, we evaluate whether 
model agents of larger molecular weights can be delivered using the rapid short-pulse sequence. 

Methods 
Ten wild-type C57BL/6 mice were intravenously administered with SonoVue microbubbles (8 μL/g, 

100 μL) along with Texas Red-conjugated 10 kDa or 70 kDa dextran. The hydrodynamic diameters of 3 
kDa, 10 kDa and 70 kDa non-fluorescent biotinylated dextrans (0.1 mg/mL, PBS) were measured by 
dynamic light scattering. Focused ultrasound was applied to the left hippocampus in a rapid short-pulse 
sequence (1 MHz; 5-cycle pulses; peak negative pressure 0.35 MPa; 1.25 kHz pulse repetition frequency; 
0.5 MHz burst frequency). Mice were sacrificed immediately following the treatment, perfused and fixed. 
30-µm-thick horizontal brain slices were imaged by fluorescence microscopy (10x magnification, λex = 
562/40 nm, λex = 624/40 nm).  

Results 
Fluorescent signals were detected in the left hippocampus from both 10 kDa and 70 kDa dextrans, but 

not in the right hippocampus, which was not exposed to ultrasound and served as a control. Appreciable 
delivery of 10 kDa dextran was observed, albeit with an uneven, less diffuse delivery distribution within the 
ultrasound beam than observed with 3 kDa dextran. Doses of 70 kDa dextran delivered were more variable 
and discrete areas of concentrated fluorescence were observed, resulting in a heterogeneous, speckled 
delivery pattern. The hydrodynamic diameters of the 3 kDa, 10 kDa and 70 kDa dextran analogues were 
determined to be 3.47 ± 0.65 nm, 5.39 ± 0.90 nm and 8.02 ± 1.60 nm respectively. 

Conclusions 
10 kDa and 70 kDa fluorescent dextran tracers can be delivered to the brain parenchyma using a rapid 

short-pulse ultrasound sequence, which at 0.35 MPa, has demonstrated an improved safety profile over long 
pulses [1]. This signifies its potential for wider application to the safe delivery of larger therapeutic drugs 
or imaging agents of comparable sizes, such as antibody fragments, siRNA and small nanoparticles. These 
findings, coupled with our previous findings [1,2], indicate that the size threshold for the delivery of 
compounds using rapid short-pulse ultrasound at 0.35 MPa is between 70 kDa and 150 kDa. In terms of 
hydrodnyamic diameter, this threshold is between 8 nm and approximately 11 nm. 
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Figure 1. Dextran delivered to the murine brain using the rapid short-pulse sequence. 

Figure 2. Rapid short-pulse ultrasound delivery of 10 kDa and 70 kDa fluorescent dextrans to the 
brain. A) and B) Brightfield images of mice brain slices. Fluorescence microscopy images show successful 
delivery of C) 10 kDa and D) 70 kDa fluorescent dextrans to the targeted left hippocampus. 
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