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Plenary Session 1

Therapy Ultrasound : a Lack of Focus 
Gail ter Haar (The Institute of Cancer Research, United Kingdom)

An Update on a 30-Year Study of the Therapeutic Applications of Lithotripsy 
Lawrence A. Crum (University of Washington, United States of America)
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PS1-01  

 

Therapy Ultrasound : A Lack of Focus 

 

Gail ter Haar 

Physics department, Division of Radiotherapy & Imaging 

The Institute of Cancer Research 

London, UK 

 

Ultrasound’s therapeutic applications predate those for diagnosis by at least a decade. Although there was an early 
interest in using high intensity focused beams for brain studies, by far the most investigations involved lower 
intensity unfocused devices for treating a wide range of malignant and benign conditions. The development of 
these techniques will be reviewed. 
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PS1-02  

 

 

An Update on a 30-Year Study of the Therapeutic Applications of Lithotripsy 

 

 

Lawrence A. Crum,1 Adam D. Maxwell,1,2 Bryan W. Cunitz,1 Barbrina Dunmire,1 Mohamed Ghanem,1  

Robin O. Cleveland,3 Tim Colonius,4 James C. Williams, Jr.,5 James E. Lingeman,6 Jonathan D. Harper,2 
Mathew D. Sorensen2,7 Vera A. Khokhlova,8 Oleg A. Sapozhnikov,8 Michael R. Bailey,1,2  

 

 
1Ctr for Industrial and Medical Ultrasound, Applied Physics Lab, U. of Washington, Seattle, WA, USA 

2Dept. of Urology, University of Washington School of Medicine, Seattle, WA, USA 

3Institute of Biomedical Engineering, University of Oxford, Oxford UK 

4Dept. of Mechanical and Civil Engineering, California Institute of Technology, Pasadena, CA, USA 

5Dept. of Anatomy, Cell Biology and Physiology, Indiana Univ. School of Medicine, Indianapolis, USA 

6IU Health, Indianapolis, IN, USA 

7VA Puget Sound Health Care System, Seattle, WA, USA 

8Department of Acoustics, Physics Faculty, Moscow State University, Moscow, Russian Federation 

 

 

Shockwave Lithotripsy was introduced into the clinic in Germany in the early 1980’s and soon found its way into 
the USA where it rapidly became the standard treatment for kidney stone disease. However, its rapid adoption was 
unaccompanied by a serious study of its bioeffects and its efficacy in comminuting renal calculi. In 1994, a group 
of us obtained an NIH Program Project in which several universities combined resources to study both the 
mechanical and clinical aspects of this technology. That project has continued to the present time and in this lecture 
we trace the evolution of mechanical means to accomplish stone comminution along with reduced patient 
morbidity and increased efficacy. To this end we have introduced a novel new system that promises improved 
clinical results. 
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SS1-01  

Aberration-Producing Body-Wall Phantom for High-Intensity Focused Ultrasound 
Applications 

 

Alex Peek1,  Gilles Thomas1,  Tatiana Khokhlova2,  Pavel Rosnitskiy3,  Petr Yuldashev3,  Daniel 

Leotta1,  Vera Khokhlova3 

 

1Applied Physics Laboratory, University of Washington, United States of America 
2Division of Gastroenterology, University of Washington, United States of America 

3Department of Acoustics, Moscow State University, Russian Federation 

 

Acoustic aberrations generated by soft tissue inhomogeneities frequently complicate HIFU therapies. Here, an 
aberration-producing phantom was fabricated to mimic a porcine body-wall. Acoustic beam propagation through 
the phantom and ex vivo body-wall was compared and subsequent boiling histotripsy treatment with phase 
aberration correction was demonstrated. 

 

A designed, rippled surface pattern containing the spatial scales relevant to the porcine body-wall was transferred 
to a large phantom made of two gels of different sound speed. The phantom and an ex vivo porcine body-wall 
sample were characterized using hydrophone measurements with a 1.5 MHz 256-element focused ultrasound array 
(diam=144mm, F#0.83). A boiling histotripsy treatment was performed through the phantom and body-wall 
leveraging a phase aberration correction approach. 

 

Insertion of the phantom distorted both linear and nonlinear beam focusing. Both spatial shift (up to 0.3 mm 
transversely) and widening of the focus were observed as well as a dramatic reduction in focal pressures caused 
by aberrations. The phantom and body-wall sample produced similar levels of aberration and attenuation at high 
drive levels (fully shocked in free-field). In both cases, aberration correction using a backscattered signal was 
implemented to restore nonlinear shocks in the focal region and subsequently achieve boiling histotripsy in a 
hematoma sample. 

 

The phantom was validated as a mimic for ex vivo porcine body-wall tissue for its comparable acoustic and 
aberration properties. The phantom can serve as a practical research tool to explore phase-aberration correction 
methods in HIFU treatments. Work supported by NIH R01EB7643 and R01EB25187, and RSF 20-12-00145. 

 

(a) Interfacial surface of the aberrating phantom. (b) Schematic of the aberrating phantom made of Ballistics Gel and Polyvinyl 
Alcohol. (c) Linear hydrophone measurement of the distortions produced by the phantom in the 2-D transverse focal plane. 
(d-e) Focal hydrophone measurement through the aberrating phantom and ex-vivo section of porcine body-wall before and 
after phase correction. 



011

SS1-02  

Noninvasive Prediction of Transcranial High-Intensity Focused Ultrasound Therapy 
Characteristics Using the Hybrid Angular Spectrum Method 

 

Collin Smith1,  Emad Ebbini1 

 

1BMEn, University of Minnesota, United States of America 

 

Distortions caused by the curvature of the skull remain a barrier in transcranial High-Intensity Focused Ultrasound 
(tHIFU) therapy. To characterize these aberrations, a hybrid angular spectrum simulation is used to propagate a 
therapeutic waveform generated by a dual-mode ultrasonic array (DMUA) through a Sprague-Dewey rat skull. 
The simulation and experimental results are compared to assess the feasibility of a noninvasive method to 
characterize the distortion of tHIFU therapy. 

 

A DMUA is capable of performing both imaging and therapy ultrasound modes using the same transducer 
elements. The imaging mode is used to precisely position the array at 9 different stereotaxic locations; the therapy 
mode is then used to deliver tHIFU at each location. A hydrophone is used to measure the pressure at the focal 
plane behind the skull. Using the imaging data from the DMUA for alignment, a hybrid angular spectrum 
simulation propagates the tHIFU therapy through a model of the rat skull, which is reconstructed from a CT scan. 

 

The simulation accurately predicted several distortions commonly seen in tHIFU treatment. The axial 
displacement was predicted within 0.33 +/- 0.18mm. Lateral displacement in the focus was predicted within 0.22 
+/- 0.09 mm. It was also found that an accurate measurement of the inner and outer table is required for accurate 
prediction of the lateral displacement. 

 

It is feasible that a DMUA can capture the surface of the skull, which can then be used in conjunction with a 
hybrid angular spectrum simulation to noninvasively predict the distortions of tHIFU therapy. 
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SS1-03  

 “HIFU Beam”: A Tool for Modeling Axially Symmetric Nonlinear Acoustic Fields 
Generated by Focused Therapeutic Transducers in a Layered Medium 

 

Petr Yuldashev1,  Maria Karzova1,  Wayne Kreider2,  Pavel Rosnitskiy1,  Oleg Sapozhnikov3,  Vera 
Khokhlova3 

 

1Faculty of Physics, M.V. Lomonosov Moscow State University, Russian Federation 
2Center for Industrial and Medical Ultrasound, Applied Physics Laboratory, University of Washington, Seattle, 

WA, United States of America 
3Faculty of Physics, M.V. Lomonosov Moscow State University, Russian Federation; Center for Industrial and 

Medical Ultrasound, Applied Physics Laboratory, University of Washington, Seattle, WA, United States of 
America 

 
High Intensity Focused Ultrasound (HIFU) beams are often strongly affected by nonlinear propagation effects 
including formation of high-amplitude shocks at the focus. Numerical simulation can effectively predict the 
pressure levels in nonlinear HIFU fields and help design transducers capable of generating specified fields. 
 
The software named “HIFU beam” has been designed for simulating HIFU fields generated by axially symmetric, 
single-element transducers and annular arrays in flat-layered media that mimic biological tissues. Numerical 
models include the Khokhlov–Zabolotskaya–Kuznetsov (KZK) and Westervelt equations with thermoviscous 
or/and power law acoustic absorption with frequency. The numerical algorithms allow for simulating formation 
of high-amplitude shocks. 
 
Three representative simulation cases of ultrasound transducers and focusing conditions are considered to 
illustrate typical use of the software for therapeutic applications. In the first two examples, simulations are 
performed in water for a single-element 1 MHz source (100 mm diameter, 90 mm radius of curvature) and a 16-
element 3 MHz annular array (48 mm diameter, 35 mm radius of curvature). In the third example, propagation of 
a focused beam from a large single-element 1.2 MHz transducer (120 mm diameter and radius of curvature) in a 
‘water-muscle-kidney’ layered medium is simulated to mimic abdominal HIFU applications. 
 
A freely available software tool “HIFU beam” that comprises a MATLAB toolbox combined with a user-friendly 
interface and binary executable compiled from FORTRAN source code has been developed and can be 
downloaded from the website http://limu.msu.ru from 1 February 2021. Work supported by RSF 20-12-00145, 
NIH R01EB7643 and R01EB25187. 

 

 

 

 

 

 

Figure 1. (a) Predicted temperature rise vs. Clinical temperature rise on 
the 5 validating subjects. (b) An example of predicted temperature vs. 
treatment results on one validating subject.  
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SS1-04  

Predicting Target Temperature in Transcranial MRgFUS Treatment Using a Deep 
Learning Network 

 

Sijia Guo1,  Su Pan2,  Timothy Miller1,  Jiachen Zhuo1,  Dheeraj Gandhi1,  Rao Gullapalli1 

 

1Diagnostic Radiology and Nuclear Medicine, University of Maryland School and Medicine, United States of 
America 

2MR Collaborations, Siemens Medical Solutions, United States of America 

 

Acoustic and temperature simulations play an important role in transcranial MRgFUS treatment planning. 
However, literature reports on actual acoustic properties of the skull are quite variable, so predicting temperature 
rise on the focal target is quite challenging. In this study, we propose a deep learning network that is agnostic to 
the actual acoustic properties of the skull to predict the temperature rise at a given target in tMRgFUS treatment. 

 

The deep learning model architecture is based on a widely used convolutional neural network (CNN), which 
consists of building blocks such as convolutional layers, downsampling pooling layers, and fully connected layers. 
We evaluated data obtained from 25 ET subjects for training (401 sonications), 5 for testing (92 sonications), and 
5 for validation (98 sonications) datasets. Treatment parameters from each sonication were used as the input for 
the neural network. The output of the network was the peak temperature rise achievable at the target. 

 

Taking into consideration the geometric information and CT Hounsfield units of each skull layer, the derived 
network resulted in a mean absolute error of the peak temperature rise in the validation group to be 2.30 °C (Fig. 
1(a)). Fig. 1(b) shows an example of predicted temperature vs. treatment results on one subject. A notable feature 
of the network is that it is able to predict the drop in efficiency during the treatment. 

 

A deep learning network that does not require the knowledge of acoustic properties of the skull can be used to 
predict temperature rise in tMRgFUS treatment. 

 

Predicting target temperature in Transcranial MRgFUS treatment using a deep learning network 
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SS1-05  

Quantifying the Micro-Structural Parameters of Human Skull Using Micro-CT and 
Their Correlation with Low-Frequency Ultrasound Attenuation 

 

Omid Yousefian1,  Eleni Bougioukli1,  Antonios Pouliopoulos1,  Elisa Konofagou2 

 

1Biomedical Engineering, Columbia University, United States of America 
2Biomedical Engineering / Radiaology, Columbia University, United States of America 

 

Skull CT scans are essential to predict resulting aberration and attenuation prior to treatment. However, the CT 
resolution required is often overlooked. We evaluated the position-dependent microstructural properties of an ex-
vivo human skull using μCT-scans at a 40, 80 and 118 μm resolution, and performed accuracy assessment of the 
resulting attenuation. 
 
The Left Parietal Bone (LPB) of a male cadaver skull was divided into 9 fragments. Each fragment was scanned 
using a μCT imaging system at a 40, 80 and 118 μm resolution. 2D slices were processed in MATLAB© by 
adjusting sharpening, binarizing, masking and applying rectangular kernels, to extract the porosity, thickness, 
inner /outer table, Diploë thickness and density. We then used the clinical setup designed for non-invasive blood-
brain barrier opening, to estimate the attenuation of 0.25-MHz ultrasound propagation through each of the skull 
fragments. 
 
Our findings indicated that the attenuation varied greatly across the different parts of the human skull, ranging 
from 42.7% to 60.7%. We have not found a significant correlation between attenuation and the examined metrics. 
However, there was a negative correlation between the fragment density and attenuation (r=-0.48) and a positive 
correlation between thickness and attenuation (r =0.57). 
 
Lower attenuation (<50%) was observed from the fragments with thickness within the range of 3.9 to 6mm and 
the density in the range of 1.8 to 2.1 gr/cm3. Therefore, fragments that fit these criteria would be associated with 
lower transcranial attenuation. We also observed that a minimum of 80µm resolution was needed to extract micro-
structural parameters. 

 

Correlation between attenuation and (A) porosity, (B) bone density, (C) fragment density, and (D) thickness. 
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SS1-06  

Modeling 2D Burger’s Equation Using Physics Informed Neural Networks 

 

Shaikhah Alkhadhr1,  Xilun Liu1,  Mohamed Almekkawy1 

 

1School of Electrical Engineering and Computer Science, Pennsylvania State University, United States of 
America 

 

One of the most basic nonlinear Partial Differential Equations (PDEs) to model the effects of propagation and 
diffusion, is Burger’s equation. In our work, the 2D Burger’s equation is simulated using Physics Informed Neural 
Networks (PINNs). PINNs are utilized to solve the 2D forward problem of this nonlinear PDE. 

 

PINN uses a Feed-forward Neural Network (FNN) to construct a model for predicting the equation output 
according to the input values and a specified loss function. The model is governed by the physical equation, and 
the implemented initial and boundary conditions. The FNN is trained according to a number of data points, 
configured weights, and minimization of the loss function. 

 

Figure.1 shows an animation of the predicted values of the 2D Burger’s equation modeled using the PINN. This 
result is validated via a parallel simulation based on Finite Difference Method (FDM). The propagation modeled 
in Figure.1 is accomplished with an approximate loss value of 1×e-5. 

 

The utilization of PINNs for modeling Burger’s equation is a mesh-free approach that rivals the accuracy of 
commonly used numerical methods. Training the PINN model to predict the propagation and diffusion effects can 
also be generalized to address further detailed applications of Burger’s equation such as more complex domains. 

 

Figure.1: Simulation of a 2D Burger’s equation for a time range of 1 second over a rectangular space domain. 
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SS1-07 

Numerical Prediction of the Potential Extent of Pelvic Tumour Ablation by Magnetic 
Resonance-Guided High Intensity Focused Ultrasound 

 

Ngo Fung Daniel Lam1,  Ian Rivens1,  Sharon Giles2,  Emma Harris1,  Nandita deSouza2,  Gail ter Haar1 

 

1Joint Dept of Physics, Institute of Cancer Research, United Kingdom 
2The CRUK Cancer Imaging Centre, Institute of Cancer Research and The Royal Marsden Hospital, United 

Kingdom 

 

Patients are currently assessed for suitability for magnetic resonance-guided high intensity focused ultrasound 
(MRgHIFU) therapy by estimating how much of the tumour can be reached by the HIFU focus (‘coverage’). 
However, this type of analysis does not allow assessment of whether enough energy reaches the focus to thermally 
ablate tissue. Here, a new method of estimating the proportion of the tumour that can be ablated, (‘tumour 

treatability’) is developed to provide a more accurate measure of patient suitability for MRgHIFU therapy. 

 

MR images from five patients were acquired during treatment. Image voxels were segmented into different 
materials and assigned the typical thermal and acoustic properties of the materials. To predict tumour treatability, 
acoustic and thermal simulations were used to determine thermally ablated tissue volumes at three different 
exposure positions within patient tumours (at the deepest, middle & shallowest reachable parts of the tumour). 
These served to indicate the effects of attempting treatment at increasing tumour depth, and the results were used 
to predict tumour treatability. This was compared to the actual treated volumes, and to tumour coverage. 

 

Treatable volume was estimated to be less than tumour coverage by, on average, 52% (range: 31-78%) of the 
tumour volume. Predicted and clinically treated tumour volume differed by 9% (range: 1-25%) of tumour volume. 

 

Tumour treatability analysis was in closer agreement with clinically ablated volumes than tumour coverage 
analysis and is considered to be the more accurate method for determining patient suitability for MRgHIFU 
therapy. 
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SS1-08  

3D Real-Time Acoustic Simulation for Transcranial Focused Ultrasound Using 
Conditional Generative Adversarial Network 

 

Tae Young Park1,  Heekyung Koh1,  Hyungmin Kim1 

 

1Center for Bionics, Biomedical Research Institute, Korea Institute of Science and Technology (KIST), Republic 
of Korea 

 

Acoustic simulation is useful to plan the sonication path prior to transcranial application of focused ultrasound. 
There have been increasing demands for real-time acoustic simulation during the therapy since it is challenging 
to perfectly match the sonication path to the planned one. However, conventional numerical wave solvers are 
computationally expensive to implement online treatment planning. In this study, we developed a conditional 
generative adversarial network (cGAN) model which can predict acoustic pressure distribution in real-time. 
 
The input of the cGAN model was made as an image of a transducer and skull structure. For training data, we 
performed acoustic simulations at the transducer maneuvering space using k-Wave acoustic toolbox under the 
200 kHz sonication condition. The cGAN model was trained using the pre-calculated simulation results during 
500 epochs. To assess the accuracy, we compared the simulation results between numerical solver and cGAN 
model. The maneuvering space of the transducer was evenly discretized as 1200 points and used half for training 
and the other half for assessing. In this study, we considered that the axial axis of the transducer intersected with 
the target point. 
 
The average difference of peak intracranial acoustic pressure was 1.1%, and the distance between two acoustic 
focus was 3 mm. The cGAN model spends only 0.07s to estimate the pressure distribution while the numerical 
solver takes 30s. 
 
We developed a cGAN model to predict the acoustic pressure distribution in real-time. This makes possible the 
real-time prediction of the acoustic field passing through the skull during the tFUS treatment. 

 

Figure indicates the procedure of the real-time acoustic simulation. a) make training data b) train cGAN model and c) result 
of the real-time simulation. 
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SS1-09 

Aberration Correction Using Ray Approximation with Account for Refraction in 
Transcranial HIFU Applications 

 

Pavel Rosnitskiy1,  Leonid Gavrilov2,  Oleg Sapozhnikov1,  Elena Mershina3,  Vera Khokhlova1 

 

1Faculty of Physics, Lomonosov Moscow State University, Russian Federation 
2Department of Theoretical and Applied Acoustics, Andreyev Acoustics Institute, Russian Federation 

3Medical Research and Educational Center, Lomonosov Moscow State University, Russian Federation 

 

Transcranial clinical HIFU-systems successfully combine the use of multi-element arrays with ray approach for 
compensating aberrations caused by variable thickness of the skull. Diffraction-based algorithms have been 
proposed but not yet employed in clinics. The aim of the study was to evaluate the enhancement of the ray-based 
correction by accounting for refraction at the skull in comparison with the non-refractive ray approach and full-
wave diffraction model. 

 

Simulations were performed for 1-MHz, 256-element fully populated array (Fig. a) using three correction 
algorithms. Acoustic model of the head was created using MRI scans from open database. The phases on the array 
elements were calculated by simulating the propagation of a spherical wave from the focus to the array surface. 
Two ray methods were used, with and without refraction, along with the full diffraction model that included a 
combination of the Rayleigh integral outside the head and pseudospectral Kelvin–Voigt model inside the skull 
and in adjacent tissues (k-Wave software). Beam focusing was simulated also using the full diffraction model. 

 

It was shown that all methods provided tight focusing; focal intensity was the highest when full diffraction 
correction was applied (Fig. b), ray correction with and without refraction yielded 62% and 56% of intensity, 
correspondingly, compared to this maximum value (Fig. c,d). 

 

The account for refraction within the ray approximation improves the field quality when focusing through the 
skull. However, the full diffraction method showed significantly higher focal gain and thus is beneficial for clinical 
use. Work supported by RFBR 19-02-00035. 

 

 

 

 

(a) Focusing through the skull using a fully 
populated array. The scalp, the inner and outer 
skull surfaces are shown in different colors. Half 
of the head is hidden for better visualization. 
Pressure amplitude after aberration correction, 
normalized to the initial pressure at the array 
element: (b) full-diffraction correction, ray 
approximation (c) with, (d) without refraction. 
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SS1-10 

Measuring Thermal, Spectral, and Spatial Variations of Complex Ultrasound Reflection 
and Transmission Coefficients in the Temporal Bone Using Orthogonal Frequency-

Division Multiplexing 

 

Collin Smith1,  Christopher O'Driscoll2,  Emad Ebbini3 

 

1Biomedical Engineering, University of Minnesota, United States of America 
2School of Physics and Astronomy, University of Minnesota, United States of America 

3Electrical and Computer Engineering, University of Minnesota, United States of America 

 

Heating of the skull is an unintended byproduct of extended transcranial focused ultrasound (tFUS) therapy. To 
examine the effects of heating on the acoustical characteristics of the skull, orthogonal frequency-division 
multiplexing (OFDM) is used to measure the complex ultrasound reflection and transmission coefficients of the 
temporal bone of a human skull as a function of frequency, location, and temperature. 
 
Two human skulls are immersed in a temperature-controlled water bath and insonicated by a dual-piston 
transducer system. OFDM is used instead of an axially-compressed broadband impulse, increasing the spectral 
resolution of the measurements. Measurements were made at 5 locations on the temporal bone as the temperature 
was varied between 25°C and 40°C. Additionally, raster scans were performed to obtain a 3D spatial map of the 
temporal bone, again measuring the broadband acoustical characteristics of the skull at each individual point. 
 
Changes in the reflection and transmission coefficients are found to vary nonmonotonically with respect to 
frequency. Some locations produce large changes in response to temperature variations, while others remain 
relatively unchanged. On average, the transmission phase is found to vary by 7.8°+/-11.4° and the reflection phase 

varies by 12.2589°+/-17.0497°, with the magnitudes varying by 0.08+/-0.053 and 0.05+/-0.056 respectively. 
 
The acoustical characteristics of the skull vary nonuniformly as a function of location, frequency, and temperature. 
These changes should be accounted for using adaptive refocusing techniques for maximizing the safety and 
efficacy of tFUS brain therapy. Real-time adaptive transcranial refocusing methods utilizing OFDM transmit 
waveforms are currently being investigated. 

 

Spatial map of complex reflection and transmission coefficients of the temporal bone, measured at 2.5 MHz. 
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SS1-11 

Investigating a Deployable Concentric Ring Sector-Vortex Ultrasound Phased Array 
Applicator for Endoluminal and Laparoscopic Intervention 

 

Muhammad Zubair1,  Mathew S. Adams1,  Chris J. Diederich1 

 

1Radiation Oncology, University of California, San Francisco, United States of America 

 

To investigate a deployable forward-firing catheter-based ultrasound applicator consisting of a 2D cylindrical 
phased array centered in an expandable paraboloid balloon-based reflector. 

 

The ultrasound applicator consists of a tubular transducer phased array encased within an expandable paraboloid 
reflector balloon that can be distended once deployed in proximity to the target and electronically controlled to 
focus the acoustic energy. Parametric analyses were performed using 3D generalized and patient-specific acoustic 
and biothermal simulations to characterize focusing capabilities and on-axis electronic steering as a function of 
transducer dimensions, phased array configuration and reflector geometry. 

 

Simulation results indicate that practical transducer arrays (1.5 MHz, 9 mm OD x 20 mm length, 8 rings, 4 – 8 

sectors), balloon sizes (42 - 50 mm expanded diameter, 20 – 60 mm focal depth), phasing mode (0 - 4) and 

sonication durations (120 s) can produce spatially-localized focal intensity patterns (Axial FWHM: 3 – 19 mm, 

Transverse FWHM: 2 – 8 mm) and ablative thermal lesions (width: 3.6 – 6.5 mm, length: 5 – 22.5 mm) in 

generalized pancreatic tissue across a 10 – 70 mm depth range. The 240 EM43℃ contours calculated at the 
corresponding focal depths and phase settings to produce single isolated thermal lesions with no significant 
secondary hotspots, were indicative of the range in depth for which localized thermal lesions can be produced. 

 

Initial studies indicate feasibility of a novel distensible ultrasound applicator design capable of focusing, deep 
penetration, electronic steering and volumetric thermal ablation. The development of the applicator prototype is 
underway. 

 

Schematic of deployable concentric-ring sector-vortex ultrasound applicator (left), example intensity distribution [w/cm2] for 
Mode 2 at 40 mm depth (middle) and temperature distribution with lethal contour delineated. 
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Visualization of Spatially and Temporally Heterogenous Thermal Washout in the 
Application of MR-HIFU Hyperthermia 

 

Lukas Sebeke1,  Pia Rademann2,  Alexandra Claudia Maul2,  Sin Yuin Yeo1,  Juan Daniel Castillo 

Gomez1,  Daniel Deenen3,  Patrick Schmidt4,  Bram de Jager3,  W.P.M.H. Heemels3,  Holger 

Grüll4,  Edwin Heijman4 

 

1Institute of Diagnostic and Interventional Radiology, University Hospital of Cologne, Germany 
2Experimental Medicine, University Hospital of Cologne, Germany 

3Department of Mechanical Engineering, Eindhoven University of Technology, Netherlands 
4Institute for Diagnostic and Interventional Radiology, University Hospital of Cologne, Germany 

 
We report results from the in-vivo application of a previously published model-predictive control (MPC) 
algorithm for MR-HIFU hyperthermia. The purpose of the investigation was to test the controller’s in-vivo 
performance and behavior in the presence of heterogenous perfusion. 
 

Hyperthermia at 42 °C was induced and maintained for up to 30 minutes in a circular section of a thermometry 
slice in the biceps femori of German landrace pigs (N=5) using a commercial MR-HIFU system and a recently 
developed MPC algorithm. The heating power allocation was correlated with heat sink maps and contrast-
enhanced MRI images. The temporal change in perfusion was estimated based on the power required to maintain 
hyperthermia. 
 

The controller performed well throughout the treatments with an absolute average tracking error of 0.27±0.15 °C 

and an average difference of 1.25±0.22 °C between T10 and T90. The MPC algorithm allocates additional heating 
power to sub-volumes with elevated heat sink effects, which are colocalized with blood vessels visible on contrast-
enhanced MRI. The perfusion appeared to have increased by at least a factor of approximately 1.86 on average. 
The controller performed well throughout the treatments. 
 
The MPC controller generates temperature distributions with a narrow spectrum of voxel temperatures inside the 
target ROI despite the presence of spatiotemporally heterogenous perfusion. This is made possible by the rapid 
thermometry feedback available with MR-HIFU and the flexible allocation of heating power. The visualization 
of spatiotemporally heterogenous perfusion presents new research opportunities for the investigation of stimulated 
perfusion in hypoxic tumor regions. 

 

 

 

 

 

Overlay on contrast enhanced MRI images of the respective 
anatomical region for three example MR-HIFU hyperthermia 
treatments: Average power application pattern during the first 
minute after warmup (leftmost column), during the last 
minute before HIFU shutdown (middle column) and 
equivalent voxel perfusion during the first minute of 
cooldown (rightmost column). 
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Endoluminal Ultrasound Applicator for Delivering Volumetric Hyperthermia to the 
Pancreas 

 

Muhammad Zubair1,  Mathew S. Adams1,  Chris J. Diederich1 

 

1Radiation Oncology, University of California, San Francisco, United States of America 

 

To investigate an endoluminal ultrasound applicator with a deployable acoustic reflector and tubular source 
transducers for delivery of hyperthermia to the pancreas as a possible adjunct to thermal targeted drug delivery, 
chemotherapy and/or radiation therapy. 

 

The ultrasound applicator consists of two tubular transducers (9 mm OD x 10 mm long) situated at the end of a 
10 mm OD MR-compatible, steerable catheter assembly and encased within a conical reflector balloon (3.6 – 6 
cm OD) that can be distended once deployed close to the target and positioned to direct the acoustic energy distally 
into the tissue. Generalized 3D and patient-specific pancreatic head and body tumor models were used to evaluate 
the feasibility of generating hyperthermia by positioning various applicator geometries in different parts of the 
stomach lumen. Intensity distributions and volumetric temperature contours were calculated to define the extent 
of moderate hyperthermia. A prototype applicator was designed, and beam plots were obtained with hydrophone 
measurements at various depths from the applicator surface. 

 

Parametric studies demonstrated heating volumes changed from 60 to 22 cm3 and the depth of heating contours 
from 4 to 2.6 cm over frequency ranges from 1 – 4.7 MHz. Patient-specific studies at 3.4 MHz showed that heating 

volumes ranged from 1.23 – 4.8 cm3, 3 – 18 cm3, and 4 – 31 cm3 above 43 ℃, 41 ℃ and 40 ℃, respectively. 

 

Initial feasibility of endoluminal ultrasound applicators for delivery of volumetric hyperthermia to targets in close 
proximity to body lumen and cavities was demonstrated. 

 

(a) Sketch of the applicator geometry when the reflector balloon is expanded, (b) Temperature distribution across a central 
axial plane for a 3D patient-specific model with a large pancreatic body tumor, (c) The MR-compatible steerable applicator 
prototype with an inflated conical balloon, (d) Transverse pressure distribution measured at a depth of 20 mm from the 
applicator surface 
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2D vs 3D Pressure Scans: Difference in the Performance Assessment of Transcranial 
Aberration Correction 

 

Thomas Bancel1,  Mickael Tanter1,  Jean-François Aubry2 

 

1Physics for Medicine Paris, ESPCI - PSL, France 
2ESPCI - Physics for Medicine Paris, CNRS, France 

 

Non-invasive transcranial ultrasound focusing relies on numerical modeling of the skull aberration. Current state 
of the art assessment of the algorithm’s performance consists in placing human skulls in front of the transducer 
and scanning the restored pressure fields with a hydrophone. Three pressure fields are usually compared: pressure 
field without correction, with simulated correction and with hydrophone-based correction. Depending on the 
studies, different types of pressure scans are performed: at one single point; in the transverse focal plane only; on 
two focal planes or in a 3D volume. In this work, we investigated the impact of the pressure scan type in the 
assessment of the performance. 

 

Ten 3D transfer matrices were acquired using 5 skulls and 2 targets with the 660kHz Exablate Neuro device 
(Insightec, Israel). For each skull and target, pressure fields were reconstructed in a 3D volume around the target 
for three corrections: no-correction, hydrophone-based correction and manufacturer correction. For the 
manufacturer correction, two indicators were computed depending on the scan type: increase in pressure as 
compared to no-correction, percentage of restored pressure as compared to hydrophone-based correction. 

 

2D transverse scans result in an average 15% over-estimation of pressure improvement due to algorithm correction 
as compared to no-correction. Even with 2 perpendicular focal planes, up to 14% difference can occur as compared 
to 3D scans. 

 

Even if longer to implement experimentally, 3D scans are a more reliable methodology to assess correction 
algorithm performance. 
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cGAN-Based Synthetic CT for MRI-Guided Transcranial Focused Ultrasound: A 
Feasibility Study 

 

Heekyung Koh1,  Tae Young Park1,  Yong An Chung2,  Jong-Hwan Lee3,  Hyungmin Kim1 

 

1Center for Bionics, Biomedical Research Institute, Korea Institute of Science and Technology (KIST), Republic 
of Korea 

2Incheon St. Mary, The Catholic University of Korea, Republic of Korea 
3Department of Brain and Cognitive Engineering, Korea University, Republic of Korea 

 

MRI-guided transcranial focused ultrasound (tFUS) is a promising therapeutic technique for treating various 
neurological and psychiatric disorders. For accurate targeting of acoustic focus through the skull, however, an 
additional scan of CT is required. In this study, we demonstrated the generation of synthetic CT (sCT) from T1-
weighted MRI using a deep learning method and investigated its feasibility in acoustic simulation. 
 
MRI and CT from 15 subjects were used to train the developed 3D conditional generative adversarial network 
(3D-cGAN). We estimated the quality of sCT from 10 independent test subjects in terms of skull characteristic 
and acoustic simulation.The skull density ratio (SDR) and skull thickness (ST) derived from sCT were compared 
with those of real CT (rCT). The acoustic simulation was performed under the same sonication conditions for both 
CTs. Consequently, 1500 sets of simulation were conducted (i.e., 50 transducer locations × 3 targets × 10 
subjects). The k-Wave simulation toolbox was employed using a 200kHz single-element transducer. 
 
For skull characteristic, high correlations were shown between sCT and rCT (r = 0.92, p < 0.001 for SDR; r = 
0.96, p < 0.001 for ST). No significant difference was found for both factors. The acoustic simulation results also 
showed high similarity. The intracranial peak acoustic pressure ratio was under 4%. The dice coefficient similarity 
of acoustic focus was about 0.85 and the distance between focal points was less than 1mm. 
 
The result of acoustic simulation suggests the applicability of deep learning-based sCT for MRI-guided tFUS in 
the future. 

 

Acoustic simulation results of a representative subject targeting dACC. 
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Static Magnetic Fields Dampen Focused Ultrasound-Mediated Blood-Brain Barrier 
Opening 

 

Yaoheng Yang1,  Christopher Pacia1,  Dezhuang Ye2,  Yimei Yue1,  Chih-Yen Chien1,  Hong Chen1 

 

1Department of Biomedical Engineering, Washington University in St. Louis, United States of America 
2Department of Mechanical Engineering and Material Science, Washington University in St. Louis, United 

States of America 

 

Focused ultrasound combined with microbubbles has been used in clinical studies for blood-brain barrier opening 
(FUS-BBBO) with or without magnetic resonance imaging (MRI) guidance in patients with various brain diseases, 
however the impact of the static magnetic field generated by an MRI scanner on the BBB opening outcome has 
been overlooked. The objective of present study was to evaluate the impact of the static magnetic field on FUS-
BBBO. 
 
Mice were divided into four groups which were sonicated by FUS in different static magnetic fields B0 (~0T, 
1.5T, 3.0T, and 4.7T) with all other experimental parameters kept the same. Microbubble cavitation activity, the 
fundamental physical mechanism underlying FUS-BBBO, was monitored by passive cavitation detection during 
FUS after microbubble injection. After sonication, contrast-enhanced T1-weighted MRI and Evans blue were used 
to evaluate the BBBO outcome. 
 
The microbubble cavitation dose decreased by an average of 2.1 dB in 1.5 T (p=.05), 2.9 dB in 3.0 T (p=.01), and 
3.0 dB in 4.7 T (p=.01) compared with that outside the magnetic field (~0 T) (Fig. 1A and 1B). The static magnetic 
field of an MRI scanner decreased BBB opening volume by 3.3 fold in 1.5 T (p<.001). 
 
Static magnetic fields dampened microbubble cavitation activity and decreased trans-BBB delivery by FUS-
BBBO. 

 

(A) Representative plots of normalized stable cavitation level as a function of time and (B) stable cavitation dose for mice 
treated in different magnetic fields B0. (C) Representative Gd-DOTA-enhanced T1-weighted MRI and (D) the quantification 
of the BBB opening volume of mice treated in different B0. Each dot represents a measurement of one mouse. Error bars 
indicate standard deviation 



028

SA-05 

Transcranial Theranostic Ultrasound Pre-Planning and Blood-Brain Barrier Opening 
Using a Phased Array In-Vitro and In-Vivo 

 

Alec Batts1,  Robin Ji1,  Alina Kline-Schoder1,  Rebecca Noel1,  Elisa Konofagou1 

 

1Biomedical Engineering, Columbia University, United States of America 

 

This study utilizes in vitro and in vivo theranostic ultrasound (TUS) treatment pre-planning to inform transcranial 
blood-brain barrier opening (BBBO) in mice with overlaid primate skull fragments using a single phased array. 

 

In vitro experiments were conducted using a hydrophone (Fig. 1A) and microbubble flow channel (254 µm 
diameter, 8.0E8 microbubbles/mL) (Fig. 1B) to determine the expected transcranial pressure loss and focal shift 
induced by the skull, respectively. Simulations were conducted using the k-wave MATLAB toolbox with micro-
CT scans (0.08 mm resolution) of primate skull fragments to evaluate steering angle-dependent attenuation and 
focal shift of the TUS beam. Synchronous in vivo transcranial BBBO and power cavitation imaging (PCI) was 
performed using the P4-1 phased array (1.5 MHz, 450 kPa derated peak-negative pressure, 35 mm focal depth, 
±3.72 degree electronic steering angle), operated by a Verasonics ultrasound system (Vantage) (Fig.1C) in mice 
(C57BL/6J). 

 

Simulations revealed significantly increased attenuation and axial focal shift magnitude with larger steering angle 
magnitudes through the non-human primate (NHP) skull (Fig.1D-E); no significant differences were observed 
through the human skull (Fig.1F-G). In vitro skull experiments demonstrated 0.3-1.5 mm axial and lateral focal 
shifts induced by the skull as confirmed by comparison between contrast-enhanced B-mode and PCI images 
acquired in the channel phantom. In vivo transcranial BBBO was achieved bilaterally, exhibiting high correlation 
between regions of contrast-enhancement on T1-weighted MRI and -6 dB regions in corresponding PCI (Fig.1H-
M). 

 

Feasibility for synchronous transcranial BBBO and PCI using a single theranostic phased array was demonstrated 
in mice in vivo. 
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Non-Invasive Ablation of Fetal Rabbit Umbilicus Using MR-Guided High Intensity 
Focused Ultrasound (HIFU) Therapy 

 

Ava Danialy1,  Karolina Piorkowska2,  Jerome Baranger3,  Olivier Villemain3,  Tim Van Mieghem4,  Adam 

Waspe2,  James Drake2 

 

1Institute of Biomedical Engineering, University of Toronto, Canada 
2Neurosciences and Mental Health, Hospital for Sick Children, Canada 

3Translational Medicine, Hospital for Sick Children, Canada 
4Maternal and Fetal Medicine, Mount Sinai Hospital, Canada 

 

Treatment of twin reversed arterial perfusion (TRAP) is invasive, leading to premature labour and fetal mortality. 
Ultrasound guided TRAP treatment has demonstrated full or partial blood flow occlusion of the acardiac umbilicus. 
However, lack of thermometry limits evaluation of the pump twin’s safety. We hypothesize that MR-guided HIFU 
can effectively ablate and occlude the umbilical cord in a fetal rabbit while preserving viability for the remaining 
untreated fetuses. 

 

A New Zealand white rabbit at E25 when fetuses are 6-7 centimeters long, equivalent to human fetuses treated 
for TRAP, was used for this study. Ultrasound was performed to evaluate fetal viability and inject two fetuses 
with a mixture of gadolinium and Evans blue. Placental blood flow and heart rate was confirmed. 3D T1-weighted 
gradient echo MRI evaluated the size and positioning of the rabbit fetuses. MRgHIFU targeted and ablated the 
umbilicus in the two marked fetuses at 120W for 20s. Post-treatment MRI confirmed changes in the treatment 
region. Post-treatment ultrasound evaluated the viability of targeted fetuses. Necropsy confirmed ablation and 
vessel occlusion. 

 

Thermometry confirmed temperatures above 60℃ suggesting ablation was achieved. Post-treatment ultrasound 
confirmed mortality of 1 treated fetus. Necropsy confirmed termination of both fetuses and showed viability of 
one adjacent untreated size-matched control fetus. Ablation marks were visible during necropsy and occlusion of 
the targeted umbilicus in both of fetuses will be confirmed with histology. 

 

MR-guided HIFU therapy can effectively ablate and occlude umbilicus in rabbit fetuses without harming non-
targeted fetuses, as a model for a treatment procedure for TRAP. 

 

Figure: (a) Power Doppler image of the fetal heart confirming viability prior to the treatment. (b) Gad-enhanced T1-w GRE 
of the targeted fetus and placenta. (c) Temperature map from MRgHIFU fetal therapy confirming temperatures above 60℃. 
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In-Vivo Non-Invasive HIFU Treatment of the Liver Using a Toroidal Transducer 

 

Sophie Cambronero1,  Aurélien DUPRE1,  Michel RIVOIRE1,  David MELODELIMA1 

 

1LabTAU, INSERM, Centre Léon Bérard, Université Lyon 1, Univ Lyon, F-69003, LYON, France 

 

A toroidal transducer was developed and has been used clinically to treat liver metastases intraoperatively. We 
now aim to use this toroidal device noninvasively. An in vivo study was conducted in the liver of a porcine model 
for creating safe, large and fast ablations allowing to use the device by hand. 

 

The diameter and the radius of curvature of the toroidal transducer were 70 mm. The operating frequency was 
2.5MHz. The transducer was divided into 32 concentric rings of equal surface. An ultrasound imaging probe 
operating at 7.5MHz was placed in the center of the HIFU transducer. In vivo experiments were conducted in 
eleven animals that were followed over 7 days after HIFU exposure. Animals were placed in reverse 
Trendelenburg supine position with to have access to about 50% of the hepatic volume without facing the rib cage. 

 

The thickness of intervening tissues was on average 14.9±2.0mm. HIFU exposure lasted between 30 and 50 

seconds at an acoustic power of 140W. The dimensions of the HIFU ablations were 21.2±6.0 mm long by 

14.7±5.3 mm large. No skin burns were observed. 

 

A noninvasive HIFU treatment of the liver is safe, feasible and well tolerated using a toroidal transducer. Large 
volumes of ablation were obtained in 40s without resorting to mechanical scanning. Treatment parameters are 
strongly dependent to the thickness and to the attenuation of intervening tissues. 
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Abdominal Low-Intensity Pulsed Ultrasound Modulate Spleen-Derived Inflammatory 
Responses and Improves Therapeutic Outcomes of Murine 4T1 Breast Tumors 

 

Gadi Cohen1,  Parwathy Chandran1,  Maggie Sundby1,  Scott R. Burks1,  Joseph A. Frank2 

 

1Frank Lab, Radiology and Imaging Sciences, Clinical Center, NIH, United States of America 
2Frank Lab,Radiology and Imaging Sciences,National Institute of Biomedical Imaging and Bioengineering, 

Clinical Center, NIH, United States of America 

 

Recent studies have highlighted the vagus nerve as the link between the nervous and immune systems. Vagal 
immunomodulatory effects, otherwise known as the cholinergic anti-inflammatory pathway, can alter the immune 
system's activity via innervation of lymphoid organs such as the spleen to regulate inflammatory response and 
maintain homeostasis. This pathway can also be induced by non-pharmacologically stimulation, such as low-
intensity pulsed ultrasound (LIPUS), of the vagus nerve or sympathetic splenic nerve. However, evidence for an 
interaction of the vagus nerve and immune cells relevant to the tumor microenvironment (TME) is scarce and not 
fully understood. 

 

In this study, we utilized LIPUS as a non-invasive and non-pharmacological approach to modulate the 
immunological profile of a murine 4T1 breast cancer flank model. Daily LIPUS sonication was administered (1 
MHz US, 2 W/cm22, 10% duty cycle, 1 MS Burst, PRF =100Hz, 10 min total exposure time) to the left abdominal 
area of the tumor-bearing mice (wild type or following splenectomy procedure; n=10). 

 

Our findings reveal that LIPUS stimulating of the vagus nerve-to-spleen circuit can acutely change the 
immunological profile of a murine flank tumor model toward an immunosuppressive TME. Similar results were 
observed following constitutive LIPUS stimulation over two weeks, as well as a decrease in tumor growth rate. 
The associated-anti-inflammatory response was abolished in mice with splenectomy. 

 

These results provide insight into the neuro-immune communication of the cholinergic anti-inflammatory pathway 
and highlight the potential use of LIPUS, in combination with conventional cancer treatments, to modulate spleen-
derived inflammatory responses relevant to anticancer immunity. 
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Nanobubbles Actuated Ultrasound Deep Brain Stimulation 

 

Xuandi Hou1,  Zhihai Qiu1,  Shashwati Kala1,  Quanxiang Xian1,  Jianing Jing1,  Jiejun Zhu1,  Ting 

Zhu1,  Kin Fung Wong1,  Lei Sun1 

 

1Department of Biomedical Engineering, The Hong Kong Polytechnic University, Hong Kong 

 

Non-invasive neurostimulation with high spatiotemporal resolution has applications for both basic understanding 
of neural circuits and clinic therapy. Recently, ultrasound neuromodulation has gained increasing attention 
because ultrasound can penetrate deep tissue non-invasively. The relative low-frequency ultrasound could more 
easily pass through an intact skull, but have limited spatial resolution. Here, we detailed a neurostimulation scheme 
using gas-filled nanostructures, gas vesicles (GVs) as actuators for improving the efficacy and precision of 
ultrasound stimuli. 

 

We customized low intensity, low-frequency pulsed ultrasound stimulation system, and high-speed fluorescence 
microscopy was employed for calcium imaging. Neuronal excitation was quantified by c-Fos expression, and 
calcium dynamic was monitored simultaneously by fiber photometry in deep brain region, ventral tegmental area 
(VTA). 

 

Sonicated primary neurons displayed dose-dependent, repeatable calcium response, closely synced to stimuli, and 
increased nuclear expression of the activation marker c-Fos only in the presence of GVs. Our results revealed that 
this activation was not significantly attributable to harmful poration in cell membranes, and that mechanosensitive 
ion channels could be involved in this process. Furthermore, we found that GVs mediated ultrasound can trigger 
transient and reversible calcium response, and evoked neural excitation in and evoke neural excitation in the 
targeted VTA of in vivo mice. In addition, our treatment scheme was also found not to induce significant 
cytotoxicity, apoptosis, or membrane poration in treated cells and temperature change. 

 

Altogether, our findings demonstrate that a simple, efficient and accurate method of enhancing ultrasound 
neuromodulation, in vivo and in vitro, through the use of non-toxic GVs as actuators. 

 

Neuronal calcium response with or without GVs, before and after ultrasound (US) stimulation. 
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Assessing the Validity of Using Sub/Ultraharmonic Emissions to Actively Control 
Blood-Spinal Cord Barrier Opening with Short Burst Exposures 

 

Paige Smith1,  Min Choi1,  Ranjith Ramesh1,  Meaghan O'Reilly1 

 

1Physical Sciences, Sunnybrook Research Institute, Canada 

 

Long burst(10ms) focused ultrasound(FUS) + microbubbles(MBs) has been shown to induce safe, reversible 
blood-spinal cord barrier opening(BSCBO) in small animals using sub and ultraharmonic emissions for controlled 
exposures. To overcome the challenges of focusing sound into the human spinal canal, short burst, phase 
keyed(SBPK) pulses were developed. Here we investigate if sub/ultraharmonic control is valid when using short 
bursts. 

 

Sprague-Dawley(N=10) rats were exposed, at four locations in the thoracic spine, to dual-aperture SBPK 
FUS(514kHz, 40x5cycle pulses, 60µs BRP, 1Hz PRF, 2min; 5cm diameter, FN=1.2) +MBs(Definity, 0.02ml/kg) 
under MRI guidance(7T). The pressure ramped from 0.012MPa peak negative (0.024MPa steps) until a change in 
sub or ultraharmonic emissions was detected. Pressure was then dropped to 0%, 25%, 50% or 75% of the peak 
pressure and sustained for the remainder of the sonication. Opening was assessed by contrast-enhanced T1w 
imaging (Gadovist, 0.1ml/kg). Rats were sacrificed 2hrs post-treatment. Histological damage(H&E) was scored 
on a 0–3-point scale. 

 

BSCBO was achieved in 30/40 spots. At 0%, 25%, 50% or 75% peak targets, the average scores were 1.4±1.0, 

1.4±1.2, 1.3±1.2 and 0.9±0.9 and MR enhancements were 31±25%, 27±33%, 34±32%, and 47±39% 
respectively. Sonications resulting in substantial levels of damage(score 3) were found retrospectively to have 
failed to trigger the controller, despite presence of ultraharmonic signals (6/6 spots), implying refinement of the 
threshold criteria is needed. 

 

Preliminary experiments suggest the potential for using sub/ultraharmonic control with short burst exposures. 
Additional tuning of the controller trigger threshold is needed to improve robustness. 
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We assessed the feasibility and efficacy of transrectal boiling histotripsy (BH) ablation of the prostate in a canine 
model. 
 
Using a custom-built preclinical prototype BH device (2 MHz, focal length 4 cm) with in-line B-Mode ultrasound 
(US), in vivo transrectal BH was assessed in N=6 intact male canines and N=2 ACE-1 prostate cancer-bearing 
canines. Tumor subjects were immunosuppressed and received bilateral intraprostatic injection of ACE-1 tumor 
cells, after which tumor growth was monitored with serial US. Transrectal BH treatments (single and volumetric) 
were administered with input power 10% above bubble threshold, pulse durations of 2-10ms, duty factor of 1%, 
and 5-60 pulses/focus. In ACE-1 subjects, unilateral tumor treatment was performed with the contralateral prostate 
serving as control. After euthanasia, the prostate was harvested and processed for histologic evaluation. 
 
In all subjects, hyperechoic bubbles were produced on US consistent with BH. After treatment, hypoechoic 
regions on US and corresponding lesions on gross pathology were observed suggesting mechanical ablation. In 
benign subjects, histology demonstrated lesions of homogenized tissue with fine margins between treated/intact 
tissue. In ACE-1 subjects, carcinoma was confirmed in the control side, while homogenized tumor with 
surrounding tumor remnants was observed in the treatment side. Minimum threshold for cellular damage was 
observed at 5 pulses/focus, while complete treatment was achieved at 30 pulses/focus. 
 
Transrectal BH ablation of the prostate is feasible in vivo in mechanically ablating benign and malignant prostate 
tissue. Further studies are needed to characterize the impact of tissue/anatomic properties and optimize future 
clinical implementations. 

 

A) Prototype preclinical transrectal boiling histotripsy probe B) Canine in vivo histotripsy lesion on B-mode ultrasound, C) 
Corresponding histotripsy lesion on gross pathology and D) H&E histology demonstrating homogenized tissue, E) H&E 
histology with untreated carcinoma/tumor outlined in red and F) H&E histology with homogenized tumor on contralateral 
side after histotripsy treatment. 
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Transvascular Transport Dynamics in the Brain Tumor Microenvironment 
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Targeted drug delivery in brain tumors remains a major challenge in oncology. Although local hyperthermia can 
potentially enhance the local drug delivery in solid tumors, its application in intracranial malignancies remains 
unexplored. We hypothesized that closed-loop trans-skull MRI-guided Focused Ultrasound (MRgFUS) 
hyperthermia can promote acute changes in the transvascular transport dynamics in the brain tumor 
microenvironment (TME) and alleviate challenges in drug delivery in gliomas. 

 

To test our hypothesis, we developed closed-loop trans-skull MRgFUS-hyperthermia system that operated at 1.7 
MHz, a frequency that according to numerical modeling maximized the brain (FUS-focus) to skull temperature 
ratio in mice. Verification in healthy mice indicated that the developed system was able to attain and maintain the 
desired focal temperature within a narrow range: 41.5 ± 0.3 °C for 10 mins. Histological evidence (H&E and 
Nissl) suggests that this focal temperature is below the threshold for tissue damage. 

 

Experimental investigations in orthotropic GL261 glioma tumor model with DCE-MRI during FUS-hyperthermia, 
provided evidence that this thermal stress can promote acute changes in the transport dynamics in the TME (Ktrans 
Control vs. FUS, 0.095 vs 0.15min-1, respectively; p=0.028). Interestingly, this thermal stress combined with free 
Dox resulted in ~1.6-fold (p=0.09) increase in Dox delivery in the GL261 tumors as compared to the non-FUS 
group (free Dox) or the group that Dox was delivered shortly after the application of thermal stress. 

 

Our investigations demonstrate that thermal stress can promote acute changes in the transvascular transport 
dynamics in the brain TME and potentially lead to improved drug delivery. 
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The present study aims to propose a novel method to construct a passive cavitation image (PCI) with high spatial 
and temporal resolution and with little artifacts. 

 

The method is based on time gating in delay and sum (DAS) beamforming for constructing a conventional PCI. 
The time gating enables us to perform same arrival time (SAT) and same occurrence time (SOT) beamforming. 
The SAT beamforming employs the acoustic emission from cavitation bubbles received by a data acquisition 
system at a specific time while the SOT beamforming uses the emission occurring at a specific time. The PCI by 
the SAT beamforming provides information on where and when cavitation occurs while the SOT PCI produces a 
high spatial resolution image. 

 

Acoustic emission during bubble collapse was modeled as an impulsive point source to give passive RF data. The 
SAT and SOT beamforming were carried out to construct temporal PCI frames. The time at which cavitation 
occurs is identified by the moment when SAT PCI has its spatial pixel peak to be the temporal maximum. The 
new PCI that combines the SAT and SOT PCI at that time was found to clearly display the location and strength 
of cavitation with side lobe artifacts radically reduced. 

 

The proposed beamforming was shown to effectively remove the artifacts as well as to improve the temporal and 
spatial resolution in PCI. The novel PCI is expected to be useful in monitoring the treatment process of shock 
wave therapy and histotripsy where cavitation plays an important role. 
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We present first in vitro results performing closed-loop control of a human Magnetic Resonance Image-guided 
Focused Ultrasound (MRIgFUS) device designed for brain therapy using in-house developed software. 

 

Our Proteus software platform for pre-clinical MRIgFUS research was expanded to support the Exablate 4000 
Neuro system [Insightec]. A new module, pyHIFUExablate, was developed to execute on-command a given 
ultrasound sonication, with the possibility of dynamic changes to trajectory or power being delivered. Experiments 
were performed with a phantom used for quality assurance and a 3T scanner [Discovery, GE]. As a proof of 
concept, a proportional-integral-derivative (PID) controller was used to modulate FUS power using MRI 
thermometry as input for a closed-loop feedback hyperthermia (HT) delivery. 

 

The figure shows an example of an MR thermal map during the HT delivery and the thermal profile over time in 
a circular region-of-interest (ROI) with a diameter of 8 mm, which was used in the PID controller to modulate 
FUS power over time. The total duration of the test was 975 s, (frame rate of 2.4 s/image). Three 180s-sonications 
were applied at the time points of 80s, 410s and 620s. The target temperature for HT was +6.5 ℃ above baseline. 
The closed-loop control of the MRIgFUS device was successfully achieved in each of the three sonications. 

 

Integration of the Exablate MRIgFUS device in our Proteus platform is fully operational. Our overarching goal is 
to establish a common platform that enables seamlessly pre-clinical studies in systems designed for small animals 
and devices designed for human use. 

 

Left) Thermal map during HT delivery; Right) Temperature profile over time. 

 



040

SS2-03 
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To perform ultrasound-mediated drug delivery safely, microbubble activity should be monitored during treatment. 
Passive acoustic mapping (PAM) algorithms can locate microbubbles while exposed to long-pulses of ultrasound. 
Although the lateral resolution of PAM is excellent, the axial resolution is poor, making cavitation activity difficult 
to distinguish within the beam. Recent studies have shown that short ultrasound pulses can be used therapeutically, 
such as the RaSP (Rapid Short-Pulse) sequence. This enables time-of-flight to determine the axial position of the 
cavitation. We have therefore developed the axial-temporal-position passive-acoustic-mapping (ATP-PAM) 
algorithm to image the microbubble emissions during short-pulse therapy. 

 

Ultrasound was emitted in a RaSP sequence onto the left murine hippocampus (1.25 MHz, 530 kPapk-neg, 1 cycle, 
1.25 kHz, n=6) while injecting SonoVue and fluorescently-tagged dextran. Acoustic emissions were captured with 
an L7-4 linear array aligned through the transducer’s centre. ATP-PAM reconstructed the spatial and temporal 
position of the emissions by using time-of-flight for the axial position and delay-and-sum for the lateral position. 
Dextran delivery was assessed with fluorescence microscopy. 

 

Single-cycle ultrasound pulses were shown to deliver dextran into all treated brains. The ATP-PAM algorithm 
produced in vivo maps with improved axial resolution compared to traditional PAM algorithms, allowing acoustic 
sources to be resolved within the beam down to biologically relevant length scales. Drug delivery was observed 
where activity was shown on cumulative energy maps. 

 

The combination of single cycle RaSP sequences and an appropriate high resolution monitoring system could 
enable safe and efficient drug delivery with more precise targeting of ultrasound treatment. 

 

 

Drug delivery and corresponding acoustic energy map using ATP-PAM of a FUS-treated mouse brain. 
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Develop and evaluate an efficient simultaneous proton resonance frequency shift (PRFS) – T1 – magnetic 
resonance shear wave elastography (MRSWE) pulse sequence. 
 
Bi-polar motion encoding gradients (4 lobes, 3.4ms/lobe, 60mT/m) were implemented in a 3D segmented EPI 
pulse sequence to perform MRSWE (Hofstetter MRM2019). MRSWE was applied to 3 positions surrounding 
geometric focus (Fig 1a). An image volume for each MRSWE position and a fourth (reference) image volume 
without FUS were interleaved on a TR-basis. Reference image served three purposes: 1) as reference in MRSWE 
reconstruction, 2) to perform PRF MR thermometry, and 3) to dynamically calculate T1 using a recently described 
single-reference variable flip angle method (Svedin MRM2019). For heating, FUS was applied at the geometric 
focus when not used to induce shear waves (Fig 1a). Temporal resolution was improved using temporally 
constrained reconstruction with R=4 (TCR, Todd MRM2009). Scan parameters: FOV=128x112x50mm, 
resolution=1x1x5mm, TR/TE=43/26ms, BW=1002Hz/px, ETL=7, FA=5°/15°, acquisition-time=1.0s/3D volume 
and 4.1s for full 3-point PRF/T1/MRSWE-measurement. FUS heating duty-cycle was ~53%. Studies were 
performed in tissue mimicking gelatin using a 950-kHz 256-elements FUS system (Imasonic/IGT). 
 
10 Watts-acoustic FUS heating resulted in temperature rise (about 12°C), T1 increase (from ~400 to 1200ms), 
and shear wave speed decrease (from about 2.0 to 1.0m/s). 
 
A method to efficiently measure PRF and T1, enabling MR thermometry in all tissue types, and dynamically 
monitor mechanical properties has been demonstrated. Dynamically measuring all three parameters can 
potentially be useful for improved treatment endpoint assessment. 
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To present the adaptation of the Proteus software platform to support commercial focused ultrasound (FUS) 
devices for pre-clinical research. 
 
Proteus is a software platform for image-guided focused ultrasound therapy used primarily for academic research. 
In this work, we adapted Proteus to become the official software for FUS Instruments’ commercial devices; the 
RK-50 (stereotactic) and the RK-300 (MRI-guided). A user-centered design (UCD) methodology was followed 
to capture and code user feedback. Improvements based on this feedback centered on redesigning the user interface. 
Also, a data management subsystem based on HDF5 was developed to handle multiple types of experimental data, 
such as cavitation and MRI thermometry. 
 
The figure shows the redesigned treatment planning user interface from the RK-50 device. Based on the UCD-
derived analysis, the interface was redesigned to have intuitive labeling, a workflow assistant to help guide the 
user through an experiment, fillable fields for entering parameter information and orthogonal 2D views for their 
treatment points overlaid upon a stereotactic rodent brain atlas from the Allen Brain Institute. Furthermore, the 
new subsystem for data management named CLIO, was developed to support multiple background software 
services capable of capturing large amounts of data without affecting the response time of the FUS hardware. 
 
The adaptation of the Proteus platform for image-guided interventions in commercial focused ultrasound devices 
for pre-clinical experimentation has been successful. This project improved Proteus for focused ultrasound 
research, facilitating new investigators and experts in the field to conduct pre-clinical focused ultrasound 
experimentation seamlessly around the world. 

 

Redesigned Proteus Treatment Planning Interface for the RK-50 Benchtop Focused Ultrasound System. 
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To date, a standard method to qualitatively evaluate boiling histotripsy (BH) lesion formation has been B-mode 
ultrasound (US) imaging. However, this method does not quantify the degree of tissue liquefaction. Here, a BH 
guidance approach using high-pulse repetition frequency (PRF) plane-wave color Doppler was tested in ex vivo 
tissue. The velocity of tissue debris and bubbles was evaluated as a metric of the degree of tissue liquefaction. 
 
A 1.5 MHz 256-element spiral HIFU array was used to generate BH lesions in ex vivo bovine myocardium and 
clotted blood. A varying number (7-10) of BH pulses (duration 10 ms, PRF 1 Hz) was delivered per focal point. 
High PRF plane wave Doppler ensembles (PRF 9-15 kHz, 12-100 pulses) were emitted from a coaxially mounted 
ATL P6-3 US probe immediately following each BH pulse, and the velocity field within the targeted area was 
reconstructed. The spatial dimensions and average/peak velocities of the velocity field at different time points 
were correlated to the grossly and histologically evaluated degree of tissue liquefaction. 
 
As tissue liquefaction progressed, the measured peak velocity directed toward the transducer at the targeted 
location increased from 15 to 70cm/s. The velocity at each target position averaged over the elevational dimension 
correlated with the distribution of residual tissue remnants in the lesion. 
 
High-PRF Doppler-based motion pattern and maximum velocity within the BH focal region immediately 
following a BH pulse can be used as a quantitative metric of the degree of tissue liquefaction. Work supported by 
NIH R01EB7643, R01GM122859, R01EB025187, and RSF20-12-00145. 

 

Color Doppler results for 2nd (left) and 7th (Mid) BH pulse with a corresponding steered location of the HIFU focus (green 
cross) and maximum velocity within ROI versus BH pulse in ex vivo bovine myocardium tissue (right) 
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Fluorescence may serve as an imaging readout for monitoring responses of living cells and tissues to focused 
ultrasound. However, fluorescence brightness might be directly affected by the ultrasonic field and confound the 
image interpretation. We propose the use of bacterial colonies expressing Green Fluorescent Protein (GFP) to 
characterize the modulation of fluorescence by focused ultrasound. 

 

A wide-angle spherical transducer array consisting of 512 elements emitted 150 ms duration pulses at 3 MHz 
frequency. Bacterial colonies transiently expressing GFP were kept in agar at room temperature during the 
experiments. Wide-field fluorescence emitted by the colonies was simultaneously recorded at a frame rate of 20 
Hz using a 473 nm continuous laser for the excitation. 

 

Fluorescence signal fluctuations upon the ultrasound emission exhibit distinctive low and high frequency 
components with transient fluorescence dips contrasting with slow changes of the baseline fluorescence levels. 
Due to the small size of the ultrasound focus (< 300 µm), low frequency fluctuations in fluorescence exhibit 
distinct gradients across the bacterial colonies. 

 

We show how fluorescence imaging yields information regarding physical changes occurring due to ultrasound 
emission. While transient fluorescence dips might be caused by local temperature increase, permanent 
fluorescence changes could be attributed to thermal and radiation force effects. The proposed platform provides a 
test bench to characterize the effect of ultrasound on fluorescent labels as well as to calibrate ultrasound emission 
parameters prior to in vivo experiments. Further work would help disentangle the specific role of thermal gradients 
and radiation force in inducing fluorescence changes. 
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Mapping cardiac activation is of high importance in electrophysiology to understand the underlying mechanism 
of arrythmias and thus ensure treatment efficacy. Electromechanical Wave (EW) Imaging (EWI) relies on ultrafast 
ultrasound acquisitions to visualize the cardiac contraction triggered by electrical activation of the myocardium. 

 

EWI acquisitions were performed using a 6.25Mhz intracardiac ultrasound probe on two open-chest swines. 
Pacing electrodes were screwed at the epicardium of the left ventricle. Local electrical activity of the cardiac wall 
was also recorded simultaneously. 75 datasets were acquired at 2000 to 2500fps either during sinus or paced 
rhythm, with pacing electrodes either centered in the imaging plane or outside of it. Local tissue interframe 
displacement was computed using a phase tracking algorithm and analyzed. 

 

Interframe displacement cineloops analysis allowed to visualize qualitatively similar EW propagation patterns for 
consecutive acquisitions with same heart rhythm. Contraction patterns depicted by EWI was directly influenced 
by the cardiac electrical activation as the EW propagation pattern changed along with the heart rhythm. 
Contraction timing usually appeared earlier in the period of local electrical activity for in-plane pacing than for 
sinus rhythm. Location of contraction onset matched the position of the pacing electrode when it was included in 
the imaging field of view, but epicardial activation was not systematically observed. 

 

EWI acquisitions were successfully performed with an intracardiac probe in-vivo and resulting contraction 
patterns could be used to characterize cardiac activation. Differentiating the exact layer of contraction onset might 
require more precise guidance methods to ensure proper alignment with contraction source. 

 

Electromechanical Wave Imaging in the left ventricle of an in-vivo swine with an intracardiac probe. 
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tcMRgFUS planning requires both a CT scan for skull density estimation and treatment planning simulation and 
an MRI for target identification. The purpose of this study is first to leverage the 3D V-Net for skull estimation. 
Furthermore, transfer learning of the trained model on a new dataset was studied to demonstrate the feasibility of 
applying the pre-trained model in dataset acquired using different MRI/CT sequences and protocols. 
 
MR images were acquired using a 3D radial UTE sequence. 3D V-Net was initially proposed to perform 
volumetric segmentation in medical images by considering the whole volume content at once. Dual-echo UTE 
images were used as input to the neural network, and reference CT skull images were used as the prediction target. 
UTE-CT image pairs from 30 subjects were used for training, 10 for validation of hyper-parameter tuning, and 2 
for prospective testing. 
 
High spatial correlation (0.77±0.09), low mean-absolute-of-error (112.53±18.42 HU), and high DICE (0.91±0.02) 
score were observed in the validation dataset. Two prospective testing datasets show comparable results, 
suggesting that the model was not over-fitted to the training/validation data. Figure 1 shows the 3D cinematic 
rendering of the reference CT skull and synthetic CT skull from a representative subject. 
 
Deep learning can be utilized to generate synthetic CT skulls, thereby simplifying the workflow of tcMRgFUS. 
3D V-Net was utilized to take advantage of contextual information in volumetric images. The feasibility of 
applying a pre-trained model in new dataset demonstrated the possibility of generalization across various 
sequences/protocols and scanners. 

 

Figure 1. The 3D cinematic rendering of the reference CT skull and synthetic CT skull from a representative subject. The two 
renderings are very similar, except in the lower maxillary bone and teeth. This is likely due to lack of training as current study 
focuses on MRgFUS application. 
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Passive elastography was performed for HIFU lesion detection in prostate cancer using B-mode images acquired 
on a clinical ultrasound system. 
 
A calibrated elasticity phantom with stiff inclusions was used to compare the passive elasticity maps obtained 
using raw IQ data and B-mode images reconstructed from the same data set. Frame-to-frame displacement was 
estimated by phase tracking and GLobal Ultrasound Elastography (GLUE), respectively. The technique was then 
applied to B-mode images from five prostate cancer patients with various Gleason scores, before and after local 
HIFU treatment using the Focal One® system with slow-rate acquisition (PRF = 20 Hz). Per-operative Contrast-
enhanced ultrasound and post-operative multiparametric MRI were used as comparators and confirmed the 
treatment success. 
 
In vitro, the shear wave velocity was estimated in the background and in the inclusion at 2.93 ± 0.71 and 5.53 ± 

0.89 m/s, respectively, using IQ data and 3.13 ± 0.81 and 5.17 ± 0.95 m/s using the reconstructed B-mode images, 

in good agreement to the manufacturer’s values of 2.89 and 5.16 m/s. In patients, the shear wavelength was in 
average 37% higher in the tumor than in adjacent prostate tissue prior to treatment indicating stiffer tissue. In 
addition, the elasticity values increased by 26% after treatment in the ablated region while they remained similar 
in untreated areas. 
 
This work shows that passive elastography can be performed from B-mode images with results comparable to the 
ones obtained based on IQ data. This method may be used to detect prostate tumors in patient and HIFU ablation. 
 

 

 

 

 

 

Passive elastography (left) was performed before (top) 
and after (bottom) HIFU treatment in a cancerous 
prostate (white), detecting the mass (yellow) and the 
ablated region (red). The vascular depletion in the 
treated volume was confirmed with contrast agents (top 
right) with the corresponding B-mode image (bottom 
right). 
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MR-ARFI has the potential to provide both focal spot localization and estimate the acoustic intensity delivered to 
the target, improving the safety and efficacy of non-ablative MRgFUS treatments. However, the relationship 
between intensity and displacement phase is not well understood. In this study, we investigate how focal depth 
affects this relationship. 
 
Sonications were performed over a range of applied powers at focal depths of 60 and 90 mm with a 550 kHz 
focused ultrasound transducer (ExAblate 2100, Insightec Ltd, Haifa, Israel). MR-ARFI data were acquired by 
sonicating a gel phantom at 3T using a 2DFT spin echo sequence with repeated bipolar motion encoding gradients 
(MEG). Measurements of the spatial-peak pulse-average acoustic intensity were made in free water with a fiber-
optic hydrophone (Precision Acoustics, Dorchester, UK). Rise and fall time constants of the displacement profile 
at both focal depths were determined by fitting measured data to the Kelvin-Voigt model. MR elastography was 
performed to ensure uniform stiffness across the phantom. 
 
For the same acoustic intensity at the focus, greater displacement phases were observed in the phantom when 
sonicating at 90 mm vs 60 mm focal depth (Figure 1A). Since the displacement profile falls during the negative 
lobe of the MEG, the shorter fall time constant observed at a focal depth of 90 mm (Figure 1B) could explain this. 
 
We have shown that longer focal depths increase the displacement phase for a given intensity and should be taken 
into account if we want to monitor focal spot intensity using MR-ARFI. 

 

Figure 1(A) Relationship between MR-ARFI displacement phase and hydrophone intensity. At 90 mm focal depth, the slope 
was greater, giving a larger displacement phase for a given intensity. (B) Rise and fall time constants of the displacement 
profile. Rise time constants were almost identical. At 90 mm focal depth, the fall time constant was shorter, leading to a larger 
time-averaged displacement. 
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Thin film 2D RTD (Resistance Temperature Detector) sensor array is proposed to measure temperature 
distribution inside the HIFU phantom. Since the film substrate thinner than the ultrasonic wavelength is 
transparent to not only ultrasonic waves and but also heat conduction, making it suitable for measuring the 
temperature distribution inside the HIFU phantom without any distortion in the ultrasound propagation and heat 
flow. 
 
Unit RTD is surpentine-shape electrode with a size of 200 x 200 um. 10 × 10 RTD array was designed to have 1 

mm inter-RTD distance. The RTD array was fabricated in 2 μm thick polyimide film by using MEMS 
(Microelectromechanical Systems) technology. 10 mm thick polyurethane was cured at both sides of the film as 
tissue-mimicking materials. 
 
The maximum uncertainty for temperature measurement in RTD array was measured as 0.4 K (k = 2). At the 
HIFU transducer having an acoustic intensity of 32.7 mW/cm2 at the focus, the maximum temperature was 49.3 ℃. 
As the ultrasonic focus moved away from the film, the maximum temperature decreased and the temperature 
distribution changed smoothly. 
 
The proposed RTD sensor array was experimentally validation for measurement of the internal temperature 
distribution, and it can be used in the evaluation of the performance and safety of HIFU devices. 
 

 

Thin film 2D RTD sensor array for HIFU phantom 
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Recently, the field of MRI-guided, high-intensity focused ultrasound surgery (MRgFUS) has evolved and is 
offering new hope for the treatment of many brain disorders through both ablative and non-ablative mechanisms 
such as drug delivery, neuromodulation and blood brain barrier (BBB) opening. MRgFUS thalamotomy for the 
treatment of essential tremor (ET) is also used widely around the world. We recently conducted clinical studies 
for the evaluation of the role of MRgFUS lesioning in the management of Parkinson’s disease (PD), obsessive 
compulsive disorders (OCD) and depression, especially for those who are refractory for the medical managements. 
We are also conducting clinical trials on MRgFUS BBB opening to confirm the safety and feasibility of BBB 
opening for the treatment of glioblastoma (GBM) and Alzheimer’s disease (AD). All MRgFUS was performed in 
a 3.0 T MRI (Signa, GE, USA) using the Exablate 4000 device (Insightec, Israel), which features a 30cm-wide 
hemispherical, 1024-elements phased array, operated at 680 KHz and 220 KHZ while the patient’s head was 
immobilized by fixation in an MRI-compatible, stereotactic frame (Radionics, USA). In this presentation, I will 
also demonstrate my personal experiences and explain how to troubleshoot the problems I faced with MRgFUS.  
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Histotripsy and Lithotripsy: Acoustic Interactions and Control of Mechanical 
Disintegration by Focused Ultrasound 

 

Adam D. Maxwell1,2 

 

1 Department of Urology, University of Washington School of Medicine, USA 

2 Center for Industrial and Medical Ultrasound, Applied Physics Laboratory, University of Washington, USA 

 

amax38@uw.edu  

 

Histotripsy is a noninvasive focused ultrasound technology to mechanically disintegrate soft tissues, while 
lithotripsy uses a similar technique to fragment calcifications such as kidney stones in the body. This presentation 
will outline studies on the mechanistic interactions between acoustic waves and tissues or calcifications that lead 
to mechanical disintegration in these therapies. The presentation will also demonstrate how study of these 
mechanisms has led to new modes of histotripsy and lithotripsy that improve certain aspects of treatment, such as 
ablation precision and control of fragment size for kidney stones. 
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Tissue engineering and regenerative medicine seeks to overcome limitations associated with organ transplantation 
and surgical reconstruction. During tissue regeneration, cellular behaviors are influenced by biochemical and 
biophysical signals within the local microenvironment. These signals are spatially and temporally regulated based 
on homeostatic and pathological events. Implantable biomaterials consisting of biocompatible scaffolds, growth 
factors, and/or cells are commonly used to stimulate regeneration. However, conventional biomaterials do not 
afford the direct, in situ modulation of these signals or resulting cellular processes following implantation. This 
has hampered the translation of regenerative strategies, ranging from understanding the role of these cues in 
regeneration to personalizing implant characteristics based on patient response. The development of biomaterials 
that respond to focused ultrasound enables non-invasive, spatiotemporally-controlled modulation of biochemical 
and biophysical signals in an on-demand manner. This talk highlights non-thermal and thermally-based ultrasound 
strategies for regulating regeneration. In acoustically-responsive scaffolds (ARSs), acoustic droplet vaporization 
induces matrix compaction and stiffening, which can be used to control matrix porosity and degradation as well 
as cell differentiation. ARSs also enable delivery of single and multiple growth factors, with tunable release 
kinetics, that can stimulate patterned blood vessel growth and therapeutic angiogenesis. In addition, ultrasound-
generated hyperthermia can modulate gene expression in cells containing a heat-activated and ligand inducible 
gene switch. Overall, these findings demonstrate that ultrasound-responsive biomaterials can assist with basic 
science understanding and translational advancement of tissue regeneration. 
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An Acoustic Measurement Library for Non-Invasive Trans-Rodent Skull Ultrasonic 
Focusing at High Frequency 

 

Saba Rahimi1,  Ryan Jones1,  Kullervo Hynynen1 
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We recently developed a high-frequency phased array system for transcranial focused ultrasound delivery in small 
animals [Rahimi et al, IEEE UFFC 68(1):127-135 (2021)]. At high frequencies the beam aberrations induced by 
rodent calvaria are substantial and must be accounted for to achieve adequate trans-skull focusing. Here, we 
investigate the feasibility of using an acoustic measurement library for non-invasive trans-rodent skull ultrasonic 
focusing at high frequency. 

 

A fiber optic hydrophone (FOH) was positioned at the geometric focus of a spherically-curved phased array (64 
elements, 25 mm diameter, 20 mm radius of curvature). Elements were driven sequentially (3.3 MHz driving 
frequency) and FOH waveforms were recorded with and without an intervening ex-vivo rodent skullcap. Element-
wise measurements were carried out on 15 skullcaps (male Sprague-Dawley rats, 180-210 g) and 3 fixed 
transmission regions were investigated per specimen. An element-wise measurement library of skull-induced 
phase differences was constructed using mean values across all specimens for each transmission region. The 
transcranial phase differences provided by the measurement library were compared to those measured directly 
using a FOH across 5 additional skullcaps (190-200 g) not included in the library. 

 

Transcranial phase corrections obtained from the acoustic measurement library deviated less from the FOH-based 
trans-skull phase difference values than the phases calculated for the water-path case [Fig. 1]. Retrospective 
analysis suggests comparable performance can be obtained using smaller library sizes [Fig. 1]. 

 

An acoustic measurement library of skull-induced phase differences represents a practical approach for non-
invasive trans-rodent skull focusing at high frequencies. 

 
Cumulative histograms of phase error for different aberration correction methods. 
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Blood-Brain Barrier (BBB) opening with Focused Ultrasound requires maintaining a pressure threshold Pmin 
on a target for a minimum duration Texp. The disruption efficiency depends on the microbubbles concentration 
C(t). When targeting a large volume, i.e., several focal points, Texp should increase as C decreases. We here 
assume that exposure E(t) = Texp(t) x C(t). E(t) should exceed threshold Emin required for BBB opening. 
Targeting a large area thus requires applying adequate trajectories to the focal spot. We propose to robotize the 
transducer positioning task for this purpose using a water-bath-based BBB opening setup [Thomas, EMBC 
2020]. 
 
To model the trajectory, only the ellipsoidal focal spot where pressure P > Pmin is considered. As a proof of 
concept, we consider the problem of opening the BBB over a 2D rectangular surface. C(t) and E(t) are assumed 
known. The path of the spot follows parallel lines for full coverage of the surface. The speed function decreases 
so that E(t) > Emin for all points. The method was applied with C(t) following an exponential decay. The robot 
(UR5) holds a tool simulating the focal spot, and its successive positions are measured with a laser-based profile 
sensor. 
 
The feasibility of the approach is confirmed. The final exposure map shows that the surface is fully covered and 
that each point is exposed with at least Emin. The maximum positioning error was estimated at 0.1 millimeter. 
 
The method can be adapted to other surfaces or volumes and E(t) functions for volumetric BBB opening. 

 

Experimental trajectory (left) and exposure mapping E((x,y)(t)) (right) for a rectangular targeted surface (red rectangle) of 
128 mm². Microbubbles half-life time t1/2 = 200 s, initial sonication duration Texp0 = 10 s, spot radius R = 4 mm, display 
sample frequency f = 2 Hz. 
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The highly selective nature of the blood-brain barrier (BBB) restricts drug delivery to the brain. Acoustic Cluster 
Therapy (ACT®), a platform for targeted therapeutic enhancement, is a promising strategy to overcome the BBB. 

ACT® comprises of systemically administered microdroplet-microbubble clusters that are activated by a 

localized two-step ultrasound exposure, forming large (25 µm) oscillating ACT® bubbles that lodge in the 

targeted endothelium. Here, we studied the effect of ACT® on BBB permeability and subsequent brain 
parenchymal accumulation of versatile clinical stage core-crosslinked polymeric micelles (CCPM), whose 
transport to the brain is normally restricted by the BBB. 
 
Healthy mice were intravenously injected with fluorescently labelled CCPM and brains were treated with ACT®. 
Changes in BBB permeability were evaluated by contrast-enhanced magnetic resonance imaging and 
accumulation of CCPM in excised brains was measured using near infrared fluorescence imaging. Extravasation 
and penetration of CCPM into the brain parenchyma was imaged by confocal laser scanning microscopy (CLSM). 
Histology was used to evaluate the safety of the treatment. 
 
ACT® resulted in a 1.5-fold increase in BBB permeability leading to a 3.7-fold enhanced accumulation of CCPM 
in the brain. CLSM images showed improved extravasation and penetration of CCPM into the brain parenchyma. 
No treatment induced damage of clinical relevance was detected. 
 
ACT® safely and transiently increased BBB permeability, enhanced brain parenchymal accumulation and tissue 

penetration of CCPM. These findings open new possibilities for combination therapies using ACT® and 
nanomedicines to treat brain disorders. 

Effect of Acoustic Cluster Therapy (ACT®) on 
the blood-brain barrier (BBB) permeability. 

 A: Contrast enhanced T1-weighted MR image of 
a control (left) and ACT®-treated (right) brain. B: 

Near-infrared image of a control (left) and ACT®-
treated (right) brain. C: Illustration of the BBB 
treated with ACT® and core-crosslinked 
polymeric micelles. Scalebar represents 4 mm. 
Figure created with BioRender. 
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Approaches to Treat Brain Tumor; Photodynamic Therapy and Sonodynamic Therapy 
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PDT is a promising methods to treat tumors under certain conditions, which cause localized cell death by using 
an 663nm of laser and a sensitizer as an energy absorber. SDT activates sensitizers with ultrasonic energy, 
ultimately killing tumor cells. SDT can overcome the limits of PDT therapy in terms of penetration depth. In this 
study, we compared the effectiveness between PDT and SDT. 

 

C6 cells were transplanted into the brain of SD rats. Treatments were performed 11 days later tumor 
transplantation. 5-ALA (60 mg/kg) was IV injected 6 hours before treatments. Rats were divided into the four 
groups: 5-ALA alone (n=5), 5-ALA+PDT (n=5), 5-ALA+SDT (n=5), 5-ALA+PDT+SDT (n=5). The pulsed 
ultrasound was generated using a 0.5-MHz single-element spherically focused transducer. The acoustic power 
used for SDT was 5.5 W/cm2, and total duration was 20 min. The laser was illuminated by 100 J/cm2 using 633 
nm. We performed MRI to confirm tumor volume after treatment each week. 

 

Comparing T1-Enhaced image of each rat, there are significant decrease of tumor profile in PDT group compared 
to other groups on day 18. Also, comparing tumor average volumes of each week, PDT shows the remarkable 
effects among them. 

 

Our results suggest that PDT regimen of 5-ALA combined with laser can significantly inhibit tumor growth in a 
rat brain tumor model. Although SDT can be a method that can treat tumors non-invasively and has the advantage 
of being able to reach deeper, but when stimulating sensitizers vaguely, there is a major drawback that the tumor 
can be exacerbated. 

 

 

 

 

 

 

 

 



059

SS3-05 

Improved Glymphatic-Lymphatic Drainage of Beta-Amyloid by FUS Treatment with 
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Drainage of parenchymal waste through the lymphatic system maintains brain homeostasis. In dementia models, 
the accumulation of beta-amyloid (Aβ) is led by age-related changes of glymphatic-lymphatic clearance. This 
study was designed to investigate the effects of FUS treatment in combination with microbubbles (FUS+MB) on 
the drainage of Aβ in early dementia model. 
 
As the dementia animal model, transgenic mice 5XFAD were used. Treatment was repeated four/six times on a 
weekly basis. One week after the last treatment, the behavioral test and pathological evaluation were performed. 
 
FUS+MB enhanced solute Aβ clearance from brain, but not plaques, to cerebrospinal fluid (CSF) space and then 
deep cervical lymph node (dCLN). In the animal model, memory impairment and progress of plaque formation 
was exaggerated by using dCLN ligation and also the beneficial effects of FUS+MB upon Aβ removal through 
CSF-lymphatic routes was evaluated using this model. In this ligation model, FUS+MB improved memory despite 
accumulation of Aβ in CSF. 
 
In conclusion, FUS+MB enhances glymphatic-lymphatic clearance of Aβ mainly by increasing brain-to-CSF Aβ 
drainage. We suggest that FUS+MB can delay dementia progress in early period and benefits of FUS-MB depend 
on the effect of Aβ disposal through CSF-lymphatics. 

 
Pathological changes in 5XFAD by repeated FUS-MB. 
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FUS-induced blood-brain barrier (BBB) opening is rapidly expanding into clinical applications. Our group has 
developed a neuronavigation-guided clinical system prototype, which under an IDE by the FDA was applied in 
Alzheimer’s disease (AD) patients. Here, we present preliminary findings from the first AD patient treated in the 
prefrontal cortex (PFC). 
 
A 0.25-MHz FUS transducer (Sonic Concepts) was mounted onto a robotic arm (figure 1A). A 1.5-MHz 
transducer was used for real-time monitoring of cavitation emissions. Treatment planning in the BrainSight 
neuronavigation system included selection of a PFC location and a beam trajectory at normal incidence with the 
12-mm-thick frontal skull. Modeling in k-wave was used to estimate an attenuation coefficient, which was 84±3%. 
The treatment was conducted using FDA-approved parameters (derated PNP: 200kPa, MI: 0.4, PL: 10ms, PRF: 
2Hz, duration: 2min). T1-weighted MRI and amyloid PET images before and after the treatment were used for 
confirming the BBB opening and amyloid plaque load, respectively. 
 
We observed a localized 4.3-cm3 BBB opening within the PFC following FUS using contrast-enhanced MRI 
(figure 1B). The subject reported no symptoms during or after the FUS procedure. Cavitation emissions were 
detected through the human skull and included harmonics and limited broadband signal at higher frequencies, 
with a harmonic-to-broadband dose ratio equal to 10. Amyloid PET 3 days post-FUS showed a 14% signal 
decrease in the targeted region. 
 
Neuronavigation-guided BBB-opening in the PFC of an AD patient was shown to be feasible and initial findings 
in reduction of the detected amyloid PET signal were obtained. 
 

 
A) Neuronavigation-guided FUS transducer targeting the prefrontal cortex of the AD subject. B) Localized blood-brain barrier 
opening in the prefrontal cortex. The region of contrast enhacement is shown as a contour on the pre-FUS T1-weighted MRI 
across the axial, coronal, and sagittal planes. 
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Histotripsy has been shown to effectively ablate deep and shallow locations through excised human skull and thus 
is being investigated as a non-invasive treatment for brain tumors in a murine model. MRI is a standard clinical 
tool to evaluate the treatment response of brain tumors. Here we investigate intracranial MRI findings following 
histotripsy in an in-vivo murine brain tumor model and evaluate the progression of these changes over time. 

 

Two mice implanted with glioblastoma (GBM) and 6 non-tumor-bearing mice were treated with histotripsy using 
a 1MHz transducer at 1Hz PRF and an estimated p- of 30MPa. MRI with T2, T2*, T1 and T1-Gd sequences was 
obtained at 2,7,14, and 28 days post-histotripsy using a 7T MRI scanner. MR images were interpreted by a 
neuroradiologist. 

 

Post-treatment, histotripsy ablation zone appears hypointense on T2, T2*, and T1-Gd MR images, likely due to 
accumulation of blood products in healthy and tumor-bearing mice (Fig 1). In tumor-bearing mice, the ablation 
zone is characterized by a sharp hypointense boundary from the surrounding contrast-enhancing hyperintense 
tumor on T1-Gd images that persisted over the observation period (28 days). Results from non-tumor-bearing 
mice demonstrate a surrounding hyperintense rim on T1-Gd within the ablation zone (Fig 1B), suggesting blood-
brain-barrier (BBB) disruption. Over time, the hyperintense rim surrounding the ablation zone on T1-Gd becomes 
less prominent, suggesting closure of the BBB. 

 

Histotripsy creates a well-defined ablation zone in the murine brain that can be visualized as a hypointense zone 
differentiated from the hyperintense residual tumor, most appreciated on T1-Gd images. 
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T1-Gd and T2* MRI images of tumor-bearing (A) and non-tumor bearing mice (B) imaged over 4-week period. 

 

 

 

 

 

 

 



063

SS3-08 
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Microbubble-enhanced focused ultrasound (MB-FUS) is a disruptive technology for targeted drug delivery in the 
brain via selective opening of the Blood-Brain Barrier (BBB). While recent clinical trials have demonstrated its 
safety and provided evidence of its efficacy, the number of under- and over-treated patients was above 40%, 
highlighting the challenges towards translation and the need for new methods and technologies for guiding this 
minimally invasive intervention. Here, we present a closed-loop, portable, and cost-effective Ultrasound-guided 
FUS (USgFUS) system for selective BBB-opening in rodents. 

 

The USgFUS-system creates a 2D image of the mouse head by raster scanning a single-element imaging 
transducer (4MHz) that is then fused with preoperative MR image allowing to target any brain region with sub-
focal targeting accuracy (430±100μm). 

 

Our findings clearly demonstrate that the acoustic signatures indicative of stable (harmonic and ultra-harmonic) 
or inertial (wideband) microbubble oscillation can be readily recorded and used to train a closed-loop controller 
for attaining safe and effective BBB-opening, as evidenced by the good correlation between the level of the 3rd 
harmonic with post MB-FUS Ktrans values (R2=0.57). Our closed-loop control method, which can employ 
multiple observer states (harmonics, wideband, etc.), is able to reach the targeted level of emissions in less than 3 
sec and remain within 3.5% of tolerance. Crucially, the controller had accuracy of 98.2% relative to the target 
emission level, with resulting Ktrans values also correlating well to training data. 

 

Ongoing research aims to define tumor-specific therapeutic windows for improved drug delivery and scaling up 
to clinical conditions. 
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A) Schematic of USgFUS system. CE-MRI allowed us to determine targeting accuracy. B) Harmonic emission during 
controlled BBB-opening session. (Magenta) Constant and low pressure FUS was applied to track MB kinetics in the brain to 
determine control time C) Controlled emission level and controller training. D) Pharmacokinetics map for low and high 
controlled target AE level. 
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The Blood-Brain Barrier (BBB) is the interface between vessels and the Central Nervous System hampering most 
pharmacological treatments for brain pathologies. Recently, the possibility of opening the BBB through low-
intensity therapeutic ultrasound (TUS) waves combined with circulating microbubbles (MBs) has gained 
particular interest, as it allows a localized, reversible and non-invasive approach. However, aside from being 
cumbersome and hardly available, current experimental devices do not consider MBs dynamic distribution within 
brain structures due to the skull’s impedance towards US imaging. The objective of the present study was to 
demonstrate the feasibility of BBB disruption through a cranioplasty device designed to allow unhindered 
penetration of US for imaging and therapeutic applications. 
 
12 Guinea Pig brains were isolated and perfused in vitro; each one provided a hemisphere perfused with MBs and 
insonated with or without the interposition of the device and one receiving only MBs or insonation. After treatment, 
FITC-albumin was perfused through the main arterial line of the brains to quantify its extravasation and thus the 
degree of BBB opening. 
 
Overall, no significant differences were found between hemispheres receiving both US and MBs with or without 
the interposition of the device, while controls had a significantly lower degree of BBB disruption. 
 
The results of the present study clearly demonstrate that TUS-mediated permeabilization of the BBB is achievable 
through this artificial acoustic window and comparable to exposure of the naked brain, possibly laying the first 
stone for a repeatable, bedside, CEUS-guided approach to BBB disruption for enhancing pharmacotherapy to the 
CNS. 

 
a) Scheme of the experimental set-up of the in vitro isolated brain preparation. b) Scheme of the sonication set up. The area of 
influence of TUS is limited to one hemisphere. c) Quantification of parenchymal FITC–albumin leakage in the four 

experimental conditions. d) Photomicrograph of a coronal brain section showing unilateral intra-cerebral FITC–albumin signal 
following BBB opening protocol. 
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Safety and Efficacy of Magnetic Resonance-Guided Focused Ultrasound Surgery with 
Autofocusing Echo Imaging 
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Magnetic resonance guided focused ultrasound surgery (MRgFUS) lesioning is a new treatment for brain disorders. 
In the present study, we carried out MRgFUS lesioning using an autofocusing echo imaging technique. We aimed 
to evaluate the safety and efficacy of this new approach, especially in patients with low SDR in whom previous 
focusing methods have failed. 

 

From December 2019 to March 2020, we recruited ten patients with ET or Parkinson’s disease (PD) who had a 
low SDR. Two patients dropped out of the trial due to the screening failure of other medical diseases. In total, 
eight patients were included: six with ET who underwent MRgFUS thalamotomy and two with PD who underwent 
MRgFUS pallidotomy. The autofocusing echo imaging technique was used in all cases. 

 

The mean SDR of the patients with ET was 0.34, while that of the patients with PD was 0.41. During MRgFUS, 
a mean of 15 sonications were performed, among which a mean of 5.63 used the autofocusing technique. The 
mean maximal temperature (Tmax) achieved was 55.88℃, while the mean energy delivered was 34.75 kJ among 
all patients. No serious adverse events occurred during or after treatment. 

 

Using autofocusing echo imaging lesioning, safe and efficient MRgFUS treatment is available even for patients 
with a low SDR. Therefore, the indications for MRgFUS lesioning could be expanded to include patients with ET 
who have an SDR < 0.4 and those with PD who have an SDR < 0.45. 
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Histotripsy has been previously applied through an excised human skull to treat various cranial locations in vitro. 
This work aimed at demonstrating the feasibility of in vivo transcranial MR-guided histotripsy (tcMRgHt) in pig 
brains. 
 
TcMRgHt treatment was delivered to 8 pigs using a 700-kHz, 128-element MR-compatible phased-array 
transducer inside a 3T MRI scanner, through an excised human calvarium placed over the acoustic window created 
by craniotomy. Target volumes in the brain were identified using pretreatment MRI based on fiducial markers 
and treated via electronic focal steering. MR scans were acquired pre-treatment, immediately post-treatment, and 
2-4 hours post-treatment to evaluate the treated zone and any off-target brain damage. The pigs were euthanized 
at 2-4 hours post-treatment and the pig brains were harvested for histopathological examination. 
 
Successful histotripsy ablation was observed in all pigs with well-confined MR-evident lesions in the targeted 
volume. T2*-weighted images demonstrated mild red blood cell extravasation and no evidence of hemorrhage at 
off-target locations. Histology revealed tissue homogenization in the ablation zones with a sharp demarcation 
between treated and untreated tissue. Ischemic injuries were observed at the boundaries of the lesions, with shrunk 
neurons and axonal disruption extending ≤ 500 µm from the lesions’ borders. There was no significant gyral 
edema or midline shifting related to the treatment. 
 
This study demonstrated the feasibility of in vivo transcranial MR-guided histotripsy in the pig brain for the first 
time and enabled further investigation on the use of tcMRgHt for brain surgical applications. 

 
Fig.1 a-d: T2, T2*, T2 FLAIR and diffusion-weighted (DWI) images acquired 2-hour post treatment. e: Experimental setup 
for transcranial histotripsy treatment in the MR scanner. f: H&E slide corresponding to MR images in a-d. g: The interface 
between treated (T) and untreated (U) region showing sharp boundary around the hemorrhage area, with shrunk neurons 
observed outside the lesion's boundary. 
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Blood-Brain barrier (BBB) permeabilization using microbubbles and ultrasound is a promising technique to 
deliver drugs to the brain. However, aspects of its mechanisms remain unclear. This study aimed to directly 
observe the physical interactions between single microbubbles and brain microvessels using high- and ultra-high-
speed microscopy. 

 

Acute brain slices were obtained from juvenile rats (postnatal day 5-15) which had been transcardially perfused 
with SonoVue, heparin, and ink. In each slice, a suitable bubble in a microvessel (5-20 µm diameter) was found 
and its dynamics during an ultrasound pulse were observed using high-speed microscopy. Typical BBB opening 
pulses were used, with a centre frequency of 1 MHz, peak negative pressures of 0.2-0.8 MPa, and pulse lengths 
up to 10,000 cycles. Bubble dynamics were tracked at both microsecond and millisecond time scales. Volumetric 
oscillations were observed at 10 Million frames per second (fps). Bubble and tissue motions over 10 ms pulses 
were observed at 5,580 fps. 

 

Oscillating microbubbles caused microvessel walls to distend and invaginate at the ultrasound driving frequency. 
Deformations extended well beyond the vessel wall at millisecond time scales, creating displacements several 
micrometres into the tissue. Bubbles often oscillated asymmetrically. Microbubbles were forced out of 
microvessels due to the primary radiation force; this was increasingly common at higher pressures. 

 

Under typical BBB opening ultrasound parameters, microbubbles can exert significant forces on the microvessel 
wall, and several microns into the brain tissue. Microbubble extravasation due to the primary radiation force may 
be a mechanism of BBB opening or of tissue damage 

 
Left: Example microbubble in a microvessel of a brain slice. Right: Frames from 10 Mfps video of a microbubble sonicated 
at 1 MHz, 0.8 MPa, with streak image along blue line. Arrows: vessel walls. 
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Intra-Operative HIFU Treatment of the Liver at the Hepatocaval Confluence Using a 
Toroidal Transducer. Results of In-Vivo Experiments 

 

Sophie Cambronero1,  Aurélien DUPRE1,  Yao CHEN1,  Michel RIVOIRE1,  David MELODELIMA1 

 

1LabTAU, INSERM, Centre Léon Bérard, Université Lyon 1, Univ Lyon, F-69003, LYON, France 

 
An intra-operative toroidal HIFU transducer was developed to treat liver metastases by creating fast and large 
ablations (up to 50㎤ in 6 minutes). This preclinical study evaluated, in a porcine model, the feasibility and 
tolerance of an intraoperative HIFU treatment at the hepato-caval confluence before application to patients. 
 
The toroidal HIFU transducer operated at 2.5MHz and had a diameter and radius of curvature of 70mm. An 
ultrasound imaging probe operating at 7.5MHz was placed in the center of the HIFU transducer.  
Nine animals were treated and followed over 7 days after the HIFU procedure. Ultrasound Doppler images were 
recorded percutaneously and intraoperatively before and after treatent at day 0 and at day 7. HIFU exposure lasted 
370 seconds using an acoustic power ranging from 80W to 115W. For each animal, the hepato-caval confluence 
(left lateral and left medial lobe) was targeted. 
 
The HIFU ablations were created around the targeted blood vessel and measured on average 27.5 ± 2.6 mm in 

diameter and 35.5 ± 6.8 mm long. The average diameter of the targeted vessels was 9.9 ± 1.0 mm. The HIFU 
lesion extended to the vessel wall while maintaining normal blood flow at day 7 as confirmed by Doppler images. 
Histological analysis confirmed the absence of thrombosis. 
 
An intraoperative HIFU treatment of the liver at the hepato-caval confluence was shown to be safe and feasible 
using a toroidal transducer.  
 
Project funded by SIRIC LyriCAN grant INCa_INSERM_DGOS_12563, the French National Research Agency 
(ANR-19-CE19-0027-01) and the FUS foundation (RC17121CC). 

 

Fig. 1. HIFU ablation at the hepato-caval confluence 7 days after treatment A. In vivo intraoperative Doppler indicates 
normal blood flow, B. Macroscopic view of the corresponding HIFU ablation. 
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Efficient and Safe FUS-Mediated BBB Opening at the Whole Brainstem 

 

Yan Gong1,  Chih-Yen Chien1,  Dezhuang Ye1,  Yimei Yue1,  Hong Chen2 

 

1Biomedical Engineering, Washington University in St. Louis, United States of America 
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Diffuse intrinsic pontine glioma (DIPG), the deadliest pediatric brain tumor, arises from the pons and can affect 
the whole brainstem. Current research has shown feasibility to achieve large volume blood-brain barrier (BBB) 
opening by focused ultrasound (FUS) sonication at multiple points. However, efficient and safe BBB opening at 
the whole brainstem hasn’t been demonstrated. This study was to compare recurring and nonrecurring sonication 
patterns to achieve efficient and safe BBB opening at the whole brainstem. 
 
Wild type mice were treated with a 3x3 grid to cover the brainstem using an ultrasound-guided focused ultrasound 
system. Two scanning patterns were compared: recurring (1 burst per point, 100 iterations) and nonrecurring (100 
bursts per point, 1 iteration). Microbubbles were intravenously injected prior to sonication. Evans blue was 
delivered after the sonication to quantify BBB opening via fluorescence imaging. Heart rate and respiration rate, 
the main functions controlled by brainstem, were monitored as safety assessment during the entire procedures. 
Histology evaluation was performed to the ex vivo brain tissue. 
 
Recurring sonication achieved homogeneous BBB opening at the whole brainstem, which was not achieved using 
nonrecurring pattern (Fig1A). Recurring sonication yielded the delivery efficiency 2.1 folds higher than 
nonrecurring sonication (Fig1B). No significant changes of heart rate or respiration rate were found throughout 
the procedures with either sonication pattern (Fig1C). Histology showed no damage at brainstem induced by FUS 
sonication. 
 
This study demonstrated at the first time that recurring FUS sonication achieved efficient and safe BBB opening 
at the whole brainstem. 
 

 

A) near-infrared fluorescence imaging and B) quantification showed significantly higher Evans blue delivery at brainstem 
via recurring sonication than nonrecurring sonication (p<0.0001). C) Heart rate and respiration rate showed no changes 
before, during and after FUS treatment. 
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A Robotic MRI-Guided High-Intensity Focused Ultrasound Neonatal Neurosurgery 
Platform: Assessment of Targeting Accuracy and Precision 

 

Hrishikesh Raghuram1,  Benjamin Keunen2,  Nathan Soucier1,  Samuel Pichardo3,  Adam C. 

Waspe2,  James M. Drake4 

 

1Institute of Biomedical Engineering, University of Toronto, Canada 
2Centre for Image Guided Innovation & Therapeutic Interventions, The Hospital for Sick Children, Canada 

3Hotchkiss Brain Institute, University of Calgary, Canada 
4Department of Neurosurgery, The Hospital for Sick Children, Canada 

 

A robotic MRI-guided high-intensity focused ultrasound (MRgHIFU) platform was developed to treat the 
neonatal brain. This platform positions the transducer above the head of the patient, which facilitates the neonate’s 
placement while providing a larger treatment area. This study investigates and quantifies the targeting accuracy 
and precision of the robotic MRgHIFU platform. 

 

A thermosensitive tissue-mimicking phantom (TTMP), which emulates brain matter, was developed to test the 
platform’s capabilities in a controlled setting. A 3D printed alignment system was fabricated to keep the initial 
position of the robotic MRgHIFU platform and TTMP consistent (Fig.A). To quantify targeting, a rectangular 
grid pattern was sonicated within the TTMP, which was monitored by an MR thermometry sequence. Following 
these sonications, the intended target locations were demarcated in the TTMP by inserted carbon fibre rods 
through a calibration template (Fig.B). Coordinates for intended (carbon fibre rods) and actual (thermal lesions) 
targets were derived from T2-weighted MRI scans and their centroid distances were measured in three dimensions. 
The mean and standard deviation quantified the targeting accuracy and precision respectively. 

 

HIFU ablation resulted in distinct thermal lesions at the sonication points that appeared as discrete hypointense 
regions in T2-weighted scans (Fig.C). Measuring the distance between intended and actual target points (n=116) 
yielded a mean difference of [-0.1mm, -1.7mm, 0.0mm] with a standard deviation of [1.2mm, 0.8mm, 0.8mm] in 
the [x, y, z] directions (Fig.D-F). 

 

These results demonstrate the robotic MRgHIFU platform’s high targeting accuracy and precision in a brain-
mimicking phantom, supporting its future neonatal neurosurgical application. 
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(A) Experimental setup showing the robotic MRgHIFU platform with the TTMP. (B) Insertion of rods through the 
calibration template to demarcate intended targets. (C) T2-weighted MRI scan showing the sonication points (hypointense 
regions) and rods (black circles). Differences between intended and actual points were plotted on a 3D scatter plot in the (D) 
XY-plane, (E) XZ-plane, and (F) YZ-plane. 
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Sonothermogenetics Enables Noninvasive and Cell-type Specific Deep Brain 
Neuromodulation 

 

Yaoheng Yang1,  Christopher Pacia1,  Dezhuang Ye2,  Lifei Zhu1,  Hongchae Baek1,  Yimei Yue1,  Jinyun 
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3Division of Infectious Diseases, Department of Medicine, Washington University School of Medicine, United 

States of America 
4Mallinckrodt Institute of Radiology, Washington University School of Medicine, United States of America 

5Department of Anesthesiology and Pain Medicine. Center for Neurobiology of Addiction, Pain, and Emotion, 
University of Washington, United States of America 

 

Critical advances in the investigation of brain functions and treatment of brain disorders are hindered by our 
inability to selectively target neurons in a noninvasive manner in the deep brain. This study aimed to develop 
sonothermogenetics for noninvasive, deep-penetrating, and cell-type-specific neuromodulation by combining a 
thermosensitive ion channel TRPV1 with focused ultrasound (FUS)-induced brief, non-noxious thermal effect. 

 

The sensitivity of TRPV1 to FUS sonication was evaluated in vitro. It was followed by in vivo assessment of the 
success rate of sonothermogenetics in the activation of genetically defined neurons in the mouse brain by two-
photon microscopic calcium imaging. Behavioral response evoked by sonothermogenetic stimulation at a deep 
brain target was recorded in freely moving mice. Immunohistochemistry staining of ex vivo brain slices was 
performed to evaluate the safety of FUS sonication. 

 

TRPV1 was found to be a sonothermogenetic actuator. FUS sonication at the mouse brain in vivo selectively 
activated neurons that were genetically modified to express TRPV1 (Fig. 1A). Temporally precise activation of 
TRPV1-expressing neurons was achieved with its success rate linearly correlated with the peak average 
temperature within the FUS-targeted brain region as measured by in vivo magnetic resonance thermometry. FUS 
stimulation of TRPV1-expressing neurons of the Parkinsonian circuit at the striatum repeatedly evoked rotating 
locomotor behavior in freely moving mice (Fig. 1B). FUS sonication was confirmed to be safe based on inspection 
of neuronal integrity, inflammation, and apoptosis markers. 

 

Sonothermogenetics achieves noninvasive and cell-type-specific neuromodulation in the deep brain and evokes 
specific locomotion behavior. 
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Sonobiopsy Enhances Detection of Tumor-Derived DNA 

 

Christopher Pacia1,  Lifei Zhu1,  Yimei Yue1,  Jinyun Yuan1,  Hong Chen2 
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Liquid biopsy enables targeted therapy by providing a minimally invasive alternative to surgical tissue biopsy. 
However, the application of liquid biopsies for brain tumors is limited by the poor detection rate of tumor-specific 
biomarkers due to the inefficient release of biomarkers across the blood-brain barrier (BBB). Tumor-derived DNA 
fragments are one of the most commonly sampled circulating biomarkers because of their high diagnostic and 
prognostic correlation for brain cancer patients. This study aimed to demonstrate the feasibility of sonobiopsy to 
enhance the release of DNA fragments via focused ultrasound (FUS)-induced BBB disruption. 
 
F98 glioma cells were implanted in rat brains. Rats were randomly assigned to the sonobiopsy or control group. 
Ten days after tumor implantation for the sonobiopsy group, magnetic resonance imaging (MRI)-guided FUS 
sonication was performed at the tumor center after intravenous injection of microbubbles. Contrast-enhanced T1-
weighted MRI scans were acquired to evaluate changes in BBB permeability. Blood was collected immediately 
after FUS sonication or without FUS sonication for the control group. Automated electrophoresis was performed 
to quantify the size distribution of DNA fragments. 
 
MRI scans confirmed successful FUS-induced BBB disruption. FUS significantly (p<0.0001) enhanced the levels 
of mononucleosomal (110-220bp), dinucleosomal (260-370bp), and trinucleosomal (410-520bp) DNA fragments. 
There was a moderately positive correlation between change in contrast-enhanced volume and fragment 
concentration (mononucleosome: R=0.48, p=0.12; trinucleosome: R=0.52, p=0.084) that was significant for 
dinucleosomal fragments (R=0.6, p=0.041), suggesting large volume sonication may further enhance the release 
of DNA. 
 
Sonobiopsy enhanced the detection of tumor-derived DNA fragments by disrupting the BBB. 

 

Figure 1. (A) Size distribution of DNA fragments for control and sonobiopsy groups. Light lines represent individual 
subjects and darker lines represent group mean. Shaded areas represent different fragment size regions. (B) DNA 
concentration within given size region. Error bars indicate standard deviation. Statistical test performed with Welch’s t-test. 
**** indicates p<0.0001. 
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In-Vivo Porcine Tendon Release Using High-Intensity Focused Ultrasound Long-Pulse 
Histotripsy Followed by Thermal Ablation 
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Musculotendinous contracture is the shortening of connective tissue in skeletal muscles causing pain and 
decreased mobility. This study investigates whether a Magnetic Resonance-guided Focused Ultrasound 
(MRgFUS) treatment using long-pulse histotripsy followed by thermal ablation can release tendons to improve 
lower leg range of motion, while minimizing thermal spread around the focus. 
 
Treatments were planned using a Philips Achieva 3.0T MRI, performed using a Profound V1 Sonalleve system, 
and monitored using MR-thermometry. Each Achille’s tendon from 20kg Yorkshire pigs received two adjacent 
treatments consisting of a 60s long-pulse histotripsy sonication (peak negative pressure of 13.5MP at 1.2MHz; 
DC=1%; PD=0.01s; 12000 pulses per burst) immediately followed by 30s of thermal ablation at 20W (n=5), 30W 
(n=5) or 40W (n=5). Goniometry measurements assessed lower leg range of motion pre and post treatment. 
 
Tendon disruption was confirmed in 4 out of 5 tendons treated with 20W, and in all tendons treated with 30W and 
40W. The average maximum temperature post sonication was 46.5℃±2.7 for 20W, 55.1℃±4.9 for 30W and 

57.1℃±5.4 for 40W, with statistical significance (p<0.05, t-test) for 20-30W and 20-40W. Goniometry 

measurements showed that 20, 30 and 40W treatments increased lower leg range of motion by 5.2±3.3, 12.0±8.3, 

and 32.6±6.6 degrees respectively with statistical significance (p<0.05, t-test) for 30-40W and 20-40W. Post-
sonication T2-imaging revealed that treatments caused precise lesions at the target area. 
 
Long-pulse histotripsy followed by ablation produces precise tissue disruption in porcine tendons. Further work 
will optimize histotripsy parameters to minimize the thermal spread required to cause tendon disruption. 

 

T2 weighted MR images showing one plane of the tendon before the treatment (a) and after the treatment. (b). A 
hyperintense region in (b) indicates tendon disruption due to the FUS treatment. 
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Acoustic Cavitation of Microbubbles in Cerebral Microvessels 
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Blood-Brain barrier (BBB) permeabilization using microbubbles and ultrasound is a promising technique to 
deliver drugs to the brain. However, aspects of its mechanisms remain unclear. This study aimed to directly 
observe the physical interactions between single microbubbles and brain microvessels using high- and ultra-high-
speed microscopy. 

 

Acute brain slices were obtained from juvenile rats (postnatal day 5-15) which had been transcardially perfused 
with SonoVue, heparin, and ink. In each slice, a suitable bubble in a microvessel (5-20 µm diameter) was found 
and its dynamics during an ultrasound pulse were observed using high-speed microscopy. Typical BBB opening 
pulses were used, with a centre frequency of 1 MHz, peak negative pressures of 0.2-0.8 MPa, and pulse lengths 
up to 10,000 cycles. Bubble dynamics were tracked at both microsecond and millisecond time scales. Volumetric 
oscillations were observed at 10 Million frames per second (fps). Bubble and tissue motions over 10 ms pulses 
were observed at 5,580 fps. 

 

Oscillating microbubbles caused microvessel walls to distend and invaginate at the ultrasound driving frequency. 
Deformations extended well beyond the vessel wall at millisecond time scales, creating displacements several 
micrometres into the tissue. Bubbles often oscillated asymmetrically. Microbubbles were forced out of 
microvessels due to the primary radiation force; this was increasingly common at higher pressures. 

 

Under typical BBB opening ultrasound parameters, microbubbles can exert significant forces on the microvessel 
wall, and several microns into the brain tissue. Microbubble extravasation due to the primary radiation force may 
be a mechanism of BBB opening or of tissue damage 

 
Left: Example microbubble in a microvessel of a brain slice. Right: Frames from 10 Mfps video of a microbubble sonicated 
at 1 MHz, 0.8 MPa, with streak image along blue line. Arrows: vessel walls. 
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Histotripsy has been previously applied through an excised human skull to treat various cranial locations in vitro. 
This work aimed at demonstrating the feasibility of in vivo transcranial MR-guided histotripsy (tcMRgHt) in pig 
brains. 
 
TcMRgHt treatment was delivered to 8 pigs using a 700-kHz, 128-element MR-compatible phased-array 
transducer inside a 3T MRI scanner, through an excised human calvarium placed over the acoustic window created 
by craniotomy. Target volumes in the brain were identified using pretreatment MRI based on fiducial markers 
and treated via electronic focal steering. MR scans were acquired pre-treatment, immediately post-treatment, and 
2-4 hours post-treatment to evaluate the treated zone and any off-target brain damage. The pigs were euthanized 
at 2-4 hours post-treatment and the pig brains were harvested for histopathological examination. 
 
Successful histotripsy ablation was observed in all pigs with well-confined MR-evident lesions in the targeted 
volume. T2*-weighted images demonstrated mild red blood cell extravasation and no evidence of hemorrhage at 
off-target locations. Histology revealed tissue homogenization in the ablation zones with a sharp demarcation 
between treated and untreated tissue. Ischemic injuries were observed at the boundaries of the lesions, with shrunk 
neurons and axonal disruption extending ≤ 500 µm from the lesions’ borders. There was no significant gyral 
edema or midline shifting related to the treatment. 
 
This study demonstrated the feasibility of in vivo transcranial MR-guided histotripsy in the pig brain for the first 
time and enabled further investigation on the use of tcMRgHt for brain surgical applications. 

 
Fig.1 a-d: T2, T2*, T2 FLAIR and diffusion-weighted (DWI) images acquired 2-hour post treatment. e: Experimental setup 
for transcranial histotripsy treatment in the MR scanner. f: H&E slide corresponding to MR images in a-d. g: The interface 
between treated (T) and untreated (U) region showing sharp boundary around the hemorrhage area, with shrunk neurons 
observed outside the lesion's boundary. 
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and Transmission Coefficients in the Temporal Bone Using Orthogonal Frequency-
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Heating of the skull is an unintended byproduct of extended transcranial focused ultrasound (tFUS) therapy. To 
examine the effects of heating on the acoustical characteristics of the skull, orthogonal frequency-division 
multiplexing (OFDM) is used to measure the complex ultrasound reflection and transmission coefficients of the 
temporal bone of a human skull as a function of frequency, location, and temperature. 
 
Two human skulls are immersed in a temperature-controlled water bath and insonicated by a dual-piston 
transducer system. OFDM is used instead of an axially-compressed broadband impulse, increasing the spectral 
resolution of the measurements. Measurements were made at 5 locations on the temporal bone as the temperature 
was varied between 25°C and 40°C. Additionally, raster scans were performed to obtain a 3D spatial map of the 
temporal bone, again measuring the broadband acoustical characteristics of the skull at each individual point. 
 
Changes in the reflection and transmission coefficients are found to vary nonmonotonically with respect to 
frequency. Some locations produce large changes in response to temperature variations, while others remain 
relatively unchanged. On average, the transmission phase is found to vary by 7.8°+/-11.4° and the reflection phase 

varies by 12.2589°+/-17.0497°, with the magnitudes varying by 0.08+/-0.053 and 0.05+/-0.056 respectively. 
 
The acoustical characteristics of the skull vary nonuniformly as a function of location, frequency, and temperature. 
These changes should be accounted for using adaptive refocusing techniques for maximizing the safety and 
efficacy of tFUS brain therapy. Real-time adaptive transcranial refocusing methods utilizing OFDM transmit 
waveforms are currently being investigated. 

 

Spatial map of complex reflection and transmission coefficients of the temporal bone, measured at 2.5 MHz. 
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Compact Cell Sonoporation Device for Adhesive Cells 
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Recent advancements in ultrasound therapy target drug delivery and other therapeutic applications such as gene-
delivery. Running such studies can benefit from an affordable and compact cell device that provides controlled 
and uniform acoustic pressure on cells. We have designed a compact and low-cost device compatible with 96 and 
24 well-cell plates to perform ultrasound cell exposure on adherent cells. 

 

The device was designed to be immersed in a water bath and perform ultrasound exposure to 6 wells of a 24-well 
plate each time. The cell plate with a transparent thin plastic bottom is positioned on a holder in front of the 
transducers. By manually moving the plate to each corner, the 24 regions of the plate are treated. The device uses 
six 30-mm planar transducers mounted at a distance where uniform pressure was obtained for the well. The 
uniform pressure regions at different heights were first determined by simulation (k-wave) and then confirmed 
using hydrophone measurements. 

 

Three embodiments of the cell-device were built for 330 kHz, 500 kHz and 1 MHz exposure. The uniformity of 
the exposure was confirmed by hydrophone measurements over the area of one well. Between 70% and 100% of 
the well-area had a measured acoustic pressure at the set value ±25%, with the device working at 330 kHz showing 
the highest uniformity 

 

A low-cost cell device compatible with standard 24 and 96-well cell culture plates was built. It is able to provide 
uniform acoustic pressure exposure to the entire cell plate. 

 

Proposed cell device: (A) & (B): top view, (C):Bottom view, (D): Isometric 
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Docetaxel (DTX) is a potent hydrophobic anticancer drug. To increase the limited DTX loading per unit gas 
volume characteristic of microbubble drug carriers, we fabricate nanobubbles using DTX-labelled phospholipids 
as the stabilizing shell material. Here, we investigate whether the in vitro cytotoxicity of DTX is retained after 
DTX-loaded nanobubble (DTX-NB) formation and after focused ultrasound (FUS) cavitation in comparison to 
the commercial formulation of DTX (Taxotere®) and controls. 

 

DTX-labeled phospholipid shells were synthesized and gas-filled. Size distribution was assessed by Coulter 
counting with DTX loading quantified by ultra-performance liquid chromatography. In vitro cytotoxicity was 
assessed using the MTT assay on murine breast cancer EMT-6 cells, with samples loaded in custom-built 
chambers and subject to peak negative pressures (0-1.36 MPa) using a 1-MHz FUS transducer following a 3-min 
sonication scheme of fifty 0.1-ms pulses spaced 1-ms apart repeated at 20s intervals. 3s contrast-enhanced 
ultrasound videos were acquired using a Philips EPIQ 7G ultrasound scanner before and after FUS exposure to 
confirm cavitation. 

 

104±8 μg of DTX were loaded onto ~1010 bubbles (mode diameter~230nm) per ~0.4 μL of perfluorobutane (n>6). 
DTX-NB demonstrated strong echogenicity and promising in vitro stability at both room and physiological 
temperatures. Unloaded bubbles were not cytotoxic, whereas 20nM of DTX-NB (IC50~12nM) demonstrated 
similar cytotoxic effects to Taxotere® relative to the positive control (untreated cells; p<0.001). 

 

Stable acoustically responsive NBs composed of DTX-labeled phospholipids were synthesized and demonstrated 
significant in vitro cytotoxic effects on EMT-6 cells. Future work will examine the biodistribution and 
pharmacokinetic profile of DTX-NB in vivo. 
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Contrast-enhanced ultrasound images of DTX-NB in sample chamber before FUS exposure (a), and after exposure to 1.36 
MPa FUS (b), with a column chart showing the peak absorbance of the MTT assay (c). DTX concentration is 20 nM for all 
Taxotere® and DTX-NB groups. Data presented as mean ± SD (n≥6) (***p < 0.001). A star in the sample label indicates the 
chamber-loaded groups. 
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Monitoring Stable Cavitation for Safe BBB Disruption 
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This study aims to improve the cavitation response spectrum by applying signal processing techniques to better 
monitor stable cavitation in an animal BBB (blood-brain barrier) system (RK50, FUS Instruments). 

 

Currently, time signals from a hydrophone are transformed into the frequency domain to monitor cavitation 
activity during BBB opening. The area under the curve (AUC) in a 300 Hz bandwidth (dashed red line) around 
the 710 kHz sub-harmonic is used to determine cavitation activity. We propose signal enhancement techniques to 
improve AUC for cavitation detection. A low-pass passive analog filter is proposed to suppress the strong 1420 
kHz fundamental suspected of distorting the A/D output. Fourier interpolation combined with windowing is used 
to boost points available when determining the AUC. 

 

The original subharmonic signal, red line, has a low signal to noise ratio. The analog filter cut the fundamental 
amplitude significantly, reducing A/D distortion. The potential AUC accuracy was increased by a boost in the 
subharmonic signal to noise ratio, blue line. The Fourier interpolation increased the points available, black line, 
for determining the AUC. 

 

Combining analog and digital signal processing improved the signal to noise ratio on the hydrophone signal and 
revealed changes in the sub-harmonic spectrum shape. This suggests exploiting a wider bandwidth, dashed black 
line, than the standard 300 Hz, dashed red line, when using the AUC metric to detect stable and inertial cavitation. 
The proposed analysis is promising to improve cavitation monitoring and facilitate future design of closed loop 
controls for safe and reversible BBB disruption. 

 

Subharmonic signal detected by a hydrophone on the RK-50 system before and after filtering and signal processing. Vertical 
lines indicate the original (dashed red line) and final (dashed black line) bandwidth proposed for AUC calculations. 
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The overall objective of this study was to investigate the cavitation tendency of polymer nanocapsules and also 
the PEGylation effect on the cavitation activity in the focused ultrasound. 
 
Nanocapsules were made of poly(DL-lactide-co-glycolide) (PLGA) or poly(DL-lactide-co-glycolide)-co-
polyethylene glycol diblock (PEG-PLGA) and loaded with coumarin-6. For the nanocapsules preparation, 
emulsion-diffusion-evaporation method was used, followed by freeze-drying of samples, rehydration and 
ultrasound treatment. Rehydrated nanocapsules were exposed to spherically focused ultrasound bursts at 750 kHz 
frequency and a peak rarefaction pressure of 1.02 MPa. After ultrasound exposure the fluorescence of released 
drug was determined. 
 
Loaded nanocapsules measured about 220 nm and had a negative zeta potential. Inertial cavitation of nanoparticles 
was investigated for the first 560 s for two different PLGA polymers and three different PEG-PLGA polymers. 
Inertial cavitation could be detected in formulations with PLGA nanocapsules. However, one type of PLGA (RG 
502) nanocapsules showed the highest and longest cavitation activity, which also resulted in the highest drug 
release after treatment. Among PEGylated nanocapsules only PEG-PLGA (PEG Mn 2.000; PLGA Mn 11.500) 
nanocapsules showed sufficient inertial cavitation reflected again by higher drug release. 
 
We demonstrated that upon freeze-drying, rehydration and ultrasound exposure, loaded polymer nanocapsules are 
capable of seeding cavitation. PLGA nanocapsules showed a high cavitation activity and drug release. PEGylation 
led to a significant reduction in cavitation activity and a lower drug release. However, these observations open a 
new path in the investigation of drug release from nanoparticle drug carriers induced by locally applied ultrasound. 

 

Cavitation activity (Voltage Spectral Density) with respect to time in case of PLGA nanocapsules (PLGA RG 502; PLGA RG 
725 H) and PEGylated nanocapsules (PEG-PLGA Mn 2.000-Mn 11.500; PEG-PLGA Mn 5.000-Mn 7.000; PEG-PLGA Mn 
2.000-Mn 4.500). 
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2Inserm, Labtau, France 

 

A phase I clinical trial showed the feasibility and safety of transrectal HIFU in patients presenting posterior deep 
infiltrating endometriosis, with the Focal One® device (EDAP). Since the patients who entered our first clinical 
trial were to have a mini-invasive procedure, operating on them afterwards to get proof of the histological effects 
of the HIFU treatment was not be an option. To explore these microscopical effects, we needed an animal 
endometriosis model compatible with an HIFU treatment as close as we could get to our clinical conditions. Our 
main objective was to create a reliable endometriosis murine model, with accessible tumors close to human DIE, 
with an acceptable animal tolerance. Treating these tumors with HIFU, with different intensities, and studying the 
immediate and slightly delayed effects were our secondary objectives. 
 
We chose to work with an immunodeficient murine model, from the BALB/c-nude line, allowing the injection of 
human cells without graft rejection, and with the Ishikawa cell line, a well-known human low-grade endometrial 
carcinoma cell line. We used 18 mice, with were injected with Ishikawa cells on both flanks. They were treated 
by the Focal One® device. 
 
The tumors were well tolerated by the animals, and acoustically close to human endometriosis. They were easily 
visualized by the Focal One® device. HIFU treatment generated an increased histological coagulation necrosis 

rate with a higher intensity and when the mice’s death was delayed after treatment. 
 
Our model showed that HIFU treatment delivered by our device is microscopically effective on endometriosis. 

 

Histological effect of HIFU treatment on a murine tumor. 
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Sonogenetic Deep Brain Stimulation in Freely Moving Mice 

 

Quanxiang Xian1,  Zhihai Qiu1,  Suresh Kanna1,  Shashwati Kala1,  Jinghui Guo1,  Lei Sun1 

 

1Biomedical Engineering, The Hong Kong Polytechnic University, China 

 

Controlling specific targeted neural activity via physical intervention is a effective method to gain causal insight 
into brain functions and treat brain diseases. Ultrasound stimulation is a promising modality for probing brain 
function and treating brain diseases. However, this method lacks selectivity. Sonogenetics, which focuses on the 
genetic modulation of ultrasound-sensitive neurons and their specific responses to ultrasound via the expression 
of MS receptors, has non-invative property ane enhanced spatial focus. Modulating animal’s behavior with 
sonogenetics approach may enhance our new understanding of cell pathophysiology and almost certainly lead to 
development of novel neuropsychiatric diseases and non-neural diseases treatments.Therefore, in this study we 
demontrated a sonogenetics approach which can address specific cell types in vivo. Mscl-G22S (a mutant of 
mechanosenstive channel of large conductance) is a mechanosensitive ion channel isolated from the Escherichia 
coli and can be selectively modulated by low intensity ultrasound stimulation. 

 

Methods included ultrasound stimulation, virus injection, fiber photometry recording, behavior tests, 
immunocytochemical staining. 

 

Here we report the first in vivo behavioral demonstration of a functional sonogenetics in intact animals. 
Transcranial Mscl-G22S-mediated ultrasound stimulation evoked dopamine release from the region of ventral 
tegmental area, increased animal’s locomotion activity through activation of dorsal striatum, induced stronger 
whisker movement by activation of somatosensory cortex. 

 

We conclude that ultrasound can modulate the behavior in mice which expresses mscl-G22S. Achieving 
manipulation of behavior with ultrasound control of neuronal subtypes in this way may find application across a 
broad range of neuroscience and disorders. 

 

Control locomotor activity in mice 
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Critical advances in the investigation of brain functions and treatment of brain disorders are hindered by our 
inability to selectively target neurons in a noninvasive manner in the deep brain. This study aimed to develop 
sonothermogenetics for noninvasive, deep-penetrating, and cell-type-specific neuromodulation by combining a 
thermosensitive ion channel TRPV1 with focused ultrasound (FUS)-induced brief, non-noxious thermal effect. 

 

The sensitivity of TRPV1 to FUS sonication was evaluated in vitro. It was followed by in vivo assessment of the 
success rate of sonothermogenetics in the activation of genetically defined neurons in the mouse brain by two-
photon microscopic calcium imaging. Behavioral response evoked by sonothermogenetic stimulation at a deep 
brain target was recorded in freely moving mice. Immunohistochemistry staining of ex vivo brain slices was 
performed to evaluate the safety of FUS sonication. 

 

TRPV1 was found to be a sonothermogenetic actuator. FUS sonication at the mouse brain in vivo selectively 
activated neurons that were genetically modified to express TRPV1 (Fig. 1A). Temporally precise activation of 
TRPV1-expressing neurons was achieved with its success rate linearly correlated with the peak average 
temperature within the FUS-targeted brain region as measured by in vivo magnetic resonance thermometry. FUS 
stimulation of TRPV1-expressing neurons of the Parkinsonian circuit at the striatum repeatedly evoked rotating 
locomotor behavior in freely moving mice (Fig. 1B). FUS sonication was confirmed to be safe based on inspection 
of neuronal integrity, inflammation, and apoptosis markers. 

 

Sonothermogenetics achieves noninvasive and cell-type-specific neuromodulation in the deep brain and evokes 
specific locomotion behavior. 
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Acoustic Monitoring of Neuromodulation Using Definity-Derived Nanodroplets 

 

Harriet Lea-Banks1,  Ying Meng1,  Sheng-Kai Wu1,  Clement Hamani2,  Kullervo Hynynen1 
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2Harquail Centre for Neuromodulation, Sunnybrook Research Institute, Canada 

 

Modulating brain activity using focused ultrasound (FUS) is growing in clinical acceptance. By utilizing a 
cavitation agent for local delivery of an anesthetic, the spatial accuracy of FUS is combined with the time-
dependent activity of a pharmaceutical. Here we show how ultrasound-responsive nanodroplets can be used for 
neurosuppression and neurostimulation without disrupting the blood-brain barrier in rats. 

 

Monodisperse nanodroplets were fabricated by filling Definity microbubbles with decafluorobutane gas and 
condensing into liquid-filled particles, loaded with or without pentobarbital. An atlas-based targeting system 
delivered ultrasound (1.66 MHz) to the motor cortex following an intravenous injection of nanodroplets. 
Neuromodulation was assessed through sensorimotor changes and c-Fos expression mapping. 

 

Following FUS, pentobarbital-loaded nanodroplets induced a local decrease in c-Fos expression (21.7%, n = 6) 
and a sensorimotor deficit, indicative of neurosuppression. Unloaded nanodroplets induced a local increase in c-
Fos expression (22.6%, n = 6), indicative of neurostimulation. Furthermore, cavitation emissions from vaporizing 
nanodroplets significantly correlated with the magnitude of neuromodulation. Subharmonic emissions from 
loaded nanodroplets predicted suppression of local brain activity, whereas second harmonic emissions from 
unloaded nanodroplets predicted stimulation. 

 

Real-time acoustic monitoring and feedback-control make nanodroplets a safe and adaptable tool for 
neuromodulation. Combined with atlas-based targeting, we describe a cost-effective, versatile platform with high 
clinical applicability. 
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4Assistance Publique – Hôpitaux de Paris (AP-HP), Neurophysiology department, France 

 

Neurostimulation by focused ultrasound (FUS) is a field currently attracting much attention. However, the 
biological mechanisms regulating this phenomenon remain largely unknown. This study consisted of using a 
mixed MicroElectrode Array (MEA)/FUS platform to describe the electrophysiological signals generated by FUS 
stimulation on acute hippocampal brain slices from mice. 

 

The FUS system consisted of a 15-mm diameter transducer with focal length of 15-mm (Fig.a). The MEA chip 
contained a grid of 60 electrodes spreading every 200 µm. The hippocampi of the brain slices were placed on top 
of the electrode grid and perfused with artificial cerebrospinal fluid (aCSF). They were exposed to single FUS 
pulses (f=1.78 MHz, Psar=3-6.3 MPa, PD=160-200 µs, PRF=0.1-1 Hz) and the resulting signals were compared 
to responses obtained through electrical stimulation of Schaffer collaterals and recorded in CA1. 

 

The responses from FUS stimuli exhibited similar characteristics to those obtained through electrical stimulation 
(Fig.b). These responses were characterized by negative deflections corresponding to FUS artifacts, followed by 
fiber volleys (latency≈1-5 ms), related to the propagating action potential within axons bundle, and by a 
subsequent transient field excitatory postsynaptic potential (fEPSP amplitude ≈50-600 µV), due to a postsynaptic 
synchronized response as observed in Fig.c. The characteristics of the fEPSPs were shown to vary with respect to 
their location within the brain slice and the FUS pressure. 

 

These results corroborate the use of mixed FUS/MEA platforms as promising tools for real-time study of the 
biomechanisms involved in FUS neurostimulation. Acknowledgements: ANR (16-TERC-0017), LabEx 
DevWeCan, FUS Foundation (Centers of Excellence). 
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Figure: a) Mixed MEA/FUS setup; b) Comparison of fEPSPs generated by FUS stimulation vs. electrical stimulation. c) Spatial 
reconstruction and distribution of electrophysiological signal detected by all electrodes in the MEA in response to a single 
FUS pulse for six different time points. 
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Transcranial Displacement Imaging for Monitoring of FUS Neuromodulation 

 

Tara Kugelman1,  Murad Hossain1,  Elisa Konofagou2 
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Heating, cavitation, and acoustic radiation have been proposed as potential mechanisms for focused ultrasound 
(FUS) neuromodulation. Thus, displacement imaging during FUS could provide insight into the mechanisms of 
FUS neuromodulation. Current elastography techniques utilize a single transducer to generate an acoustic 
radiation force and track the subsequent on-axis or shear wave displacement. In this study, a single transducer was 
utilized to deliver ultrasound pulse sequences with neuromodulation parameters and map displacement in 
phantoms and transcranially in-vivo in anesthetized mice. 
 
A L7-4 linear array (Philips Healthcare, Andover, MA, USA) was used to generate radiation force (push frequency: 
3.98 MHz , F-number: 0.5, peak negative pressure: 1.7- 6 MPa). Ultrasound sequences were generated at a 5% 
duty cycle with varying pulse durations to generate amplitude modulated sequences (50-200 Hz) for a total pulse 
duration of 100 ms. Compounded plane wave tracking pulses were interleaved with push pulses to monitor on-
axis displacement in a 5-kPa-stiffness phantom and transcranially in anesthetized mice. Axial displacement 
images were estimated by applying normalized 1D cross-correlation (3 
 
In both phantoms and mice, AM modulated FUS generated displacements were apparent at 1.7 MPa, the lowest 
pressure tested. In mice, the mean peak-to-peak displacements ranged from 1.5 ± 0.36 μm at 1.7 MPa at 200 Hz 

to 6.34 ± 1.78 μm at 6 MPa at 50 Hz (n=3). 
 
Using a single transducer, neuromodulation and displacement estimation pulses were used to successfully map 
brain displacement in mice transcranially. 
 

 

 

A.) Excitation (green) and tracking 
(yellow) pulse durations for one 
period of 100 Hz AM FUS. B.) 
Bmode of mouse skull with FUS 
target shown in red. C.) Peak-to-
peak displacement map of the mouse 
skull overlaid on bmode image. D.) 
Interframe and E.) Cumulative 
displacement at the focus through 
the duration of the 100 ms FUS. F.) 
Frequency spectrum of the focal spot 
with a peak at 100 Hz. 
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Pulsed application of low-intensity focused ultrasound (FUS) has shown its potential for non-invasively disrupting 
drug-plasma protein binding in a reversible fashion. This fascinating utility of FUS motivated us to examine 
whether pharmacological effects of topical lidocaine applied on the skin can be enhanced through unbinding from 
α1-acid glycoprotein (AAG) using FUS without altering skin permeability. 

 

FUS, operating at 500 kHz with a pulse duration of 55 ms and pulse repetition frequency of 4 Hz, was used. In 
vitro equilibrium dialysis was performed to measure the concentration of unbound lidocaine from saline solution 
containing both lidocaine and AAG. In subsequent animal experiments, electrical stimulations were given to a 
unilateral hind leg of Sprague-Dawley rats (n=10), and somatosensory evoked potential (SSEP) was obtained 
under three experimental conditions – (a) application of FUS following topical administration of lidocaine to a 
unilateral thigh area, (b) FUS only, and (c) lidocaine only. 

 

Equilibrium dialysis of lidocaine showed an increased concentration of lidocaine (8.7 ± 3.3%; n=10) from the 
sonicated site compared to the one from the un-sonicated site. The application of FUS following topical 
administration of lidocaine yielded a significant reduction of SSEP amplitude in the range of 21.8−23.4 ms 
(F(2,27) = 3.2−4.0, p < 0.05) after electrical stimulations (Figure), thus indicated enhanced anesthetic effects. 

 

Low-intensity FUS can unbind lidocaine from the plasma protein, AAG, and subsequently enhances its 
pharmacological action. This finding suggests that FUS may be applied to modify various drug-plasma protein 
interactions, providing a new mode of promoting drug delivery. 

 

Effects of application of FUS on group-averaged SSEP measurement following the administration of lidocaine. 
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Ultrasonic neuromodulation has recently attracted great attention because of its noninvasiveness. However, many 
existing studies have conducted neuromodulation inevitably at a fixed frequency due to narrow bandwidths of 
conventional transducers. Moreover, the mechanism of ultrasonic neuromodulation has not yet been clarified 
especially at high frequencies. This research therefore aims to prove the feasibility of ultrasonic neuromodulation 
at high frequencies of 4–13 ㎒ using a Capacitive Micromachined Ultrasonic Transducer (CMUT) array, 
characterized by a wide bandwidth. 
 
We fabricated an 1D 32-channel CMUT array with wafer bonding process. Benefited from the >100% fractional 
bandwidth of the fabricated CMUT array, various neuromodulation experiments were performed within the 
frequency range of 4–13 ㎒. As shown in our previous study, the TRPA1 channel in astrocytes was chosen as an 
ultrasonically modulated ion channel, in which ultrasound can induce the Ca2+ flux. We then verified whether 
ultrasound stimulated the cells by plotting transient intracellular concentration changes of Ca2+ via Fura-2 
fluorescence. 
 
The intracellular Ca2+ concentration of the astrocytes increased by the frequency at 4, 7.5, and 10 MHz, 
respectively, using the fabricated CMUT array. Furthermore, we observed that specific duty cycles at those 
frequencies evoked several different responses of the TRPA1 channel. 
 
Our results showed that a CMUT array with a wide bandwidth can be one of the prominent tools to achieve 
ultrasonic neuromodulation. For further research, we are now in the middle of conducting more experiments by 
tuning several ultrasonic variables such as a duration, pulse reputation frequency, and pressure. 

 

Figure 1. (a) Optical pictures of he fabricated 1D 32-channel CMUT array. (b) Fluorescence intensities of Fura-2 
fluorescence dye at each corresponded excitation wavelength (Green line : 340 nm and Blue line : 380 nm) and its ratio (Red 
line : 340 nm/ 380 nm) 
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Trans-Spinal Focused Ultrasound Stimulation Suppresses Chemically-Induced Tremor 
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Tremors are a frequently appearing symptom of various neurological disorders and are defined as involuntary, 
oscillatory movements of body parts. Current treatments for the management of tremors include deep brain 
stimulation and epidural electrical stimulation. Despite the proven effectiveness of both procedures, they are both 
invasive and thus present risks. In our recent work, we demonstrated that focused ultrasound is able to 
noninvasively modulate the motor pathway maintaining the sensory information intact. In this study, we further 
applied trans-spinal focused ultrasound for the management of tremors. 
 
Harmaline-induced (30mg/kg) essential tremor mouse model was used in this study. Once the tremor is apparent, 
the mouse was anesthetized with a ketamine-xylazine cocktail to allow the attachment of the ultrasound transducer 
over the T12 vertebra. The effect of sonication was evaluated based on muscle activity recorded by an 
electromyogram from the hind limb during a state of mild anesthesia, characterized by stable tremors and lack of 
voluntary movement. 
 
One min-period of pulsed sonication (tone-burst duration of 0.5 ms, pulse repetition frequency of 1 kHz) showed 
a temporary inhibition of tremors in the hind limb (Figure 1a). The trans-spinal application of ultrasound appeared 
to be a consistent, non-invasive method to suppress tremors (Figure 1b). Histology (H&E staining) showed an 
absence of hemorrhagic and neurodegenerative damage to the spinal cord. 
 
The outcome showed the ability of focused ultrasound to manage the tremor in safe and non-invasive manner. 
This study provides a stepping stone for the trans-spinal application of focused ultrasound to motor-related 
disorders. 
 

 

(a) Chart representing the success rate of ultrasonic stimulation at the left primary motor cortex detected visually at different 
acoustic pressures for 10 tested mice. (b) Amplitude of EMG signals detected versus acoustic pressure. Results represent 
mean ± SEM. 
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Tumor Microenvironment in KPC Mouse Model 
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Gravelle1,  Joo Ha Hwang3 

 

1Department of Medicine, University of Washington, United States of America 
2Center for Industrial and Medical Ultrasound, Applied Physics Lab, University of Washington, United States of 

America 
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The ability of inertial cavitation induced by pulsed high intensity focused ultrasound (pHIFU) to permeabilize 
pancreas tumors and thereby enhance the concentration of systemically administered drug was previously 
demonstrated in genetically engineered KPC mouse model. Here, the influence of weekly pHIFU-aided 
administration of gemcitabine on KPC mouse tumor progression and immune microenvironment was evaluated. 
 
KPC mice were enrolled in the study when the tumor size reached 4-6 mm. Mice were treated once a week with 
either ultrasound-guided pHIFU and concurrent administration of gemcitabine (n=6) or gemcitabine only (n=5). 
At the end point (tumor volume doubling) the excised tumors were processed for histology, 
immunohistochemistry (CD8 and GranzymeB) and gene expression analysis (Nanostring PanCancer Immune 
Profiling panel, 772 genes). 
 
pHIFU-treated region of the tumor turned hypoechoic immediately post treatment in all mice, suggesting localized 
edema and/or loss of tissue structure, confirmed by histology; this effect persisted throughout the survival period. 
Survival was improved in the group treated with pHIFU and gemcitabine compared to gemcitabine only (30% vs 
zero survival probability at 26 weeks). Enhanced labeling by GranzymeB was observed within and adjacent to the 
treated area, but not in the non-treated tumor tissue; no difference in CD8+ staining was observed. Gene expression 
analysis showed that pHIFU treatment lead to significant downregulation of 109 genes related to 
immunosuppression, complement pathways, tumorigenesis and chemoresistance. 
 
pHIFU-induced cavitation, in addition to direct mechanical damage, appears to downregulate genes responsible 
for tumor chemoresistance and immunosuppressive microenvironment in KPC mice. Work supported by NIH 
2R01CA154451. 

 

(a) Volcano plot of the differential gene expression in pHIFU+gem group vs gem only group. 109 genes out of 772 were 
significantly differentially expressed and mostly downregulated. (b) Downregulation of genes related to complement system, 
tumorigenesis and chemoresistance and (c) immunosuppression and pro-inflammatory milieu. 
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For chronic diseases, it is desirable to deliver therapeutics for extended periods of time. High intensity focused 
ultrasound (HIFU) enhanced drug delivery provides highly targeted drug delivery but only during treatment times. 
Our primary objective is to demonstrate that degradable polymeric cavitation agents loaded with dexamethasone 
can be implanted into the diseased tissue in response to HIFU. Once implanted, these microparticles will sustain 
delivery of the therapeutic long after the HIFU treatment. Another objective is to demonstrate that these cavitation 
agents also enhance the contrast in diagnostic ultrasound imaging post HIFU implantation. 

 

Poly(lactic-co-glycolic acid) multi-cavity microparticles (mcPLGA MPs) loaded with dexamethasone were 
produced using a modified double emulsion method. To demonstrate response to both HIFU and/or diagnostic 
ultrasound, mcPLGA MPs were exposed to ultrasound in agarose flow chambers. Inflamed tissue was modelled 
using a 3D foam cell spheroid, which has been shown to respond to dexamethasone treatment. These spheroids 
were embedded into an alginate gel prior to exposure to treatment. After treatment, the spheroids were removed 
and assessed for ultrasound contrast enhancement and inflammatory cytokines. 

 

We show that HIFU-guided implantation of mcPLGA MPs were implanted into the targeted tissue. After, the 
mcPLGA MPs enhanced the contrast of diagnostic ultrasound B-mode images. The mcPLGA MPs also eluted 
dexamethasone for several days and reduced inflammatory markers linked to oxidized lipid uptake in a foam cell 
spheroids. 

 

Our work shows that we are able to deliver and acoustically verify delivery of dexamethasone to foam cell 
spheroids with mcPLGA MP theranostic agents. 

 

Images of an mcPLGA MP, implantation into a foam cell spheroid, and hyperechogenicity 
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Diffuse intrinsic pontine glioma (DIPG) arising in the brainstem is the deadliest pediatric brain cancer with nearly 
100% fatality and a median survival of <1 year. The critical location in the brainstem and the often intact blood-
brain barrier (BBB) pose significant challenges in the treatment of DIPG. The objective of this study was to 
demonstrate the potential for focused ultrasound-induced BBB disruption (FUS-BBBD) to improve DIPG 
treatment by enhancing the safe and efficient delivery of drugs. 
 
A genetically engineered mouse model of DIPG was generated using the RCAS (replication-competent avian 
sarcoma-leucosis virus long-terminal repeat with splice acceptor)/tumor virus A modeling system. A magnetic 
resonance-guided FUS (MRgFUS) system was used to induce BBB disruption in these mice with the FUS targeted 
at the center of the tumor. Two radiolabeled agents with different sizes were used to evaluate the delivery 
efficiency: a small-molecular radiotracer, 68Ga-DOTA-ECL1i, and a radiolabeled nanoparticle, 64Cu-CuNCs. 
 
Contrast-enhanced T1-weighted MRI scans performed post-FUS confirmed successful FUS-BBBD (Fig. A). The 
PET images obtained from the DIPG mice without FUS did not show detectable radioactivity in the brain after 
68Ga-DOTA-ECL1i injection, indicating that the BBB of the DIPG tumor was intact (Fig. B).FUS treatment 
increased the uptake of 68Ga-DOTA-ECL1i and 64Cu-CuNCs to the DIPG tumor by 3.25 folds and 4.07 folds on 
average, respectively (Fig.C and D). 
 
These findings demonstrated, for the first time, that FUS can enhance the permeability of DIPG in a mouse model 
and significantly enhance the delivery of agents with different sizes into the DIPG tumor. 

 

(A) Contrast-enhanced T1-weighted MRI scans performed pre- and post-FUS. The location of the tumor is highlighted by 
the circle. (B) In vivo PET imaging of 68Ga-DOTA-ECL1i at 1 h post injection. (C, D) Quantitative analysis of tumor 
uptake of 68Ga-DOTA-ECL1i and 64Cu-CuNCs in FUS treated and non-treated DIPG mice, respectively, * P<0.0001. 
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An important factor determining drug efficacy in solid tumors treatment is its intra-tumoral concentration and 
distribution. Monoclonal antibodies are used for the treatment of several neoplastic diseases and, due to their 
relatively large-size, heterogenous distribution has been reported in preclinical and clinical tumors. SonoTran - a 
product combining ultrasound-image-guidance and focused-therapeutic ultrasound from a novel handheld probe 
to induce cavitation from solid, polymeric cavitation nuclei - is a novel, interventional approach to improve 
oncological drug delivery without the need for increased dosing, while offering real-time treatment monitoring 
using the Passive Acoustic Mapping algorithm. 

 

A three-stage in-vivo investigation was followed. Initially, the sensitivity of a human EGFR-expressing tumor 
cell line (NCI-HC292 lung cancer) to respond to Cetuximab was investigated in a subcutaneous xenograft model 
(CD1-nude mice) to identify a sub-optimal, single dose that does not affect tumor growth control. Subsequently, 
this model was used to assess the increase in local-tumor-concentration caused by SonoTran over passive 
accumulation, measured by ELISA assay. In the final study, efficacy was evaluated in the same model by assessing 
tumor size control of SonoTran-enhanced delivery over passive accumulation. 

 

After Cetuximab sub-optimal dose identification in-vivo (0.1mg), the SonoTran-enhanced treatment group 
demonstrated 2-2.5x-increased local dose concentration (P<0.01) and significantly improved therapeutic effect 
on average tumor growth (P<0.01) compared to passive accumulation. 

 

SonoTran has been shown to improve delivery of the monoclonal antibody Cetuximab in-vivo, resulting in more 
effective tumor growth control. A first-in-human clinical trial for SonoTran commences in 2021. 

 

Cetuximab concentration in tumours. Each single dot represents an individual tumour, while bars indicate group means ± 
standard deviation. Unpaired T-test was used for the statistical analysis (** P < 0.01). 
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The aim of this research was to develop ultrasound-responsive nitric oxide (NO) carriers, for administration with 
antimicrobial compounds to achieve dispersal and elimination of biofilms. 

 

Lipid-shelled, neutral and cationic microbubbles (MBs) loaded with room air or NO were produced by sonication. 
MBs were characterised for their size, stability, and acoustic response; their anti-biofilm (dispersal) and 
bactericidal (killing) efficacy were assessed in the presence and absence of sub-inhibitory (4 µg/mL) 
concentrations of the antibiotic gentamicin. Pseudomonas aeruginosa biofilms were grown for 48 hours in wound 
constituent medium, featuring key pathophysiological components of in vivo wound environments. MBs applied 
to biofilms were exposed to ultrasound (40 sec, 0.9 MHz, DC: 20%, PRF: 500 Hz, pressure: 0.5 MPa), with and 
without gentamicin, within a custom-designed apparatus. 

 

Among the different formulations tested, neutral NO MBs induced the greatest (99.9%) reduction in viable cells 
when exposed to ultrasound, significantly enhancing the efficacy of sub-inhibitory gentamicin. The combination 
of NO and the ultrasound-mediated physical perturbations by MBs, also achieved a notable 99.9% reduction in 
biofilm surface area. Despite presenting a lower treatment efficacy than neutral MBs, cationic NO MBs provided 
an effective means of targeting MBs to biofilms for localised therapeutic delivery. Moreover, a prototype 
clinically-viable device was developed for subsequent testing on chronic wounds. 

 

Biofilms are implicated in >90% of chronic wounds, resulting in significant patient morbidity and mortality. This 
study is the first of its kind reporting on the efficacy of NO-loaded MBs, in combination with sub-inhibitory 
antibiotic concentrations, against a clinically-relevant wound-biofilm model. 
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The EkoSonic endovascular system has been cleared by the U.S. Food and Drug Administration for selective 
infusion of physician-specified fluids, including thrombolytics, into the peripheral vasculature and the pulmonary 
arteries. The objective of this study was to determine the amount of bubble activity nucleated by this catheter 
technology from Definity infused over 3 min through drug delivery ports, in support of subsequent studies of 
ultrasound-mediated drug delivery to diseased arteries. 
 
The concentration, size distribution, and frequency-dependent attenuation of Definity were assayed before and 
after infusion at 0.3, 2.0 and 4.0 mL/min through the EkoSonic catheter. Passive cavitation imaging (PCI) was 
used to map and quantify stable and inertial cavitation nucleated by the EkoSonic transducers as a function of 
Definity concentration and test a range of acoustic outputs in a flow phantom mimicking the porcine femoral 
artery. 
 
A 2.0 mL/min infusion rate yielded the highest surviving Definity concentration and acoustic attenuation. 
Cavitation was sustained throughout each 5 ms ultrasound pulse, as well as throughout the 3 min infusion and 
over each active pair of transducers. 
 
These results demonstrate a potential pathway to use cavitation nucleation to promote drug delivery with the 
EkoSonic endovascular system. 

 

(a) Stable and inertial cavitation activity at a single axial image location in the flow phantom during a single 3- min infusion 
at 2.0 mL/min with a catheter pullback rate of 0.5 mm/s. The concentration of Definity infused through the catheter was 4.6 
10^7 microbubbles/mL. (b) Composite PCI image acquired when the array was above the first (Tx1) and fourth (Tx4) pairs 
of transducers. 
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Bone wounds caused by Staphylococcus aureus biofilms are a serious infection of the musculoskeletal system, 
typically resulting from diabetes and vascular diseases, artificial hip or knee joint replacements, or other bone 
surgery. Treatment is highly challenging due to poor distribution of antimicrobials within bone tissues, and drug 
resistance. Herein, we investigate the feasibility of combining antibiotic-loaded Low Temperature-Sensitive 
Liposomes (LTSLs) with Focused Ultrasound (FUS)-induced bone heating to achieve “heat-targeted, and on-

demand” antibiotic delivery for synergistic bacterial killing. 

 

Bone infections were generated in rats by surgically implanting orthopedic K-wires loaded with methicillin-
resistant S. aureus (MRSA) into the right and left femurs. We compared the following groups (n=3/group): CIP-
LTSL (+/- FUS), CIP (+/- FUS) and +/- FUS controls. LTSLs loaded with a model antibiotic agent (Ciprofloxacin 
or CIP) were administered intravenously immediately after the initiation of FUS heating (>40°C). 24h later, the 
rats were sacrificed, and bone delivery of CIP and the mean colony-forming unit (CFU) analysis of heated and 
unheated bone tissue and the implanted wires were assessed. 

 

The maximum average temperatures for rat bone (~55°C) were reached within 5-min. CIP delivery in the heated 

region was increased by ~1-fold with LTSL (2.16µg CIP/g) vs. CIP (1.47µg CIP/g) and unheated femur (1.33µg 
CIP/g). Therapeutically, CIP-LTSL with FUS achieving significant reductions of MRSA on the implanted wire 
(1-1.7-log) as well as in the infected bone (0.4-1.8-log) compared to CIP and untreated control, respectively. 

 

Combining FUS with LTSLs can improve bacterial killing rates in infected bones vs. those in unheated controls. 
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Finding optimized focused ultrasound (FUS) parameters is essential for effective and safe blood-brain-barrier 
(BBB) and blood-tumor-barrier (BTB) disruption. This study suggests a new FUS protocol that is simple, safe 
and effective for drug delivery. 

 

A new FUS protocol that includes additional FUS stimulation without microbubbles prior to the BBB disruption 
with microbubbles has been applied to 9L gliosarcoma brain tumor rat models (n=35). A T1-weighted MR 
imaging and dynamic contrast enhanced (DCE) MR imaging was performed to quantify the BBB disruption. Also, 
the amount of doxorubicin delivery was quantified. 

 

An increased signal intensity of T1-weighted MR image and brain permeability was observed at the brain tumor 
region under new FUS protocol by 1.45-fold and 1.25-fold higher compare to the conventional BBBD protocol. 
Also, doxorubicin delivery was increased 1.91-fold under new FUS protocol while 1.44-fold under the 
conventional BBBD protocol. Also, the fluorescence intensity of TRPC1 and TRPP2 staining was 1.06 and 1.14-
fold higher under the new protocol, respectively. 

 

Our new FUS protocol increases the BBB disruption of rat tumor model while minimizing the complexity of the 
procedure. Further validation using various chemotherapeutic agents and different type of brain tumor are required 
in order to apply this new protocol to the clinical practice in treatment of brain tumor. 
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Current treatments for critical limb ischemia (CLI), an advanced type of peripheral artery disease (PAD), are 
insufficient. Clinical trials have evaluated exogenous, pro-angiogenic growth factors (GFs) to stimulate 
angiogenesis in PAD/CLI. However, conventional administration routes are ineffective for GFs, thus contributing 
to translational challenges. We developed a composite hydrogel, termed an acoustically-responsive scaffold 
(ARS), where GF delivery is controlled via ADV. The ARS consists of a phase-shift double emulsion (PSDE) 
contained within a fibrin matrix. We demonstrate in a mouse model of CLI that ADV can enhance angiogenesis 
and reperfusion via the release of bFGF from implanted ARSs. 

 

Cylindrical ARSs (V = 0.25 mL), containing 1% (w/v) fibrin and 3.3% (v/v) PSE with bFGF and C8F18, were 
polymerized ex situ and implanted at the site of femoral artery resection in the left hind limb of BALB/c mice 
(n=6 per group). Beginning one day after implantation, focused ultrasound (2.5 MHz, f-number: 0.83, 6.1 MPa 
peak rarefactional pressure, 0.05% duty cycle) was applied in situ every three days to generate ADV. Control 
groups included no intervention and ARSs without ADV. Hind limb perfusion was assessed using laser speckle 
contrast analysis (LASCA) imaging and ischemia was visually scored. Blood vessel density was determined using 
CD31 immunohistochemical staining from tissues harvested on day 28. 

 

The ARS+ADV group displayed significantly less visible ischemia (Fig. 1A), greater perfusion (Fig. 1B), and 
greater blood vessel density (Fig. 1C) than the control groups. 

 

ADV-triggered release of bFGF stimulated angiogenesis and reperfusion in a mouse model of CLI. 
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Purpose:  Histotripsy is a non-thermal mechanical process of focused ultrasound based on cavitation that creates 
precise, predictable tissue destruction. We analyze outcomes of a Phase I trial of hepatic histotripsy regarding 
tissue regeneration, immune effects, and associated inflammation. 
Methods: This was a phase I, open-label, non-randomized, multicenter trial with a primary endpoint of technical 
success, defined as creating an ablation zone per planned volume assessed by MRI 1-day post-procedure.  Safety 
was a secondary endpoint.  Investigators performed procedures with a prototype therapy system (Histosonics, 
Inc., Ann Arbor, MI). 
Results: Eleven tumors were targeted in 8 patients who had multifocal liver malignancy (median age 60.4; IQR 
52.6-74.7; range 46 to 87 years): Colorectal liver metastases (CRLM) in 5 patients (7 tumors), cholangiocarcinoma 
in 1 patient (2 tumors), hepatocellular carcinoma (HCC) in 1 patient (1 tumor), and breast cancer in 1 patient (1 
tumor). The average targeted tumor diameter was 1.3 cm (range 0.5 to 2.5). All procedures achieved the primary 
endpoint. No device-related serious adverse events occurred. Two patients (25%) had a decline in tumor markers 
for eight weeks following the procedure, one with multifocal HCC and one with CRLM. Liver function tests 
increased immediately following the procedure and returned to baseline by one week, no other laboratory 
parameters were altered. Ninety percent (90%) of liver tissue from ablation volume was recovered at 3 weeks 
after the procedure. 
 
Discussion: Histotripsy is a disruptive technology. The non-thermal and non-invasive characteristics of histotripsy 
offer patients the potential for a tumor treatment with fewer clinical complications and adverse events than 
currently available ablation methods and surgical procedures. Future clinical trials are in their way with the 
objectives to evaluate technical performance, including acute technical success, while collecting safety-related 
data. 
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Magnetic Resonance-guided Focused Ultrasound (MRgFUS) is increasingly gaining ground in the community of 
non-invasive surgery. A robotic system featuring four degrees of freedom was developed for preclinical use of 
MRgFUS on animals of all sizes. 

 

The device comprises a single element spherically focused ultrasonic transducer and operates with a frequency of 
1.1 MHz. Α dual optical encoder setup was arranged on each motion stage to provide efficient position estimates. 
Extensive MR compatibility tests were performed. Ex vivo experiments in tissue-mimicking phantoms and 
excised porcine tissue, as well as in vivo experiments in rabbit models, evaluated the accuracy and repeatability 
of positioning and the overall performance of the system in both laboratory and MRI environments. 

 

The MRI trials proved the system as MR compatible and suitable for operation in MRI systems up to 7 T. The 
positioning mechanism provides motion in a highly accurate manner, with a mean positioning error smaller than 
0.1 mm. Real-time in situ MR thermometry data confirmed sufficient heating. Reproducible and controllable 
thermal lesions were inflicted in vivo, in both discrete and overlapping patterns, without evidence of damage in 
healthy intervening tissue or other adverse events. Thereby, the procedure with the necessary anesthesia 
monitoring possesses no threat to animal welfare. 

 

The device provides high standards of safety and accuracy. It will offer non-invasive, innovative therapy to pets 
with naturally occurring cancer, providing simultaneously the opportunity to advance human medicine. The 
device could be scaled up for future application in the treatment of abdominal cancer. 
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An intra-operative toroidal HIFU transducer was developed to treat liver metastases by creating fast and large 
ablations (up to 50㎤ in 6 minutes). This preclinical study evaluated, in a porcine model, the feasibility and 
tolerance of an intraoperative HIFU treatment at the hepato-caval confluence before application to patients. 
 
The toroidal HIFU transducer operated at 2.5MHz and had a diameter and radius of curvature of 70mm. An 
ultrasound imaging probe operating at 7.5MHz was placed in the center of the HIFU transducer.  
Nine animals were treated and followed over 7 days after the HIFU procedure. Ultrasound Doppler images were 
recorded percutaneously and intraoperatively before and after treatent at day 0 and at day 7. HIFU exposure lasted 
370 seconds using an acoustic power ranging from 80W to 115W. For each animal, the hepato-caval confluence 
(left lateral and left medial lobe) was targeted. 
 
The HIFU ablations were created around the targeted blood vessel and measured on average 27.5 ± 2.6 mm in 

diameter and 35.5 ± 6.8 mm long. The average diameter of the targeted vessels was 9.9 ± 1.0 mm. The HIFU 
lesion extended to the vessel wall while maintaining normal blood flow at day 7 as confirmed by Doppler images. 
Histological analysis confirmed the absence of thrombosis. 
 
An intraoperative HIFU treatment of the liver at the hepato-caval confluence was shown to be safe and feasible 
using a toroidal transducer.  
 
Project funded by SIRIC LyriCAN grant INCa_INSERM_DGOS_12563, the French National Research Agency 
(ANR-19-CE19-0027-01) and the FUS foundation (RC17121CC). 

 

HIFU ablation at the hepato-caval confluence 7 days after treatment A. In vivo intraoperative Doppler indicates normal 
blood flow, B. Macroscopic view of the corresponding HIFU ablation. 

 



112

SS6-04 

Simulation of HIFU Therapy for Head and Neck Cancer 

 

Abdul Mohizin1,  Bibin Prasad2,  Suzy Kim3,  Jung Kyung Kim4 

 

1Department of Mechanical Engineering, Kookmin University, Republic of Korea 
2Department of Radiology, UT Southwestern Medical Center, United States of America 

3Department of Radiation Oncology, SMG-Seoul National University Boramae Medical Center, Republic of 
Korea 

4School of Mechanical Engineering, Kookmin University, Republic of Korea 

 

The primary aim of this study is to simulate the effect of high intensity focused ultrasound (HIFU) treatment on a 
recurrent oral cavity cancer case. HIFU simulations were done to find the optimum transducer geometry and to 
study the impact of frequency on the ablated volume of the tumor. 

 

A commercially available finite difference time domain (FDTD) tool named Sim4Life was used for solving the 
acoustic and thermal tissue response of the targeted region to HIFU treatment. A lobulating tumor (57 mm × 62 

mm × 84 mm) was situated at left masticator space with extensive destruction of left sphenoid and maxillary bone. 
Computational domain was restricted to immediate surrounding of the tumor and transducer and layers of skin, 
muscle, skull and air cavities on the path of HIFU beam were considered. The volume of tissue ablation was 
quantified as the volume of tissue having cumulative equivalent minutes at 43℃ (CEM43) greater than 240 min. 

 

Spherical transducers were found to be more effective on inflicting thermal necrosis in the tumor region compared 
to cylindrical transducers at 500 kHZ frequency (Figure 1a). The impact of frequency was studied in a range of 
0.4 to 2 MHz, and the ablated tissue volume decreased as the frequency was increased (Figure 1b). 

 

Simulation of HIFU treatment on a recurrent oral cavity cancer was successful with a computational model. Using 
spherical transducer and a lower frequency was more effective in tissue ablation than using cylindrical transducer 
and a higher frequency. 
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(a) Comparison of the deposited acoustic power density (dP/dV), which describes the acoustic energy deposited per unit time 
per volume of material, between cylindrical and spherical transducers. (b) Variation of dP/dV distribution of spherical 
transducer (64 mm × 80 mm) with frequency. 
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To evaluate the clinical outcomes of focal therapy with high-intensity focused ultrasound (HIFU) for localized 
prostate cancer (PC) with magnetic resonance imaging (MRI)-based biopsy in Asians. 

 

Since 2016, significant cancer (SC) were located using MRI-based prostate biopsy in the patients with PSA levels 
≤ 20 ng/mL. The regions where the tumors were located in the prostate were focally treated by transrectal HIFU 

(Sonablate® 500, Indianapolis, IN, USA). The oncological and functional outcomes were analyzed prospectively. 

 

This study included 180 patients with median age 70 years and median PSA level 6.38 ng/mL. Patients’ risk 
classifications were low: n= 48, intermediate: n=82, and high: n=50. Postoperatively, the catheterization and 
hospitalization times were within 24 hours in all patients. Of the initial 100 patients who underwent follow-up 
biopsy, SC was detected in 9% of the patients in un-treated areas. AUCs for classification with PI-RADS category 
(AUC, 0.975; p < 0.0001) and PSA density (PSAD) (AUC, 0.788; p = 0.014) were significantly greater than those 
not discriminated. The biochemical disease-free rate was 92.2% in the 24 month follow-up by the Phoenix ASTRO 
definition. Urinary function parameters significantly deteriorated 1 month postoperatively, but improved to the 
preoperative levels at 3-6 months. Erectile and ejaculation dysfunction rates were 24% and 36%, respectively. 

 

Short-term clinical results of focal therapy for localized PC in Asians showed oncological and functional outcomes 
similar to those of previous reports. PI-RADS category ≥3 and PSAD ≥0.067 ng/mL/cc at 6 months 
postoperatively were significant predictive factors of SC detection after HIFU focal therapy. 
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A toroidal transducer can be used to increase the treated volume away from the acoustic axis with a reduce number 
of elements. This process can be enhanced if the transducer is truncated as presented in this study. The objective 
is to maximize the focal pressure away from the acoustic axis while minimizing the undesirable pressure on the 
axis. 

 

The radius of curvature of the toroidal transducer was 120 mm. The diameter was 150 mm and was truncated at 
25 mm corresponding to the average intercostal width. The operating frequency was 1.5 MHz. The transducer 
was divided into two symmetric sectors of 32 concentric rings each. An ultrasound imaging probe operating at 3 
MHz was placed in the center of the HIFU transducer.  
A hydrophone was used to measure pressure fields of the natural focus in water and of the focus placed 10 mm 
away from the acoustic axis using electronic focusing. The acquisition was sampled at λ/3. 

 

The use of two symmetric sectors rather than radial slicing of the transducer allowed placing the focus away from 
the acoustic axis (Figure 1). Pressure field experiments confirmed that the maximum pressure is located at the 
shifted focus while reducing the undesirable pressure deposition on the axis (-20 dB). 

 

Truncated toroidal HIFU transducers provide a novel technological approach to increase the treated volume 
without resorting to mechanical displacement of the transducer while using a reduce number of elements. 
This project was partly funded by the French National Research Agency (ANR-19-CE19-0027-01). 

 

Pressure fields of a truncated toroidal HIFU transducer with a truncation of 25 mm. Data were normalized and thresholded at 
-6dB. (a) natural focusing, (b) focalization shifted of 10 mm from the acoustic axis. 
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Cancers of the oral cavity have a substantial incidence worldwide in human and veterinary patients. Oral cancers 
are primarily treated surgically; however, patients receiving local resection with involved and close margins 
demonstrate high local recurrence rates. The objective of this study was to investigate the ability of focused 
ultrasound (FUS) to thermally ablate a biopsy confirmed oral cancer in a canine patient. 
 
A male canine patient with a large peripheral nerve sheath tumor originating from Schwann cells (schwannoma) 
on the left maxilla, with evidence of thinning and loss of alveolar bone and pressure necrosis, was treated with 
three FUS ablative treatments, each covering ~50% of the tumor core region over 1 month. The efficacy of FUS 
at the indicated time points was evaluated with (RECIST) v1.1 guidelines, and immunopathological staining of 
tumors and blood with hematoxylin and eosin (H&E) and flow cytometry, respectively. 
 
Significant tumor regression after the first FUS exposure, as compared with the pre-treatment value, was observed 
on day 8, and complete remission of the treated tumor without any recurrence till 4months of monitoring was 
achieved after the 3rd FUS treatment. Treatment related adverse events were primarily thermal burns of the buccal 
mucosa, which were managed with periodic hyperbaric oxygen therapy and surgical coverage of the underlying 
exposed bones with gingival flaps. Additionally, an enhanced proliferation of adaptive immunity cells (e.g., T-
cells) was observed in tumor and blood samples, suggesting an inflamed tumor microenvironment. 
 
FUS can induce regression of large oral tumors and aid anti-tumor immunity in patients. 

 

 

 

 

 

 

 

 

 

 

 

Loco-regional treatment of oral cancers 
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Musculotendinous contractures are corrected with surgical resection of tendons. Magnetic Resonance-guided 
Focused Ultrasound Surgery (MRgFUS) is an ablation technique that provides an incisionless non-invasive 
treatment for contractures. This translates into better surgical and patient outcomes. The hypothesis of this study 
demonstrates that tendon disruption increases as a function of the amount of energy delivered to pig tendon in-
vivo. 

 

Pig Achilles tendons (n=28) were each treated with powers of 20W, 30W, 40W and 50W for 30 seconds. 
Treatment planning and monitoring were achieved using the Achieva 3.0T Philips MRI. Ablation treatment was 
performed using a V1 Sonalleve (Profound Medical). Tendon disruption was confirmed both audibly during 
ranging and by comparing the range of motion (ROM) angles of the ankle joint, which the Achilles tendon spans, 
using goniometry before and after treatment. The changes of ROM angles were measured, and an ANOVA test 
used to determine statistical significance (p<0.05). 

 

Tendon disruption occurred in 2 out of 7 tendons, 6 out of 7 tendons, 7 out of 7 tendons, and 7 out of 7 tendons 
for 20W, 30W, 40W and 50W respectively. The average angle increase following treatment was 12.14 (SD=8.59), 
15.71 (SD=6.72), 27.14 (SD=10.75) and 27.50 (SD=13.32) for 20W, 30W, 40W and 50W respectively with a 
statistically significant ANOVA test of p= 0.017. 

 

Our results demonstrate that MRgFUS ablation disrupt tendons in pigs in vivo. With more power delivered to the 
tendon, the ratio of disruption and the angle of the ankle joint increased. 

 

 

(A) Pre-treatment T2-w images of Achilles tendon (arrow) at 50W in the sagittal plane, (B) monitoring during treatment, (C) 
and post-treatment image show the change in area of hyperintensity (arrow), corresponding to edema and delivery of FUS 
ablation onto the tendon. (D) Change in ankle range of motion (ROM) following treatment at 20, 30, 40, and 50W. 
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The aim of this work is to study the performance of large-volume hyperthermia (HT) induced by acoustic 
holographic-modulated high-intensity focused ultrasound (AHmHIFU) in gelatin phantoms. 

 

The acoustic hologram has been designed to expand the natural focus of a 1 MHz focused transducer using time-
reversal methods and printed with stereolithography technique. Acoustic and thermal simulations were performed 
using a full-wave pseudo-spectral method with k-space dispersion correction to numerically integrate the 
linearized constitutive relations of acoustics. Holographic lens and transducer were coupled with ultrasound gel 
and temperature fields were characterized with Proton Resonance Frequency Shift MR-thermometry (MRT) at 
1.5T. 

 

Excellent agreement was found between thermal simulations of the AHmHIFU system and MRT temperature 
maps. ROIs inside which experimental temperature elevation was greater than 4 degrees were 11mm*16mm and 
7mm*30mm with and without the lens/hologram, respectively. Most importantly, standard deviation inside these 
ROIs were equal to 12% and 40% of the maximum temperature with and without the lens. This demonstrates that 
a wider and more uniform heating region can be achieved using the holographic lens. 

 

Large-volume AHmHIFU-mediated HT was successfully implemented in a gel phantom in deep targets, showing 
the capabilities of acoustic holograms to be used as a low-cost alternative for hyperthermia treatments. Thermal 
focus can be enlarged with a simple sonication, but it can also be matched to complex structures. 

a) Thermal simulation for a 1cm wide hologram and b) for the transducer natural focus. c) MRI-thermometry measurement 
for the hologram and d) for the transducer natural focus. e) 3D printed hologram for thermal patterns. 
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Safe and effective treatment of calcific aortic stenosis (CAS) remains a major goal in cardiology. To date, the 
risks and morbidity associated with aortic valve replacement (AVR) remain high. Not all patients are eligible for 
AVR. We recently proposed non-invasive therapy based on pulsed cavitational ultrasound (PCU) to soften the 
calcified tissues, improving valvular opening. CARDIAWAVE (France) has developed Valvosoft, a non-invasive 
ultrasound therapy (NIUT) device to treat CAS. 
 
Valvosoft is composed of a multi-element therapy transducer driven by high-power electronics, allowing to 
deliver PCU and allowing a focal spot electronic steering. An echocardiographic probe was embedded in the 
transducer to guide and allow treatment monitoring. A multi-center, prospective FIH study to evaluate the therapy 
safety and feasibility is ongoing. During a first phase, ten patients with severe symptomatic CAS and not eligible 
for AVR underwent therapy with a 1, 3, 6 and 12months follow-up. 
 
Enrolled patients were advanced in age (84.1±6.5years) with severe comorbidities having extensive aortic valve 
calcification. Mean treatment time: 52minutes. At one-month follow-up, six patients had improved or stable 
NYHA (New York Heart Association) status. No device or procedure related major adverse events nor 
deterioration of neurological status were observed during the procedure and over 12months follow-up. At 
12months, the NYHA status was improved or stabilized in 4 out of 5 patients for which the data is available. 
We demonstrated that NIUT is feasible in patients with severe symptomatic CAS. Longer follow-up and larger 
clinical studies need to be conducted to confirm the safety and performance. 

Valvosoft NIUT procedure 
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Leiomyomas (uterine fibroids) are the most common, benign tumors experienced by women of reproductive age. 
The gold standard treatment for symptomatic fibroids is hysterectomy. Recently, HIFU has emerged as a 
promising alternative due to its ability to treat a broad range of fibroid types while reducing post-operative 
complications. In this study, we investigate the feasibility of using histotripsy, an emerging non-thermal focused 
ultrasound ablation method, for the treatment of uterine fibroids. 

 

Human uterine fibroids (n=21) were collected at Carilion Memorial Hospital from premenopausal and 
postmenopausal women, ages 20-60, undergoing hysterectomy or myomectomy for leiomyoma related 
complications. A 700kHz histotripsy transducer and a 500kHz histotripsy transducer were used to generate shock-
scattering histotripsy and intrinsic threshold histotripsy pulsation methods, respectively. Ultrasound imaging was 
used for real-time treatment monitoring (Fig 1). Post-treatment cellular viability was quantified using 
Hematoxylin and Eosin (H&E) and Masson’s trichrome stains, analyzed by a clinically certified surgical 
pathologist. 

 

Shock-scattering histotripsy using the 700kHz transducer generated diffuse cavitation in targeted fibroids, with 
minimal cellular ablative changes. Intrinsic threshold histotripsy using the 500kHz transducer generated well-
confined bubble clouds, with focalized hypoechoic changes in treatment regions, indicative of tissue damage (Fig 
2A). In addition, evidence of early coagulative necrosis on histological assessment was observed for samples 
treated with intrinsic threshold histotripsy, particularly at the highest treatment dose of 4000 pulses/point (Fig 2B). 

 

Although uterine fibroids were more resistant to histotripsy-induced tissue ablation compared to soft tissue (liver) 
control samples, results suggest histotripsy may be capable of fibroid ablation under certain pulsing parameters. 
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500kHz Histotripsy System Histology: Post-Treatment Comparison of Human Uterine Fibroids Treated at 2000ppp and 
4000ppp 
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Boiling histotripsy is a promising High-Intensity Focused Ultrasound (HIFU) technique that can be used to induce 
mechanical tissue fractionation at the HIFU focus. Precise control of the extent and degree of mechanical damage 
is necessary when destroying a solid tumour adjacent to normal tissue or major blood vessels. This is, however, 
difficult to achieve with boiling histotripsy because of the stochastic formation of the shock scattering-induced 
cavitation clouds. To induce precise tissue damage, a new histotripsy method termed pressure-modulated 
shockwave histotripsy (PSH) was proposed and demonstrated in the previous ISTU meeting with a high speed 
camera [KJ Pahk et al, ISTU 2019] (Fig 1a). Here, an in vivo experiment is performed to examine the potential 
effects of the proposed histotripsy in destroying liver tissue. 

 

A 10 ms-long 2 MHz pressure-modulated HIFU pulse (0 - 4 ms: P+ = 89 MPa, P- = -14 MPa; 4-10 ms: P+ = 30 
MPa, P- = - 9.6 MPa) was used to produce a PSH lesion in rat’s exteriorised liver in vivo. Animals were sacrifice 
immediately after the exposure, and liver tissue samples were collected for morphological and histological 
observations. 

 

With a single PSH pulse, a partial mechanical fractionation of liver tissue is observed (Figs 1b, c), whereas a 
higher degree of mechanical destruction in the form of a round shape with a diameter of about 1 mm appears with 
five PSH pulses (Figs 1d, e). 

 

Results suggest that pressure-modulated shockwave histotripsy method could be employed for inducing precise 
mechanical tissue fractionation. 

 

 

 

(a) Boiling bubble captured at the end of the PSH exposure (10 ms) in liver tissue phantom (high speed camera image). (b) 
and (d) show the PSH lesions produced in liver in vivo with a single or five PSH pulses. (c) and (e) are the corresponding 
H&E results of (b) and (d). The HIFU beam propagates from left to right. 
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Boiling histotripsy (BH) is an emerging high intensity focused ultrasound (HIFU) technique that mechanically 
fractionates soft tissue at the HIFU focus. Whilst studies have performed to demonstrate the feasibility of using 
BH in destroying liver tissue, the wound-healing response after BH exposure has not been yet well understood. 
This study aims to investigate the healing process of the liver tissue over a month after BH treatment. 
 
A 10 ms-long 2 MHz BH pulse with P+ = 85 MPa, P- = –14 MPa was used to produce a number of BH lesions 

over the area of 1.44 ㎠ in the normal rat’s liver in vivo (Fig 1a). Animals were sacrificed at days 0, 3, 7, 14, and 
30 for histological observations. Upon sacrifice, blood samples were collected for serologic tests. Quantitative 
real-time polymerase chain reaction analysis was also performed to evaluate the changes of the expressions of α-
SMA, collagen, MMP-9 and caspase 3 with time. 
 
Hepatocytes were fractionated immediately after the BH exposure, resulting in a dramatic increase of aspartate 
aminotransferase (AST at day 0), which became normal on day 2 (Fig. 1e). As an inflammatory response, the BH 
lesion was filled with fibrin and underwent proliferation (Fig. 1b-d). Two weeks after the BH treatment, caspase 
3 activation increased by 6-fold than that of intact tissue. Significant healing was observed for the most BH lesions 
on day 30. 
 
The wound-healing response of the liver tissue to BH was investigated. Our results can suggest the safety of BH 
in treating liver diseases. 

 

Fig. 1 (a) Damaged liver immediately after the BH treatment. (b), (c) Inflammation response (fibrosis) of the liver on days 3 
and 7. (d) Masson’s trichrome-stained histological observation of (c). Collagens (blue) are observed within the BH lesion. (e) 
AST values measured from the BH-treated rat (n = 13). 
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Phase aberrations induced by heterogeneities of body wall tissues introduce a shift and smearing of the focus 
impacting the performance of high intensity focused ultrasound therapies, especially if they rely on shock at the 
focus as boiling histotripsy (BH) does. Here, an aberration correction method based on the backscattering of the 
nonlinear ultrasound waves from the focus is proposed and evaluated for propagation in tissue-mimicking 
phantoms and ex vivo tissue. 
 
A custom BH system comprising a 1.5 MHz phased array of 256 elements (Imasonic, Besançon, France) 
connected to a Verasonics V1 engine was used as a pulse/echo probe. Pulse inversion imaging was implemented 
to visualize the second harmonic of the backscattered signal from the focus inside a phantom or ex vivo tissue, 
when propagating through an aberrating layer. The correction was the result of cross-correlating the arrival time 
of the backscattered signals between each closest element pairs summed across the array. The results were 
confirmed by replacing the tissue with a fiber optic hydrophone. 
 
Comparing the shock amplitude before and after phase aberration correction showed that the majority of the losses 
due to tissue heterogeneity were compensated, allowing the generation of fully developed shocks while focusing 
through aberrating layers. 
 
The feasibility of using a HIFU phased array transducer as a pulse-echo probe to correct for tissue heterogeneities 
was demonstrated, and opens the possibility for precise transcutaneous BH tissues ablation. 
Work supported by NIH R01EB007643, NIH R01GM122859, RF BR20-02-00210 and R01GM122859 
 

 

a) Sketch of the 256-element spiral array. b) Setup of the experiment. c) Waveforms measured. 
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Histotripsy is a noninvasive ultrasound surgery method that fractionates tissues using extremely energetic 
ultrasonic pulses. Our goal is to develop low energy histotripsy of solid tumors by applying low frequency 
ultrasound to tumor-targeted microbubbles. This approach takes advantage of the high nonlinear expansion of 
microbubbles at a center frequency of 250 kHz and below. 

 

Therapy-imaging setup was used to assess microbubbles contrast as a function of the peak negative pressure in a 
tissue mimicking phantom, for free and cell-targeted microbubbles. In vivo, targeted microbubbles were 
intratumorally injected into a MET1 breast cancer tumor model in mice, followed by low frequency insonation. 
The in vivo mechanical damage was evaluated via histology and tumor-growth rate. 

 

Onset of inertial cavitation was observed at peak negative pressures of 180 and 75 kPa for frequencies of 250 and 
80 kHz respectively. Similar behavior was detected for cell-targeted microbubbles. In cell cultures, cell viability 
was reduced to 16% and 10% for 250 and 80 kHz respectively. Finally, in tumor-bearing mice model, significant 
tumor debulking and cancer cell death was observed on histology following a treatment with a center frequency 
of 80 kHz and a pressure of 250 kPa. Moreover, on day 14 post treatment, growth rate was 94% higher in the 
control group compared to the treated group. 

 

Upon a low frequency of 80 kHz, tumor-targeted microbubbles could serve as mechanical therapeutic warheads 
that trigger potent mechanical effects in tumors at low intensity, reducing the required pressure for standard 
histotripsy by over an order of magnitude. 

 

Schematic illustration of US mediated tumor ablation accompanied with MBs 
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Urinary catheters often become contaminated with biofilms, resulting in catheter-associated urinary tract 
infections (CAUTIs) that adversely impact patient outcomes. Histotripsy has previously shown the ability to treat 
biofilms on glass slides and surgical meshes. Here, we investigate the potential of particle-mediated histotripsy 
(PMH) for the treatment of CAUTIs. 

Tygon catheter mimics were histotripsy treated after luminal inoculation of a Pseudomonas Aeruginosa 14 (PA14) 
biofilm. A 1 MHz histotripsy transducer was utilized to generate selective luminal particle-mediated histotripsy 
for biofilm removal. Ultrasound and optical imaging were utilized for guidance and monitoring. Biofilms were 
quantified using 1% Crystal Violet and optical density measured at 590nm via plate reader, and colony forming 
units were compared using single plate-serial dilution spotting. 

Particle-mediated histotripsy produced selective cavitation clouds within the lumen of a Tygon catheter mimic at 
lower acoustic pressures. Treatment with particle-mediated histotripsy reduced luminal biofilm signal by 98% and 
84% respectively. Finally, treatment of suspended PA14 with particle-mediated histotripsy showed a minor Log10 
reduction in CFU/mL of 0.5 and 0.7 respectively after 6 scans. 

Particle-seeded histotripsy provides a new selective modality for removing bacterial biofilms from catheter-based 
medical devices and further work is needed to increase its sterilizing capabilities. Finally, further research is 
needed to optimize pulsing parameters for efficient and efficacious treatment applications. 

 

 

Biofilm Removal with PMH. Optical density biofilm signal after luminal biofilm treatment with PMH (A). Microbubble PMH 
seen with optical imaging (B) and real time ultrasound (C). Nanocone PMH seen with optical imaging (D) and real time 
ultrasound (E). 
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Oncolytic viruses can infect, and ultimately kill, cancer cells. Herpes simplex virus is currently the lead clinical 
agent, but other viruses such as the Reovirus are also under development. Focused ultrasound has been used to 
increase the permeability of tumours to therapeutic agents. The objective of this study was to investigate whether 
pulsed focused ultrasound could be used to enhance Reovirus infection rates in pancreatic tumours. 

 

Syngeneic orthotopic pancreatic KPC tumours were grown in immune-competent murine C57BL/6 subjects. 
Subjects were injected intravenously with 107-108 Reovirus pfu / injection. Tumours were immediately either 
sham-exposed or treated with ultrasound-guided pulsed high intensity focused ultrasound (pHIFU) (Peak negative 
pressure = 17 MPa, duty cycle = 1%, 15 repeats, pulse repetition frequency = 1 Hz, frequency = 1.5 MHz) using 
the small animal Alpinion VIFU 2000 platform. Acoustic cavitation was monitored using a weakly focused 
passive cavitation detector. Reovirus infection of the tumours was determined histologically. 

 

Injection of sham exposed subjects with Reovirus (107pfu/ injection, but not 108pfu/ injection), resulted in 
infection of approximately 10% of the tumour volume 3 and 7 days after viral administration. Cavitation-inducing 
pHIFU in combination with Reovirus increased tumour infection at the same time points, but some non-specific 
binding of the detection antibody was also seen. No adverse effects were seen. Additional results for the localised 
abundance of tumour infiltrating lymphocytes will be presented. 

 

These results suggest that focused ultrasound treatment of pancreatic tumours could increase their infection by 
oncolytic viruses. 
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Solid tumors, including osteosarcomas (OS) and soft tissue sarcomas (STS), are common cancers in dogs. 
Histotripsy is a non-thermal, non-invasive focused ultrasound method using controlled acoustic cavitation to 
mechanically disintegrate tissue. This study investigates the in vivo feasibility of treating OS and STS with 
histotripsy in a spontaneous canine model. 

 

Ongoing studies at the Virginia-Maryland College of Veterinary Medicine are investigating histotripsy ablation 
of OS and STS in client-owned dogs. Patient-specific treatment plans are developed for histotripsy experiments 
using pre-treatment CT and ultrasound imaging. A 500kHz histotripsy system (1-2cycle pulses, 500Hz pulse 
repetition frequency) is used for all experiments. Ablation volumes (2-3cm spheres) are designated in custom 
software used to robotically reposition the transducer focus throughout treatment. Real-time ultrasound imaging 
monitors the treatment bubble cloud. Post-treatment CT images are acquired before surgical resection and 
histopathological evaluation of the treated tissues. 

 

Thirteen of twenty planned treatments have been completed. Generation of visible bubble clouds on ultrasound 
imaging was achieved in ten of thirteen treatments. Of the treatments without visibility, two were OS and one was 
a STS treated through a surgical drape. Post-treatment CT images for STS show clearly defined ablation zones 
visible as regions of decreased contrast uptake in tumor tissue. Post-treatment CT images for OS have not shown 
defined ablation zones. Histopathological results show effective cell ablation in treated areas for all samples. 

 

Results demonstrate the feasibility of ablating OS and STS with histotripsy. Ongoing studies are investigating the 
immunological response of histotripsy ablation of canine OS and STS. 
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A) Pre-treatment CT of a canine soft tissue sarcoma (circled). B) Patient-matched post-treatment CT of the soft tissue sarcoma 
(circled). Ablated tissue indicated by arrow. Hematoxylin & eosin histological stain of a patient-matched C) untreated and D) 
treated soft tissue sarcoma sample. 
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Tissue-mimicking gels provide a cost-effective medium to optimize histotripsy treatment parameters with 
immediate feedback. Agarose and polyacrylamide gels are often used to evaluate treatment outcomes but have 
mechanical properties aligned with very soft tissues. We aimed to produce optically transparent 3D hydrogels 
with higher toughness to mimic pathologic connective tissue found in benign prostate hyperplasia (BPH) and 
other diseases that would liquefy with histotripsy. 
 
Polyacrylamide-alginate hybrid gels of 3 weight ratios strengthened using divalent calcium ions were prepared to 
target different stiffness ranges. Acoustic properties including density, sound speed, and attenuation were acquired. 
A 3-dimensional stiffness map was generated using shear wave elastography (SWE). An 18-element 700 kHz 
histotripsy transducer was used to create volumetric lesions in 3 gels of each formulation in a degassed water bath. 
Different pulse doses were administered, and the dose response was compared against standard 1.5% agarose 
hydrogel. Post treatment, the stiffness was re-evaluated, and lesions were analyzed under B-mode imaging and 
optical phase contrast microscopy. 
 
Pre-treatment gel stiffness ranged from 42.3±6.0–93.7±16.6kPa. Post-histotripsy, SWE showed a significant 
reduction in stiffness at lesion sites (minimum mean of differences= -19.7±1.7 P<0.0001) but required a dose >40 
times than agarose to achieve liquefaction with the same parameters. Phase-contrast analysis showed optical 
variation in a region consistent with target lesion dimensions. 
 
Tough hydrogel phantoms were successfully formulated for evaluating histotripsy parameters. The elasticities 
measured were comparable to stiff BPH tissue and treated samples demonstrated reduced stiffness and 
liquefaction reflecting histotripsy. Work supported by R01-DK119310 and L30-DK122509. 
 

 
Fig. 1 (a) Measured stiffnesses pre- and post-treatment for different hybrid gel ratios (polyacrylamide-alginate %). 
Treatments lasted 1000 s using 20 cycles per pulse and a 10 Hz PRF. (b) Sample B-mode image of the lesion created in a 
20mm thick gel (c) Phase contrast image of lesion. 
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Successful clinical implementation of boiling histotripsy (BH) treatments in abdominal targets requires the 
development of integrated therapeutic and imaging systems to enable generation of uniform liquefied volumes, 
provide real-time imaging control, aberration correction, and compensation of respiratory motion. 
 
Our recently developed prototype BH system comprises a 256-element 1.5 MHz phased BH array with in-line 
imaging probe (ATL P6-3), a robotic arm (UR3e) to compensate for the lateral component of respiratory motion 
using US-imaging feedback, and a custom power-enhanced Verasonics V1 system. A gradient-based optimization 
method utilizing HIFU array-generated pulses backscattered from the focus is employed for aberration correction. 
Rectangular volumetric BH lesions of 16x13x5 mm were generated transcutaneously under US-guidance via 
electronic focus steering in the in vivo porcine kidneys and liver using 1.3kW peak acoustic power, 1-mm focus 
spacing, 5-10 ms pulses, 5-10 pulses/focus, and 1% duty cycle. The BH lesions were analyzed grossly and 
histologically. 
 
Volumetric BH exposures with motion compensation in both kidney and liver resulted in uniform tissue 
liquefaction area, with shape closely adhering to planned one. Without motion compensation, areas of incomplete 
ablation were present in the treated volume, and lesion shape fidelity was lower. Treatments with no aberration 
correction required significantly higher power to reach BH conditions. 
 
Respiratory motion compensation, electronic focal steering and aberration correction were implemented in a 
preclinical BH prototype system and were shown to improve liquefaction homogeneity and lesion shape fidelity 
in the in vivo porcine liver and kidney ablations. 
Work supported by NIH R01EB7643, R01GM122859, R01EB25187, and RSF 20-12-00145. 
 

 

 

 

 

 

 

A photo of the BH system: the array transducer with in-line ultrasound imaging probe 
both mounted on a robotic arm. 
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Musculotendinous contracture is the shortening of connective tissue in skeletal muscles causing pain and 
decreased mobility. This study investigates whether a Magnetic Resonance-guided Focused Ultrasound 
(MRgFUS) treatment using long-pulse histotripsy followed by thermal ablation can release tendons to improve 
lower leg range of motion, while minimizing thermal spread around the focus. 
 
Treatments were planned using a Philips Achieva 3.0T MRI, performed using a Profound V1 Sonalleve system, 
and monitored using MR-thermometry. Each Achille’s tendon from 20kg Yorkshire pigs received two adjacent 
treatments consisting of a 60s long-pulse histotripsy sonication (peak negative pressure of 13.5MP at 1.2MHz; 
DC=1%; PD=0.01s; 12000 pulses per burst) immediately followed by 30s of thermal ablation at 20W (n=5), 30W 
(n=5) or 40W (n=5). Goniometry measurements assessed lower leg range of motion pre and post treatment. 
 
Tendon disruption was confirmed in 4 out of 5 tendons treated with 20W, and in all tendons treated with 30W and 
40W. The average maximum temperature post sonication was 46.5℃±2.7 for 20W, 55.1℃±4.9 for 30W and 

57.1℃±5.4 for 40W, with statistical significance (p<0.05, t-test) for 20-30W and 20-40W. Goniometry 

measurements showed that 20, 30 and 40W treatments increased lower leg range of motion by 5.2±3.3, 12.0±8.3, 

and 32.6±6.6 degrees respectively with statistical significance (p<0.05, t-test) for 30-40W and 20-40W. Post-
sonication T2-imaging revealed that treatments caused precise lesions at the target area. 
 
Long-pulse histotripsy followed by ablation produces precise tissue disruption in porcine tendons. Further work 
will optimize histotripsy parameters to minimize the thermal spread required to cause tendon disruption. 

 

T2 weighted MR images showing one plane of the tendon before the treatment (a) and after the treatment. (b). A 
hyperintense region in (b) indicates tendon disruption due to the FUS treatment. 
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Restoration of blood flow to the ischemic myocardium is responsible for up to half of the induced injury. A 
primary cause of lethal reperfusion injury is oxidative stress originating from reoxygenation. The objective of this 
in vitro study was to determine if simulated reperfusion under hypoxic conditions created via acoustic droplet 
vaporization (ADV) increased cell viability. 

 

HL-1 cardiomyocytes were cultured to ~90% confluence and underwent 2 hours of simulated ischemia (SI) 
achieved by deprivation of oxygen or a time-matched normoxic control period. After SI (or at the matched time 
in normoxic controls), cells were reoxygenated with either: 1) normoxic medium alone (control), 2) normoxic 
medium containing perfluorocarbon microdroplets (PMDs), or 3) controlled hypoxic reperfusion (ADV of PMDs 
in initially normoxic medium). Cell viability was quantified at 24 hours post-reperfusion (n=5 replicates per 
group). 

 

ADV reduced the ‘normoxic’ buffer oxygen partial pressure by 30%. Relative to the cell viability obtained in 
control cells that received normoxic buffer alone, all three other normoxic groups maintained >92% cell viability 
(p=ns among groups). As expected, cell viability was substantially reduced (52±4%, p<0.05) for the SI + 
normoxic reoxygenation control group. In contrast, viability was better-preserved in cells that received controlled 
hypoxic reperfusion (71±6%, p<0.05), while treatment with PMDs alone had no significant effect (59±8%,p=ns). 

 

Under normoxic conditions, neither the presence of PMDs nor oxygen scavenging altered cell viability. However, 
use of controlled hypoxic buffer following simulated ischemia increased cell viability and attenuated lethal 
reperfusion injury. 
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Endocavitary Ultrasound-guided High Intensity Focused Ultrasound (USgHIFU) faces challenges requiring better 
integration of dual modalities (imaging/therapy). Capacitive Micromachined Ultrasound Transducers (CMUTs) 
may provide an alternative to piezoelectric technologies by exhibiting advanced integration capabilities (i.e. 
MEMs) and broadband frequency. A dual-mode USgHIFU probe was built to investigate the potential of using 
CMUT technologies as an endorectal therapy for the treatment of prostate cancer. 
 
The probe included a planar 64-element annular HIFU CMUT array (fhifu = 3 MHz) surrounding a central 256-
element linear imaging CMUT array (fimg = 5-13 MHz) (Fig.a). The acoustic performance of the imaging and 
HIFU components of the CMUT probe were compared to those of a clinical device (piezoelectric; spherical 16-
element annular HIFU, fhifu= 3 MHz; 192-element curvilinear imaging array, fimg = 7 MHz) through modeling 
and experimentation (phantoms). 
 
The technical feasibility of a USgHIFU probe, fully developed using CMUT technology, was demonstrated. The 
CMUT probe enabled HIFU dynamic focusing (Fig.b: 30 to 70 mm) while the imaging component exhibited 
improved lateral resolutions (from 0.3 to 1.5 mm, for imaging depths ranging from 20 to 100 mm). The probe was 
compatible with a routinely-used clinical platform (Fig.c) which allowed for 3D US imaging of prostatic phantoms, 
HIFU treatment planning and visualization of HIFU damages (Fig.d). 
 
Our proposed design offered better visualization of targeted tissues as compared to that of the clinical piezo device, 
providing a potential asset for further developing focal therapies.  
Supports: BPI (FUI), DEVweCAN, ANR (RHU). 

 

(a) Preclinical Prototype (b) HIFU pressure fields at 30 and 60 mm. (c) CMUT imaging of prostate gel phantom: setup 
integrating CMUT prototype on motorized clinical treatment planning platform. (d) B-mode imaging of HIFU damages in 
prostate phantom (previously induced with the clinical HIFU device): 2D real-time imaging - transversal view (right), 3D 
reconstruction scanning - sagittal view (left) 
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Acoustic radiation forces can be applied to an object to trap and manipulate it in three dimensions. Acoustic 
manipulation can be used to control objects in the body in medical applications such as urinary stones. Here, we 
evaluate a procedure for noninvasive remote control of solid objects in vivo using a single transducer. 

 

Three pigs were placed under anesthesia to evaluate the feasibility of transabdominal acoustic manipulation in the 
bladder. A 1.5 MHz, 256-element array transducer with a 12-cm focus was used to control a stone model (3 mm 
glass sphere) along preprogrammed paths. The array acoustic power output was optimized to enhance the stability 
of transmitted acoustic traps through the skin to steer the stone electronically. The peak pressure was 1.4 MPa and 
time-average intensity was 67 W/cm2. The array was coupled to the pig by a water bath. A synchronized P6-3 
ultrasound imaging probe and a cystoscope interested into the bladder were used to record the motion. Accuracy 
between the measured and intended paths was measured. Afterwards, the bladder was excised and evaluated 
histologically. 

 

Spheres were moved along different paths with maximum excursion of 5 mm in all pigs. Maximum deviation of 
the motion from the intended path occurred at the farthest distance from the focus of the array and was on average 
< 0.25 mm. Histology showed no signs of injury to the bladder wall. 

 

This work demonstrated the feasibility of safe noninvasive controlled manipulation of objects in the body by 
ultrasound. Work supported by NIH P01-DK043881. 

 

 

a) Experimental arrangement and b) overlapping frames of a sphere being levitated and moved in a horizontal circle. 
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Burst wave lithotripsy (BWL) is a new method to fragment urinary stones with pulsed focused ultrasound. Certain 
exposure parameters can cause sustained cavitation in tissue and renal injury. This study sought to measure the 
pressure to produce cavitation in a porcine model under different conditions and parameters. 

 

The kidneys of 8 pigs were exposed to transcutaneous BWL pulses at incremental pressure amplitudes to identify 
a level where sustained cavitation initiated within tissue. Bursts of 20 cycles were delivered in 5-minute 
increments at 10 or 40 Hz pulse repetition frequency (PRF) from a 350-kHz focused transducer with an 85-mm 
aperture and 100-mm focal length. The transducer was coupled to the skin by a small water bath and focused in 
the kidney. The transducer incorporated a P4-2 sector array imager attached to a Verasonics V-1 system for image 
guidance and cavitation detection. Active cavitation detection was measured by a power Doppler sequence. 
Cavitation thresholds in kidneys with stones (6-7 mm) implanted and sham implantation were compared. 

 

Cavitation occurred at an average pressure between 5.8–8.2 MPa, dependent on conditions and ultrasound 
parameters. Stone or sham implantation did not significantly impact the threshold vs. native kidney. Increasing 
ultrasound PRF from 10 to 40 Hz decreased the pressure threshold from 8.0 to 6.1 MPa (p<0.005) with a stone 
implanted. 

 

These results provide a range of maximum pressure outputs for clinically relevant BWL parameters, which may 
be useful to select parameters to fragment stones while avoiding tissue injury. Work supported by NIH K01-
DK104854 and P01-DK043881. 
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Fibrosis, a disease in which soft tissue is replaced by collagen fibers, is an unsolved medical problem associated 
with approximately 40% of deaths in developed countries. This study proposes a method to cut the collagen fiber 
network by ultrasonic cavitation and consequently resolve the flexibility of the diseased tissue. 

 

A bolted Langevin-type transducer was vibrated at 40 kHz and cavitation was observed to occur between it and a 
metal reflector. Collagen sheets (1 mm thick) purified from bovine skin were soaked in purified water for 20 
minutes and then irradiated with ultrasound. All sheets were vacuum-dried, observed in bright field, and then 
observed by scanning electron microscope under conductive treatment. 

 

Fig. 1(d) after irradiation shows that the fibers are thinner and folded with high density. Since the acoustic wave 
does not have enough energy to solve the chemical bonds, the change in the fiber structure is presumably caused 
by cavitation. We also compared the material strength of the collagen sheets by tensile tests, and found that the 
Young's modulus and rupture strength were reduced by half after several tens of seconds of ultrasound irradiation. 

 

These results suggest that the collagen fiber network is cut and decomposed by ultrasonic cavitation and that 
collagenous tissue can be made flexible as a biomaterial. 

 

 

Collagen sheet after ultrasound irradiation on right side. Upper: Bright field, Lower: SEM. 
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Mechanotransduction of pulsed focused ultrasound (pFUS) generate pro-inflammatory tumor microenvironments 
(TME), and can lead to reduced tumor growth. pFUS also causes DNA damage within tumors, which is also a 
potent activator of immunity. This study investigated mechanisms behind mechanotransduction of pFUS inducing 
DNA damage in several tumor cell types. 

 

4T1 (murine breast tumor), B16 (murine melanoma), C6 (rat glioma), or MDA-MB-231 (human breast tumor) 
cells were sonicated in vitro (1MHz; 6MPa PNP; 10ms pulses; 10% duty cycle; 300 pulses). TUNEL reactions 
were used to detect DNA damage, while immunocytochemistry for activated caspase-3 measured apoptosis. 
Fluorescent indicators were used to detect calcium, superoxide, and H2O2. These molecules were modulated 
intracellularly by BAPTA-AM, mtTEMPOL, or Trolox, respectively. 

 

TUNEL reactivity increased following pFUS in all cell types except C6. pFUS-induced apoptosis was not detected 
in any cell line. All lines displayed cytosolic Ca2+ transients from pFUS and increased superoxide and H2O2 
(except C6). Buffering intracellular Ca2+ with BAPTA-AM blocked increased TUNEL reactivity, superoxide and 
H2O2 formation. Reducing H2O2 with Trolox also blocked increased TUNEL reactivity after pFUS. mtTEMPOL 
(superoxide dismutase mimetic) permitted H2O2 formation and did not block increased TUNEL reactivity. 
Unsonicated C6 cells had higher baseline cytosolic Ca2+, superoxide, and H2O2. However, these were not 
associated with greater baseline TUNEL. 

 

Mechanotransduction of pFUS generates DNA damage in several different tumor cell types by cytosolic Ca2+ 
causing formation of superoxide and H2O2. However, the lack of pFUS-induced DNA damage in C6 cells 
demonstrates potential tumor responses that may arise from innate physiological differences. 
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Objective: Suspended, aqueous iron oxide nanoparticles suppress deleterious MRI signals originating from water-
based coupling media employed during transcranial focused ultrasound surgeries. However, previously tested 
nanoparticles also stimulated cavitation in the pre-focal field, potentially harming the subject and transducer. We 
hypothesize that PMAA-FeOx nanoparticles with high magnetic relaxivity will impede prefocal cavitation and 
produce a single-cycle cavitation probability threshold similar to that of degassed deionized (DI) water. 
 
Methods: Single-cycle histotripsy pulses were applied at 0.5 Hz pulse repetition frequency (PRF) to a chamber 
containing aqueous suspensions of PMAA-FeOx nanoparticles (Fig.1 A) at concentrations of 0.009, 0.09, 0.9, and 
3.75 mM Fe or DI water controls using a 500 kHz histotripsy transducer. Optical imaging and passive cavitation 
detection (PCD) using a single 500kHz transducer element identified the occurrence of cavitation events. Only 
PCD was used to detect cavitation within the two most concentrated and opaque samples. 
 
Results: Initial threshold results showed insignificant differences in cavitation thresholds for suspensions of 
PMAA-FeOx nanoparticles with concentrations of 0.009mM Fe (pt- = 26.6 MPa), 0.09mM Fe (pt- = 26.2 MPa), 
0.9mM Fe (pt- = 26.2 MPa), and 3.75mM Fe (pt- = 25.8 MPa) compared to degassed DI water controls (pt- = 25.6 
MPa) (Fig.1 B). 
 
Conclusion: PMMA-FeOx nanoparticles showed no significant change in cavitation threshold as detected by PCD 
for all tested concentrations. Future studies will examine the ability of these particles to improve guidance MRI 
during surgery. 

 

(A) Schematic of PMAA-FeOx nanoparticles and (B) example cavitation thresholds for degassed DI water and 0.009 mM 
Fe, 0.09 mM Fe, 0.9 mM Fe, and 3.75 mM Fe suspensions of PMAA-FeOx nanoparticles. 
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Uterine fibroids are noncancerous growths that develop in or just outside a woman’s uterus. This work is about 
the development of a new transducer for a more versatile ultrasound (US) guided HIFU system to treat uterine 
fibroids. Normally, HIFU treatment of the uterine fibroids has been carried out with an extracorporeal transducer 
mounted on abdomen. Use of the extracorporeal transducer requires the US to be delivered through human skin, 
which causes unnecessary exposure of interstitial cells to the high intensity US. In order to resolve the problem, 
the HIFU needs to be insonated onto only the tumors. 

 

In this work, a new HIFU transducer has been developed, which is composed of an imaging module and a HIFU 
module. The imaging module is installed at the center of the HIFU module. The transducer also incorporates a 
mechanical wobbling mechanism that can rotate the assembly of the imaging and HIFU modules along azimuthal 
directions. The transducer can do both HIFU treatment and US imaging of the uterine fibroids in three dimensions, 
which is the first in its kind. 

 

Based on the design, a prototype transducer was fabricated and its performance was measured, which showed 
excellent agreement with the design. The focus of the HIFU treatment module was steerable from 30 to 50 mm 
from the zenith of the concave treatment module with the acoustic power up to 40 Watts. 

 

The efficacy and effectiveness of the new HIFU transducer is demonstrated through volumetric treatment of 
uterine fibroids. 
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MR imaging inside tcMRgFUS systems is severely degraded by the conductive transducer housing, which 
prevents RF fields from body coil from reaching the tissue and vice versa. In this work, we describe how the 
combined use of an array of loop coils positioned outside the water bath around the base of the transducer and a 
pair of crossed wires can further enhance imaging SNR several-fold compared to the body coil alone. 
 
We numerically investigated how much SNR improvement can be achieved by simultaneously using a local coil 
array (6-ch self-decoupled coil array, Yan et al. Nature Communications 9(1), 3481) outside the water bath and 
previously described ‘Propeller Beanie’ passive crossed wires/antennas that can alleviate the dank band through 
the head (Yan et al. ISMRM2020, P0113). 
 
Without crossed wires, the local coil improved SNR by 2.7-fold (Figure 1C vs. Figure 1A) at the center of the 
brain. But this SNR improvement is extremely sensitive to the region of interest due to limited coil coverage in 
the midbrain. By combining the local coil and crossed wires, the SNR improvement increases to 5-fold (Figure 
1D vs. Figure 1A). Their effects are complementary: the crossed wires mainly improve SNR in the middle and 
upper brain areas, while the local coils mainly improve SNR in the lower brain. 
 
In our numerical analysis, we found significant SNR improvement (5-folded compared to the body coil alone) in 
MR imaging during tcMRgFUS by simultaneously using local coils outside the water bath and passive cross wires 
inside the bath. 
 

Figure 1 Simulated sagittal and coronal SNR maps of different configurations. (A): Body coil without the Propeller Beanie 
passive crossed wires. (B): Birdcage body coil with the passive crossed wires. (C): Local coil array without the passive 
crossed wires. (D): Local coil array with the passive crossed wires. (E): Individual receive sensitivity maps of each element 
in the local coil array. 
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Nonlinear pulsed high-intensity focused ultrasound (pHIFU) is capable of inducing cavitation, without the need 
for contrast agents, as a means of enhancing drug delivery in tissues with poor perfusion. We report on the design 
and characterization of a new dual-mode ultrasound probe for image-guided cavitation-enhanced drug delivery 
applications. 

 

The 64-element array (1.07 MHz, 14.8 mm × 51.2 mm, pitch of 0.8 mm) was driven using the V1 Verasonics 
ultrasound system, configured with an external power supply for pHIFU excitation. The pHIFU field was 
characterized through linear and nonlinear simulations and hydrophone measurements, while steering the focus 
position laterally and axially. Acoustic holography was used to reconstruct the source velocity distribution. 
Cavitation behaviors induced by different pHIFU exposures were investigated using high-speed imaging in 
agarose phantoms. Ultrasound image quality was characterized with a standard commercial phantom. 

 

Measurements show that the beam can be steered up to ±11 mm azimuthally and ±5.5 mm axially, while staying 
within 10% of the nominal maximum pressure. Beam profiles are in agreement with design simulations. As the 
focusing angle of the probe is increased, shocks of higher amplitude form at the focus. The latest results on high-
speed imaging of cavitation behaviors and US image quality will be presented. 

 

Towards image-guided drug delivery enhancement, a dual-mode linear pHIFU array has been fabricated and 
characterized. The array is capable of producing shocks at the focus necessary for therapeutic levels of cavitation 
while also providing sufficient image quality for cm-sized targets. 
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Photograph of the dual-mode probe (a), axial beam profiles at different focal distances (b), and pressure waveforms at the 
focus (c). 
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Sonobiopsy Enhances Detection of Tumor-Derived DNA 

 

Christopher Pacia1,  Lifei Zhu1,  Yimei Yue1,  Jinyun Yuan1,  Hong Chen2 

 

1Department of Biomedical Engineering, Washington University in St. Louis, United States of America 
2Departments of Biomedical Engineering and Radiation Oncology, Washington University in St. Louis, United 

States of America 

 

Liquid biopsy enables targeted therapy by providing a minimally invasive alternative to surgical tissue biopsy. 
However, the application of liquid biopsies for brain tumors is limited by the poor detection rate of tumor-specific 
biomarkers due to the inefficient release of biomarkers across the blood-brain barrier (BBB). Tumor-derived DNA 
fragments are one of the most commonly sampled circulating biomarkers because of their high diagnostic and 
prognostic correlation for brain cancer patients. This study aimed to demonstrate the feasibility of sonobiopsy to 
enhance the release of DNA fragments via focused ultrasound (FUS)-induced BBB disruption. 
 
F98 glioma cells were implanted in rat brains. Rats were randomly assigned to the sonobiopsy or control group. 
Ten days after tumor implantation for the sonobiopsy group, magnetic resonance imaging (MRI)-guided FUS 
sonication was performed at the tumor center after intravenous injection of microbubbles. Contrast-enhanced T1-
weighted MRI scans were acquired to evaluate changes in BBB permeability. Blood was collected immediately 
after FUS sonication or without FUS sonication for the control group. Automated electrophoresis was performed 
to quantify the size distribution of DNA fragments. 
 
MRI scans confirmed successful FUS-induced BBB disruption. FUS significantly (p<0.0001) enhanced the levels 
of mononucleosomal (110-220bp), dinucleosomal (260-370bp), and trinucleosomal (410-520bp) DNA fragments. 
There was a moderately positive correlation between change in contrast-enhanced volume and fragment 
concentration (mononucleosome: R=0.48, p=0.12; trinucleosome: R=0.52, p=0.084) that was significant for 
dinucleosomal fragments (R=0.6, p=0.041), suggesting large volume sonication may further enhance the release 
of DNA. 
 
Sonobiopsy enhanced the detection of tumor-derived DNA fragments by disrupting the BBB. 

(A) Size distribution of DNA fragments for control and sonobiopsy groups. Light lines represent individual subjects and 
darker lines represent group mean. Shaded areas represent different fragment size regions. (B) DNA concentration within 
given size region. Error bars indicate standard deviation. Statistical test performed with Welch’s t-test. **** indicates 
p<0.0001. 



147

SS8-12 

A Robotic MRI-Guided High-Intensity Focused Ultrasound Neonatal Neurosurgery 
Platform: Assessment of Targeting Accuracy and Precision 

 

Hrishikesh Raghuram1,  Benjamin Keunen2,  Nathan Soucier1,  Samuel Pichardo3,  Adam C. 

Waspe2,  James M. Drake4 

 

1Institute of Biomedical Engineering, University of Toronto, Canada 
2Centre for Image Guided Innovation & Therapeutic Interventions, The Hospital for Sick Children, Canada 

3Hotchkiss Brain Institute, University of Calgary, Canada 
4Department of Neurosurgery, The Hospital for Sick Children, Canada 

 

A robotic MRI-guided high-intensity focused ultrasound (MRgHIFU) platform was developed to treat the 
neonatal brain. This platform positions the transducer above the head of the patient, which facilitates the neonate’s 
placement while providing a larger treatment area. This study investigates and quantifies the targeting accuracy 
and precision of the robotic MRgHIFU platform. 

 

A thermosensitive tissue-mimicking phantom (TTMP), which emulates brain matter, was developed to test the 
platform’s capabilities in a controlled setting. A 3D printed alignment system was fabricated to keep the initial 
position of the robotic MRgHIFU platform and TTMP consistent (Fig.A). To quantify targeting, a rectangular 
grid pattern was sonicated within the TTMP, which was monitored by an MR thermometry sequence. Following 
these sonications, the intended target locations were demarcated in the TTMP by inserted carbon fibre rods 
through a calibration template (Fig.B). Coordinates for intended (carbon fibre rods) and actual (thermal lesions) 
targets were derived from T2-weighted MRI scans and their centroid distances were measured in three dimensions. 
The mean and standard deviation quantified the targeting accuracy and precision respectively. 

 

HIFU ablation resulted in distinct thermal lesions at the sonication points that appeared as discrete hypointense 
regions in T2-weighted scans (Fig.C). Measuring the distance between intended and actual target points (n=116) 
yielded a mean difference of [-0.1mm, -1.7mm, 0.0mm] with a standard deviation of [1.2mm, 0.8mm, 0.8mm] in 
the [x, y, z] directions (Fig.D-F). 

 

These results demonstrate the robotic MRgHIFU platform’s high targeting accuracy and precision in a brain-
mimicking phantom, supporting its future neonatal neurosurgical application. 
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(A) Experimental setup showing the robotic MRgHIFU platform with the TTMP. (B) Insertion of rods through the 
calibration template to demarcate intended targets. (C) T2-weighted MRI scan showing the sonication points (hypointense 
regions) and rods (black circles). Differences between intended and actual points were plotted on a 3D scatter plot in the (D) 
XY-plane, (E) XZ-plane, and (F) YZ-plane. 
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Effect of Murine Vendor on Anti-Tumor Immune Responses to Non-Ablative Pulsed 
Focused Ultrasound 

 

Parwathy Chandran1,  Ruby Hutchison1,  Lauren Tomlinson1,  Gadi Cohen1,  Scott Burks1,  Joseph Frank1 

 

1Laboratory of Diagnostic Radiology Research, National Institutes of Health, United States of America 

 

To determine whether differences in inbred mice obtained from 3 different vendors would alter tumor growth and 
tumor microenvironment (TME), we evaluated cytokine, chemokine and trophic factor (CCTF), and immune cell 
profiles following non-ablative pFUS to B16 melanoma flank tumors. 

 

B16 cells (106 cells) were sub-cutaneously, bilaterally implanted into C57BL/6J mice (n=6/group/time-point) 
from 3 vendors [Jackson Laboratories (JAX; n=36), Charles River (CR; n=36), Taconic Biosciences (Tac; n=36)]. 
pFUS (VIFU 2000, Alpinion; 1MHz, PRF 5Hz, DC 10%, US burst 20ms, PNP 6MPa) was administered to 5mm 
tumors. On days 1, 3, and 5 post-sonication, spleens, lymph nodes and tumors were evaluated by proteomic (CCTF) 
and flow cytometry (FC) analyses. 

 

B16 volumes showed significant reduction in CR mice, but not in JAX or Tac mice. Proteomic analysis revealed 
CR TME showing upregulation of pro-inflammatory TNFα, IL-1β, IL-12p70 on days 1 and 3, with 
downregulation of anti-inflammatory VEGF, IL-10 over 5 days. Comparatively, less robust expression of anti-
tumoral cytokines were observed in Tac and JAX TME. FC results corroborated tumor growth and proteomic 
analyses wherein CR TME showed significant tumor infiltration of helper and cytotoxic T cells, M1 macrophages 
and dendritic cells on days 3 and 5, with no major changes in Tac and JAX TME over the study period. 

 

CR mice exhibited more pronounced anti-tumor response to pFUS compared to Tac and JAX mice. Despite using 
the same mouse strain, tumor type, and pFUS parameters, profound vendor-dependent variability was observed, 
implying the decisive role of vendor choice in demonstrating pFUS bioeffects. 
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Focused Ultrasound-Enhanced Intranasal Delivery (FUSIN) of Immune Checkpoint 
Inhibitors to the Brainstem Gliomas 

 

Dezhuang Ye1,  Jinyun Yuan2,  Yimei Yue2,  Joshua B. Rubin3,  Hong Chen2 

 

1Department of Mechanical Engineering and Material science, Washington University in St. Louis, United 
States of America 

2Department of Biomedical Engineering, Washington University in St. Louis, United States of America 
3Department of Pediatrics and Neuroscience, Washington University School of Medicine, United States of 

America 

 

Immune checkpoint inhibitors (ICIs) have gained promising results in treating non-central nervous system tumors; 
however, when treating gliomas, their therapeutic efficacy has been partially limited by their inability to cross the 
blood–brain barrier efficiently (BBB). The objective of this study was to evaluate the capability of FUSIN in 
achieving locally enhanced delivery of anti-programmed cell death-ligand 1 antibody (aPD-L1) to the brainstem 
gliomas. 

 

aPD-L1 was labeled with a near-infrared fluorescence dye (IRDye 800CW) and administered through the nasal 
route to mice, followed by focused ultrasound (FUS) sonication targeting at brainstem in the presence of 
systemically injected microbubbles. Mice delivered with 800CW-aPD-L1 by IN only were used as the control. 
Both non-tumor mice and mice transcranial implanted with GL261 glioma cells at the brainstem were used in this 
study. 

 

FUSIN enhanced the accumulation of aPD-L1 at the FUS-targeted brainstem by an average of 4.03 and 3.74 folds 
compared with IN administration in the non-tumor mice (Fig.1B) and glioma mice (Fig.1C), respectively. 
Immunohistochemistry staining found aPD-L1 was mainly located within the perivascular spaces after IN delivery, 
while FUSIN delivery further enhanced the penetration depth and delivery efficiency of aPD-L1 to the brain 
parenchyma (Fig.1D). Notably, the delivered aPD-L1 was found to be colocalized with the tumor cells after 
FUSIN delivery to the brainstem glioma (Fig.1E). 

 

FUSIN achieved significantly enhanced delivery of aPD-L1 to the brainstem gliomas and the delivered aPD-L1 
was found to bind to the tumor cells. These findings suggest that FUSIN is a promising technique for ICIs delivery 
to gliomas. 
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(A) Fluorescence images of representative ex vivo mouse brain slices. (B) Fluorescence quantification of the 800CW-aPD-
L1 delivery efficiency to the brainstem and brainstem glioma. (C) Fluorescence images of the brainstem obtained from non-
tumor mice after intranasal (IN) and FUSIN delivery. (D) Spatial distribution of FUSIN-delivered 800CW-aPD-L1. 
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Ultrasound Targeted Microbubble Destruction Alleviates Immunosuppression Caused 
by CD71+ Erythroid Cells in Advanced Luis Lung Cancer Mouse Model 

 

Zheng LIU1,  Xi Tan1 

 

1Department of Ultrasound, Xinqiao Hospital, China 

 
Infections in patients with advanced or late-stage tumor are associated with poor prognosis. One of the possibilities 
is the CD71+ erythroid cells (CECs) impaired the adaptive immune response with tumor progression. Here we 
presented a novel and noninvasive method to ease the immunosuppression in the late stage tumor by targeting 
CECs using ultrasound targeted microbubble destruction (UTMD). 
 
In the Luis Lung Cancer (LLC) model, the study group were treated by UTMD for 10 minutes at spleen area, and 
mice without UTMD were served as control. The frequency of splenic CEC and lymphocyte was analyzed by 
flowcytometry, and the serum artemin and IL-2 was tested by ELISA. The tumor volume was evaluated by two-
dimensional ultrasound engaging three times of treatment. UTMD treatment was consisted of diagnostic 
ultrasound sonication and Sonazoid™ microbubble injection. The mechanic index (MI) of ultrasound was set 
between 0.98 and 1.03. 
 
The results showed significant reduction of splenic CECs and the increasing of T cells in UTMD treated group 
than the control group. The serum artemin derived from the CECs was significantly reduced but the tumor growth 
was not inhibited. These preliminary findings suggest that UTMD can decrease the ratio of CECs meanwhile 
increase the ratio of splenic T cells，specifically the CD8+ T cells. 
 
UTMD has potential to alleviate the immunosuppression caused by CECs in the late-stage LLC model. 
 

 

 

 

 

 

 

 

 

 

 

 

Representative flow cytometry and cumulative composite data of the 
frequency of CECs, T cells, CD8+ T cells and B cells in the spleen of 
the LLC tumor bearing mouse between treated and the control group. 
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Focused Ultrasound Enhances Checkpoint Blockade Immunotherapy for Glioblastoma 
via Targeted Immunomodulation 

 

Tao Sun1,  Meenal Datta2,  Sampurna Chatterjee2,  Xinyue Dong2,  Yongzhi Zhang1,  Chanikarn 

Power1,  Yan Gao3,  Pragya Kumar2,  Gino Ferraro2,  Gordon Freeman3,  David Reardon3,  Rakesh 

Jain2,  Nathan McDannold1 

 

1Radiology, Brigham and Women's Hospital, Harvard Medical School, United States of America 
2Radiation Oncology, Massachusetts General Hospital, Harvard Medical School, United States of America 

3Medical Oncology, Dana-Farber Cancer Institute, Harvard Medical School, United States of America 

 
Conventional checkpoint blockade immunotherapy (CBI) for treating glioblastoma (GBM) is challenged by the 
immunosuppressive microenvironment, with insufficient T lymphocyte infiltration and excessive M2-like 
myeloid cells. Here we report the use of microbubble-mediated focused ultrasound (FUS) to alter the tumor 
microenvironment during CBI. FUS is hypothesized to open the blood-tumor barrier for enhanced antibody 
delivery and immune cell trafficking, and to facilitate controllable inflammation for the recruitment and activation 
of immune effectors. 
 
FUS immunomodulation effects were compared with or without anti-PD1 treatment in murine models of GL261 
and 005. Immunoprofiling via flow cytometry was performed in brains, spleens, and superficial cervical lymph 
nodes. In the survival study, FUS (690 kHz, 320 kPa, 10-ms pulses at 4-Hz) was applied on Day 14 and Day 20 
after the tumor inoculation. Long-term survivors who survived over 90 days were re-challenged by injecting the 
same tumor cells intracranially into the contralateral hemisphere. 
 
In GL261 model treated with PD-1 inhibitors, our results demonstrate that FUS enhances T cell infiltration and 
macrophage reprogramming locally (Fig. 1). The combination treatment significantly enhanced CD3+ T cell 
infiltration (Fig. 1A) and TIM3 expression on cytotoxic T cells (Fig. 1B). Additionally, FUS was shown to polarize 
tumor-associated macrophages (Fig. 1C) towards the M1 phenotype (CD86+CD206-). Finally, FUS-anti-PD1 (n 
= 8) provided significantly increased survival benefits (Fig. 1D) compared to anti-PD1 monotherapy (n = 7, P < 
0.05) and IgG control group (n = 6, P < 0.001). 
 
Our results provide important preclinical proof-of-principle for pairing FUS with CBI in treating GBM. 

 
Flow cytometry results in brain show that FUS enhances (A) T cell infiltration and (C) macrophage reprogramming locally. 
Statistical significance was determined using one-way ANOVA with Tukey post hoc tests. (D) Long-term survival curves 
comparing IgG control (n = 6), aPD1 only (n = 7), and FUS-PD1 combination therapy (n = 8) groups. 
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Gas-filled Protein Nanostructures as Cavitation Nuclei for Molecule-Specific 
Sonodynamic Therapy 

 

Lei Sun1,  Lin Song1 

 

1Biomedical Engineering, The Hong Kong Polytechnic University, China 

 

Sonodynamic therapy (SDT) is a promising alternative for cancer therapy, understood to exert cytotoxicity 
through cavitation and subsequent production of large amounts of reactive oxygen species (ROS). Gas-filled 
protein nanostructures (gas vesicles or GVs) produced by cyanobacteria have a hollow structure similar to 
microbubbles and have demonstrated comparable enhancement of ultrasound imaging contrast. We thus 
hypothesized that GVs may act as stable nuclei for inertial cavitation to enhance SDT with improved EPR effects 
due to their nanometer scale. 

 

GV surfaces were modified (FGVs) to specifically target CD44+ cells and accumulate preferentially at the tumor 
site. GVs mediated cavitation was detected in the solution and GVs mediated ROS production and SDT efficacy 
were examined both in vitro and in vivo. 

 

In solution, we found that GVs successfully increased cavitation and enhanced ROS production in a dose- and 
time-dependent manner. Then, In vitro SDT showed ROS production and tumor cell toxicity were substantially 
elevated in the presence of FGVs, and FGVs were found to inhibit tumor growth and exert greater damage to them 
in vivo. 

 

Our results thus demonstrate that FGVs can function as stable, nanosized, nuclei for spatially accurate and cell 
targeted SDT. 

 

 

Schematic diagram of GVs for Molecule-Specific Sonodynamic Therapy 
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Assessment of Water Molecule Transport after Focused Ultrasound and Microbubbles 
Induced Blood-Brain Barrier Disruption in Rat 

 

Mun Han1,  Hyeon Seo1,  HyoJin Choi1,  Eun-Hee Lee1,  Juyoung Park1 

 

1Medical Device Development Center, Daegu-Gyeongbuk Medical Innovation Foundation, Republic of Korea 

 

Transient and targeted blood-brain barrier (BBB) disruption using focused ultrasound (FUS) can induce biological 
changes in localized brain areas, such as glymphatic efflux dynamics. In this study, we hypothesized that the FUS-
induced BBB disruption (BBBD) might facilitate the local movement of water molecules, which is closely related 
to glymphatic clearance in the brain. 
 
Two different FUS conditions (0.60–0.65MPa and 0.75–0.80MPa) were used to induce BBBD at the caudate–

putamen and thalamus regions of healthy Sprague–Dawley rats. The water diffusion caused by FUS–BBBD was 
analyzed in terms of the apparent diffusion coefficient (ADC) obtained via diffusion tensor imaging (DTI) at 5min, 
24h, and 48h, as well as the water channel expression of Aquaporin-4 (AQP-4) immunostaining at 48h after the 
FUS-induced BBBD. 
 
The signal change of ADC in two sonication groups showed significant and transient reduction at 5min and 
subsequent increase at 24h and 48h after the FUS-induced BBBD. When an acoustic power of 0.60–0.65MPa was 
applied, the signal change of ADC increased slightly at 24h and subsequently became comparable to that of a 
sham-controlled group at 48h. When we applied higher sonication conditions (0.75–0.80MPa), the ADC showed 
consistent enhancement until 48h (Figure.1A). The AQP-4 expression was upregulated after the FUS-induced 
BBBD in both the sonication conditions at 48h (Figure.1BC). 
 
We have evaluated the FUS-mediated BBB permeability and water movement in perivascular region using DTI 
and AQP-4. This provides preliminary evidence that links FUS–BBBD to the clearance system and suggests 

further implementation of FUS–BBBD as an alternative tool for the clearance system. 

 

Representative ADC map (A) and AQP-4 (B, C) at caudate putamen for group-0.65MPa and 0.80MPa at 48h 
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The New Insight of the Neuro-Inflammatory Response Following Focused Ultrasound-
Mediated Blood-Brain Barrier Disruption 

 

Eun-Hee Lee1,  Hyo Jin Choi1,  Mun Han1,  Hyeon Seo1,  Chan Yuk Park1,  Juyoung Park1 

 

1Medical Device Development Center, Daegu-Gyeongbuk Medical Innovation Foundation, Republic of Korea 

 

Despite the huge potential of BBB opening by FUS, it is still controversial whether FUS-induced BBB acts as an 
inducing factor of neuro-inflammation or not. The aim of this study is to investigate the biological response after 
FUS-mediated BBB disruption. 
 
The two ultrasound parameters (0.25Mpa and 0.42Mpa) were applied to open BBB in the thalamus region. To 
determine the permeability of BBB disruption, we performed the dynamic contrast-enhanced MRI (DCE-MRI). 
We performed H&E and Fluoro-Jade C (FJC) staining to visualize tissue damage. The transcriptome analysis was 
examined to evaluate the molecular response for the two BBBD conditions after FUS-mediated BBB opening in 
time-dependent manners. 
 
The Ktrans at the 0.42 MPa (0.06 ± 0.022 min-1) was approximately 3-fold higher than at the 0.25 MPa (0.02 ± 
0.005 min-1). The 0.25Mpa did not detect the histological changes or FJC-labeled degenerative neurons, while 
the 0.42Mpa induced tissue hemorrhages and neuronal cell damages. Base on the transcriptome analysis, while 
the expression levels of an inflammatory response or NF-kB pathway-relative genes were exhibited highly 
dynamic changes at the 0.42MPa, 0.25MPa was not altered. Interestingly, although it is certain that 0.42Mpa 
causes neuro-inflammation, the expression of A2 type protective astrocyte-specific genes was increased. 
 
Our findings suggest that 0.25MPa could serve the safety without cellular/tissue damage or sterile inflammatory 
response in brain tissue. Despite 0.42MPa-induced a sterile inflammation response, it could lead to tissue repair 
toward the homeostasis of the brain microenvironment through A2-type reactive astrocyte. 

 

BBB disruption by focused ultrasound combined with MB. (A)Ktrans mapping , (B) Histology (left panel) and FJC staining 
(light panel), (C-D) Heat maps derived RNA-seq data of NF-kB pathway-related genes(C) and Astrocyte subtypes (D). 
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Enhanced Insulin Secretion by Ultrasound Stimulation via Activation of CFTR in 
Pancreatic Islet β Cells 

 

Jinghui Guo1,  Yong Wu1,  Zhihai Qiu1,  Xinyi Zhao1,  Shashwati Kala1,  Lei Sun1 

 

1BME, The Hong Kong Polytechnic University, Hong Kong 

 

Diabetes mellitus is a chronic metabolic disease caused by prolonged high blood glucose in the body, from which 
more than 400 million people suffer.Drugs for diabetic therapy have various drawbacks including side effects, 
lack tissue selectivity, high cost et al. 

 

Pancreatic cell line RINm5F cell and primary isolated islets were used for in vitro study. Patch clamp was used 
for testing the effect of ultrasound stimulation in ion channel activation, and insulin was measured by ELISA. SD 
rats were used for in vivo study to test the effect of ultrasound stimulation on pancreas in blood glucose and insulin 
leve. 

 

Ultrasound stimulation can significantly increase insulin secretion in pancreatic islet β cell line, RINm5F cells, 
and primary isolated islets. Blood glucose was decreased as a result of insulin increment with ultrasound 
stimulation in pancreas compared with vehicle group. Furthermore, the underlying mechanism was also been 
found out that CFTR, which had already been proved to play an important role in insulin secretion, can be activated 
by ultrasound. Patch-clamp data showed that ultrasound can induce an inward current, which can be inhibited by 
CFTR specific blocker, CFTRinh-172. Intracellular chloride imaging experiments have showed ultrasound 
stimulation can induce chloride influx in CFTR overexpressing CHO cells. Meanwhile, in the presence of CFTR 
inhibitor, intracellular calcium influx induced by ultrasound stimulation disappeared. 

 

Based on our findings, it is concluded that ultrasound can indeed enhance insulin secretion via activation of CFTR 
in pancreatic islet β cells. 
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Non invasive ultrasonic stimulation to enhance insulin secretion 
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Spectral Ultrasound Analysis of the Stimulatory Effect of Therapeutic Ultrasound on 
the Beating Activity of Cultured Cardiomyocytes 

 

Andrew Chen1,  Aleksandar Jeremic2,  Vesna Zderic1 

 

1Biomedical Engineering, The George Washington University, United States of America 
2Biological Sciences, The George Washington University, United States of America 

 
In this project we aim to observe the stimulatory effects of therapeutic ultrasound (TUS) on the beating of induced 
human pluripotent stem cell-derived Cardiomyocytes (iPS-CMs) using fluorescence microscopy (FM) and 
spectral ultrasound (SUS). 
 
For SUS we used the Vevo 3100 ultrasound imager and an Olympus 50 MHz V358 immersion transducer. We 
used FM (Zeiss LSM 800) to analyze calcium transience and compare it to SUS recordings. Cells were loaded 
with Fluo-3, a calcium labeling dye, and both spontaneous beating and response to TUS were measured. TUS was 
applied at 600 kHz at intensities of 1, 3.4 and 6 W/cm2 for one second. An FFT was performed on the calcium 
fluorescence and SUS amplitude signal (Figure 1) to systematically extract the iPS-CM beat frequency. Cell 
viability studies were performed by a trypan blue exclusion cell viability assay. 
 
Viability studies showed no significant difference between viability of treatment and control groups. FM showed 
a significant increase in beat frequency (p < 0.05) for TUS at 6 W/cm2 (0.304 Hz ± 0.044 pretreatment, 0.457 Hz 

± 0.053 post treatment) and 1 W/cm2 (0.325 Hz ± 0.032 pretreatment, 0.559 Hz ± 0.114 post treatment). We see 
distinct similarities in the spectral information SUS to FM (Figure 1). The beating frequency of the cells was 
captured by SUS in 7 of 9 trials. 
 
In this study we have shown that we can both stimulate the activity of cultured iPS-CMs and that we can capture 
spectral characteristics with ultrasound can indicate properties like the beat frequency. 
 

 

Normalized amplitude spectrum of intracellular calcium labeled fluorescence microscopy (orange) and SUS (blue) 
measurements on beating iPS-CMs. 
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Robot-Assisted Tracking of Anatomical Structures for the Application of High Intensity 
Focused Ultrasound 

 

Michael Unger1,  Johann Berger1,  Björn Gerold2,  Andreas Melzer1 

 

1ICCAS, University Leipzig, Germany 
2-, Theraclion SA, France 

 

High intensity focused ultrasound is used as a surgical tool to treat non-invasively several diseases. The induced 
thermal and mechanical effects enable the treatment of a variety of pathologies, like uterine fibroids, prostate 
cancer, thyroid nodules, and varicose veins. Precise targeting is key for improving the treatment outcome A 
method for an automated, robot-assisted tracking system was developed and evaluated. A wireless ultrasound 
scanner was used to acquire images of the target. 

 

A Clarius L7 (Clarius Inc., Canada) wireless ultrasound scanner was used to acquire images of the great saphenous 
vein (GSV). The active contour approach by Chan and Vese was used to segment and track the vessel 
semiautomatically. The segmentation performance was assessed by comparing the results of the algorithm to the 
results of manual segmentation. The scanner, attached to a KUKA LBR Med robotic arm (KUKA AG, Germany), 
was positioned on an Agar phantom containing an artificial vessel. While moving the scanner along the direction 
of the vessel, the lateral position was corrected using the segmentation results. The performance was assessed by 
manually segmenting the 50 images acquired during the tracking and calculating the residual tracking error. 

 

The segmentation error of the GSV data set was 0.47±0.39 mm (mean±std) and 0.48±0.39 mm for the phantom. 

The mean tracking error was 0.27±0.18 mm and the mean segmentation time was 0.42 s. 

 

Active contours were used to track the GSV in ultrasound images. The segmentation result can be used to correct 
the position of an ultrasound-guided HIFU treatment unit. 
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Artificial Neural Networks (ANNs) have undergone a revolution in recent years across many scientific disciplines. 
A new class of ANNs, known as Physics-Informed Neural Network (PINN), was recently introduced and 
improved upon previous ANNs by endowing the network with known equations which governs the physics of the 
system. In this paper, we use PINN to address and simulate the forward 2D wave propagation from a single 
element transducer. 

 

The training for a PINN is a cost function that utilizes the governing equations with the initial and boundary 
conditions in addition to the training data. Importantly, the PINN architecture can be used to solve for and discover 
(evaluate the parameters) of systems of partial differential equations (PDEs) as well. 

 

The snapshot of the solution of the 2D wave equation by using PINN at t = 4 is shown in Fig.1. Our methodology 
is fully validated by numerical simulations based on the finite difference method and achieves approximately a 
1e-3 mean squared error value. 

 

Our approach completely decouples the estimation process from the grid generation of the conventional methods. 
Removing the need for the grid and taking a mesh free approach with the automatic differentiation method will 
solve the dimensionality problem which plagues conventional solutions of this kind. Using PINN to solve wave 
equation can be generalized to multiple elements focused ultrasound transducers with more complicated domain 
models. 

 

Solution of wave equation at t = 4 
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It is necessary to evaluate the temperature rise induced by HIFU in the tissue before the treatment. The method 
using the thermochromic liquid crystal (MTLC) to evaluate the temperature distribution was developed in a 
previous study. However, the visible temperature range was limited to 10℃ because the color-coded temperature 

range of MTLC is from 1 to 10℃. The range of 10℃ is not sufficient to measure the temperature rise in a medium 
during the HIFU exposure. In this study, the new method was developed to expand the temperature range. 

 

As shown in Fig.1(a), the two-layer phantom, having two sensitivity range, was produced. HIFU transducer was 
set so that focal point was aligned to the boundary between two layers. The image of upper or lower layer was 
respectively flipped along the boundary between two layers and they were overlapped with each other, assuming 
the pressure distribution of HIFU to be an axisymmetric. 

 

Fig.1(b) shows the optical image of the two-layer phantom after the 30 s HIFU exposure. A novel color-
temperature conversion algorithm was applied to the optical images and each temperature distribution was 
acquired as shown in Fig.1(c). Each temperature distribution was flipped along the boundary between two layers 
and overlapped with each other. Fig.1(d) shows the acquired temperature distribution, whose range is two times 
larger than that of conventional one. 

 

The proposed method made it possible that the total range of measured temperature rise during HIFU exposure 
was two times wider than that of the conventional one. 

 

Schematic of two-layer temperature sensitive phantom and the experimental results 
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The mechanical shock pulses employed in radial extracorporeal shock wave therapy (RESWT) produce strong 
cavitation (Fig). The cavitation does not allow a conventional hydrophone to measure the pulses. This study 
proposes a practical method to estimate the mechanical pulse under strong cavitation. 

 

Mechanical impulse response iR(t) on the surface vibration V(t) of the shock wave transmitter is measured with 
a laser Doppler method at the lowest output setting where cavitation is minimized. The impulsive pulse can be 
estimated by V(t)=Vmax∙iR(t), under the condition that iR(t) remains unchanged for entire output settings. The 
Vmax can be accurately measured in the first cycle of the pulse before cavitation bubbles appear. Experimental 
verification was performed with a clinical ballistic shock wave generator (zeuswave, weverinstruments, Republic 
of Korea) 

 

The estimated impulsive signals were found to reconstruct the measured at low output settings (< 3 bar) where 
measurements were often possible. At the high output settings (> 3 bar), the reconstructed signals were observed 
to reasonably estimate characteristic parameters of the impulsive pulses including peak pressures, modulation & 
carrier frequencies, and energy flux density. 

 

The proposed method based on the impulse response of shock pulse transduction is expected to be a practical 
means for restoring the shock wave pulses contaminated by cavitation-induced intense noises. The method is 
expected to be used for the performance testing of clinical devices to which no standard technique is available. 

 

Figure. (a) Principle of the mechanical impulsive vibration produced on the surface of the shock wave transmitter of a ballistic 
shock wave generator, (b) cavitation bubbles produced near the front surface of the shock wave transmitter, and (c) the 
impulsive surface vibration (black) measured with a laser Doppler method, compared with the signal (red) reconstructed by 
the proposed method. 
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For transcranial focused ultrasound therapy, acoustic energy is focused through the skull using a multi-element 
transducer. Using a ray-tracing numerical simulation method, a parametric study was conducted to examine the 
sensitivity of transcranial focalization quality to variations in the skull's acoustic properties, as well as to the 
effects of shear mode conversion and internal reflections. 

 

The parametric study was performed using a ray-tracing method with a model of the human skull and acoustic 
source based on the ExAblate Neuro 650kHz (Insightec) clinical system. The skull properties, including density, 
acoustic velocity, and degree of heterogeneity were varied, while focalization quality was quantified using the 
focal amplitude and spatial position. The use of a ray-tracing model allowed for the contributions of shear mode 
conversion and internal reflection in both homogeneous and multi-layer models of the skull to be examined 
directly. 

 

The findings of this parametric study quantified the sensitivity of the intracranial acoustic field to variations of 
skull density, acoustic velocity, and degree of heterogeneity. These findings illustrate how uncertainties in 
acoustic properties and increased heterogeneity can have deleterious effects on transcranial focusing. 
 
Simulations indicate that shear mode conversion had an appreciable effect on focalization quality in both 
homogeneous and multi-layer models of the skull, while the contributions from internal reflections remained 
negligible. 

 

This study quantified the sensitivity of transcranial focalization quality to uncertainties in acoustic properties of 
the human skull, and demonstrate the importance of considering skull heterogeneity and shear mode conversion 
in ray-tracing models of transcranial acoustic propagation. 
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Numerical investigation of the inertial cavitation threshold and its dependency from single- and dual-frequency 
signals of HIFU in soft tissue, since inertial cavitation can lead to high extreme temperatures, sonoluminescence, 
and sonochemistry. 

 

In order to investigate the inertial cavitation threshold, we modeled bubble dynamics in a viscoelastic tissue during 
HIFU therapy by using the Gilmore-Akulichev-Zener model. We computed the threshold for different criteria of 
the inertial cavitation (based on bubble size, velocity of bubble collapse, temperature), for different modes of 
acoustic signal (single- and dual-frequency), and for different initial bubble sizes. In addition, we tried to find the 
optimal frequency combinations for a dual-frequency signal when one of the frequencies is fixed. 

 

Different viscoelastic tissue properties and their impact on the threshold value were studied. A criterion, based on 
bubble size, gives lower threshold values than a criterion using bubble collapse velocity. Threshold pressure 
increases with initial bubble size and signal frequency. The values of the inertial cavitation threshold can be 
sufficiently reduced when a dual-frequency signal is applied. Especially it can be noticed for large initial bubble 
size (more than 5-6 micrometers). Our results show that the big difference between frequencies can provide a 
smaller threshold pressure for inertial cavitation. 

 

The obtained results can help to control side cavitation effects during HIFU therapy and for the further 
development of ultrasound-mediated therapies. Our study of both tissue and ultrasound parameters can provide a 
more detailed understanding of the inertial cavitation process. 

 

Predicted inertial cavitation threshold for single- and dual-frequency acoustic signal with threshold criterion using bubble size 
(a) and bubble collapse velocity (b) 
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High-intensity focused ultrasound (HIFU) therapies have been applied to many indications of brain, breast, 
adenomyosis and prostate. Evaluation of ultrasound propagation in biological tissue is significant in therapeutic 
ultrasound including treatment planning and computational dosimetry. In this work, a method through data 
reorganization is proposed to measure the acoustic field in tissue-mimic phantom at different focus depth. 

 

The hydrophone is inserted into the phantom at a length that can be adjusted by a single-axis positioner. 
Hydrophone, single-axis positioner and phantom, as a whole, are moved in three dimensions relatively to the 
transducer under one measurement by a 3D-positioner (see Fig.1). The position of 3D-positioner in z-axis 
indicates the focus depth in phantom. To accelerate measurement of sound distribution of various focusing depth, 
acoustic field data of different focus depth is measured multi-times under different insertion depth. When all 
scanning data are acquired, they are reconstructed according to the focusing depth and the position. 

 

Acoustic field is measured under 12 different focus depth in phantom at the increment of 0.75mm. Comparison 
are shown in Fig. 2 between measurement result ((a)-(d)) and simulation result ((e)-(h)) induced by hybrid angular 
spectrum method. Focus pressure error between measurement and simulation is less than 1.5% (Fig.3). 

 

The proposed method allows to measure the acoustic field in phantom at different focus depth, which helps to 
verify accuracy of simulation model. Measurement in ex-vivo tissue will help to study the real propagation process 
in human tissue before clinical HIFU treatment. 

 

Fig. 1 illustrates the measurement setup and procedure of the method. Fig.2 and Fig.3 show the result of measurement and 
simulation result. 
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Absolute temperature estimation as a function of time under ultrasound exposure is challenging. Thermocouples 
are commonly used in phantoms, but measurements are affected by the viscous heating artefact. An ultrafast, low-
cost and flexible reader circuit for thermocouples is proposed in this study. 

 

An ultrafast temperature reader has been designed and built by connecting an ultrafine (25μm) type-K 
thermocouple to a differential amplifier circuit on an Arduino board. Voltage is recorded in real time and 
converted to temperature. The thermocouple has a response time of 3ms. The sampling rate was set at 100ms, 
which can be reduced to 20ms. The thermocouple was embedded into a tissue-mimic material. Sonications were 
performed with a 2MHz focused ultrasound transducer for 120s, with the output ON for 1.8s and OFF for 0.2s. 
The OFF time is short enough to enable diffusion to be neglected and, by considering the difference between the 
envelopes, viscous heating level can be estimated. 

 

The system can record the temperature variation with good temporal (20ms) and temperature resolution (<0.1°C). 
The contribution of viscous heating during sonication was estimated to be 6%. An example is shown in Fig.1. 
Temperature range can be varied to cover different applications from hyperthermia to ablation by varying the 
input resistors. 

 

An ultrafast temperature reader circuit is proposed in this study, which costs less than 50GBP. Circuit design is 
flexible and allows temperature measurements within a few milliseconds during HIFU exposures. Up to 16 
thermocouples can be connected to the Arduino board. 

 

 

 

 

 

 

Temperature increase as a function of time under ultrasound exposure 



177

EP1-08     

FEM Simulation and PIV Analysis of Acoustic Streaming Generated by Low Intensity 
Ultrasound with Different Incident Angles 

 

Qi Zhang1,  Ziyan Yuan1,  Juan Tu1,  Xiasheng Guo1,  Dong Zhang1 

 

1Insititute of Acoustics, Nanjing University, China 

 

Low intensity ultrasound has shown its great potential in thrombolysis, and acoustic cavitation and streaming are 
believed to play important roles in mechanisms underlying ultrasound thrombolysis. However, due to different 
orientations of vessels in the body, it is still a major challenge to get a comprehensive understanding of the 
influence of acoustic incident angles on the formation of acoustic streaming field in the vessel and the 
corresponding recanalization effect. 

 

A finite element method (FEM) model was used to simulate the acoustic streaming field induced by ultrasound 
plane wave in the vessel, as well as the resulted shear stress and stirring effect exerted on the thrombus. Then, 
Indian ink was used as seed particles to experimentally visualize the streaming field generated in a mimic vessel 
under similar conditions with the simulations. The acoustic streaming was photographed by a CCD camera and 
analyzed by particle image velocimetry (PIV) method. The results obtained from simulations and experiments 
were compared with different incident angles. 

 

When sound wave travels in the same incident angle, both FEM simulation results and PIV analysis show similar 
pattern of the streaming field, which proves the efficiency of the model. The incident angle that maximizes the 
shear stress and stirring effect turns out to be about 10 degrees under the current conditions, although this optimal 
angle should be dependent on the acoustic driving frequency, parameters of vessel and fluids, etc. 

 

The current findings may benefit ongoing efforts aiming to improve the efficiency of low intensity ultrasound 
thrombolysis. 

 

 

Figure left: Acoustic streaming field calculated from the FEM model. Figure right: Overlay of the photo of acoustic streaming 
field and its PIV result.(Incident angle=10°) 
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This study reports the observed features of the light emission (LE), resulting from sonoluminescence (SL) 
phenomenon in the cavitation bubbles produced by an electromagnetic shock wave generator employed in a 
clinical lithotripter. 
 
The LE signal was measured using a PMT located at the 45 mm above the focus, while the focal pressure was 
recorded using an optical hydrophone and the acoustic emission was captured with a passive cavitation detector 
positioned at 70 mm away from the focus. The data repeatedly measured 100 times at the same output setting, 
120 sec pulse repetition delay for statistical analysis. 
 
The accumulated LE signals show that the first group of strong LE appear immediately after the shock wave 
reaches focus, followed by the second and the third groups, 640 and 740 us respectively, suggesting that the LE 
is likely from both rapid bubble compression and inertial collapse. (Fig1a). As expected, temporal structure was 
found to be characteristically similar to that of the acoustic emission and the pressure monitored at the same time 
(Fig1b). 
 
It is speculated that the second and third LE pulses may represent inertial collapses and rebounding as predicted 
by a single bubble dynamics. The double peaks structure was observed to be influenced by the pulse repetition 
delay which alters the condition of cavitation medium. Further studies is suggested to investigate the effects of 
the settings on the light emission that is associated with destructive bubble activities know to play an important 
role in the biological effects of the shock wave therapy. 

 

Figure1. (a) Cavitation signal captured by 3 type of measurement tool (top to bottom, Optical hydrophone, Single transducer, 
and PMT.) and overlay 100 times data (b) time-frequency domain analysis of each result. (4 us window size, 75 % overlap, 
1.25 GHz sampling rate) 
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In ultrasound beam simulations, it is common to estimate acoustic properties using CT data. Although CT volumes 
are routinely acquired in high intensity focused ultrasound, in tFUS neurostimulation experiments this information 
is typically not available. We assess the accuracy of beam simulations based on pseudo-CT maps. 

 

We simulated the beam profile created by a spherical transducer (Brainsonix, focal length=80mm, aperture=61mm) 
placed on the temporal window of 6 subjects. For each subject, we have CT (0.6x0.6x2.5mm) and MRI 
acquisitions (1x1x1mm MPRAGE). The transducer was placed over the temporal window with line-of-sight 
targeting of the left amygdala, as segmented by FreeSurfer (panels A-C). Pseudo-CTs were estimated from the 
MPRAGE data. Hounsfield units were converted into acoustic properties using the mapping proposed by Mueller 
et al (2017). Acoustic simulations were performed using the software mSOUND (https://m-
sound.github.io/mSOUND/home). 

 

The beam intensity and 90th percentile position errors of the pCT simulations varied significantly between 
subjects. For example, it was accurate for subject #3 (panel D), but significantly off for subject #4 (panel E). The 
average peak intensity and 90th percentile peak intensity errors were 37% and 22mm, respectively, for the 6 
subjects. 

 

Pseudo-CT volumes allow accurate estimation of the skull shape, but not bone porosity, as can be clearly observed 
in panel E. Therefore, pseudo-CT-based simulations are a practical strategy when no CT information is available, 
and may help correct errors associated with line-of-sight targeting, but cannot be used when quantitative 
information is sought from the simulation (e.g. for safety purposes). 
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A-C: Transducer placement and line-of-sight targeting of the left amygdala for subject #2 (positioning was similar for all 
subjects). D: CT and pseudo-CT simulations for subject #3 (good agreement). E: Same as D for subject #4 (significant 
difference). F: Percent beam peak intensity error (red) and beam peak intensity location error in mm (blue) of the pseudo-CT 
simulation. 
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A PVA-based thermochromic material, compatible with Ultrasound and MRI, has been developed and tested. The 
material exhibits different shades of magenta colour over a range of temperatures of interest for HIFU (42-60°C), 
providing direct indication of peak temperature rise, spatial distribution and device targeting accuracy following 
the exposure. 
 
PVA-cryogel layers with thickness of 8mm were manufactured by mixing PVA (10%), Al2O3 (2%), Glycerol 
(5%) and thermochromic ink (5%). Acoustic and thermal properties mimic those of soft tissues. Samples were 
sandwiched between two standard agar-based IEC-TMMs and sonicated using a MR-HIFU Sonalleve 
(Philips/Profound Medical). Treatment cells of diameter 4mm and length of 10mm were targeted across the 
thermochromic layer to identify potential device misalignment (Figure 1). Sonication of 16s were performed with 
input power of 80W and frequency 1.2MHz. Photographic images were taken of the samples for post-analysis. 
 
Room temperature for the experiments was 19°C. Peak temperature, defined as the maximum temperature 
between sagittal, coronal and transversal view, and TMM colour change are shown in Figure1. MR-thermometry 
estimates varied up to 133% between the three imaging planes. The peak temperature decreases as the acoustic 
beam travels deeper into the material. “Cell3”, “Cell4” and “Cell5” are visible in the cross-sectional area suggesting 

a slight system offset (3-5mm) in the axial direction. No visible colour changes appear for “Cell1” and “Cell2”. 
 
A thermochromic material with acousto-thermal properties comparable to soft-tissues has been tested and 
manufactured. The material can be embedded in test objects for QA, validation and optimisation of MRgHIFU 
and USgHIFU procedures. 

 

Treatment cells positioning and TMM colour change after sonication 
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Physics-informed neural networks (PINNs) have recently arisen as a powerful tool in estimating the solution of 
PDEs. PINN significantly reduces the number of discretized elements required compared to classical computation 
methods. In our work, we represent a PINN architecture to simulate the wave propagation from a single element 
ultrasound transducer followed by a simulation of a 2D Bioheat Transfer Equation (BHTE) to predict the 
correspondence heat conduction in the tissue. 

 

Employing and solving PDEs with PINN is done through setting up the problem with built-in modules that include 
the domain 

 (space and time), the linear wave and BHTE equations, boundary and initial conditions and architecture of the 
neural network. The intensity resulted from the wave propagation of the ultrasound transducer has been employed 
as a heat source in the BHTE. 

 

An initial and a boundary condition of 37℃ was employed at the edges of the computational domain to mimic the 
temperature of the neighboring tissue that would be present in real applications. A 2MHz frequency transducer is 
set on the left edge of the rectangle domain. We simulate and predict the temperature rise at t = 4.0 seconds as 
shown in Fig.1 and accomplished with an approximate loss value of 1e-4. 

 

The solution of the BHTE using PINN utilizes a mesh-free domain while still maintains a certain accuracy 
compared to conventional numerical methods. Further study of solving BHTE with multi-element ultrasound 
transducers can be generally applied to focused ultrasound treatments in a more complex heterogeneous domain. 

 

Fig.1: Simulation of the 2D Bioheat Transfer Equation at t = 4s over a rectangular space domain. 
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This study ultimately aims to determine the relationship of speed of sound and attenuation in bone to CT 
Hounsfield units (HU) by fitting hydrophone data with Hybrid Angular Spectrum (HAS) simulations of the 
transcranial ultrasound pressure fields. 

 

Sixteen human skull samples (20 x 20 x 5 mm) were sonicated with a 19-mm diameter, 650 kHz planar transducer. 
The complex pressure field was acquired at 0.5-mm resolution with an ONDA HNR-0500 hydrophone, along 
with a water reference, and zero-filled interpolated to 0.25-mm voxel spacing. CT scans (0.2 x 0.2 x 0.6 mm) were 
resampled to 0.25-mm isotropic voxel spacing. To create a model for HAS, CT scans were thresholded (HU 〉0) 
to remove background, were centered, and segmented into cancellous (85〈 HU〈 1000) and cortical bone 
(1000〈 HU).The speed of sound and attenuation values of cancellous and cortical bone were obtained from the 

IT’IS database. Using HAS, the pressure field was simulated using the CT-derived acoustic parameters for each 
sample. 

 

Figure 1 shows a typical comparison of pressure patterns obtained using HAS with IT’IS acoustic parameters for 
bone relative to corresponding hydrophone data. For this sample, the simulated pressure amplitudes relative to 
water-only are higher than the hydrophone data, suggesting the need for adjustment of attenuation values. 

 

This work demonstrates that HAS simulations can be compared to hydrophone data to determine the relationship 
of bone acoustic parameters to CT Hounsfield Units. 
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In microbubble-mediated ultrasound therapies, microbubble clouds' acoustic emissions have been used to monitor 
the treatment and predict whether safe or harmful bioeffects have been produced. However, studies have been 
conducted with the passive cavitation detector (PCD) placed at different angles relative to the therapeutic 
ultrasound beam. We hypothesized that the sensor’s angle relative to the beam and to the bubble cloud will alter 
the temporal and frequency contents of the captured acoustic emissions, potentially creating incorrect conclusions 
to the user. 
 
Microbubbles in a wall-less gel channel (diameter: 0.56mm) were sonicated (center frequency: 0.5MHz, peak-
rarefational pressure: 0.27-0.97MPa, pulse length: 400 cycles). During sonication, PCDs placed at different angles 
captured the microbubbles’ acoustic emissions. A hydrophone was placed at 45-degree and 135-degree angles 
from the emitter in subsequent experiments, and a focused transducer was kept stationary at a 0-degree angle from 
the emitter. Captured data were high-pass filtered (1.25-MHz roll-off,  
Tukey window) to reject background signals.  
 
To explore the underlying mechanistic basis, a similar setup was simulated (0.35MPa, Gaussian-modulated 5 
cycles). Microbubbles’ acoustic emissions were simulated using a modified Rayleigh-Plesset-Marmottant model 
and captured sensor signals were simulated by averaging the emissions over the sensors' surfaces. 
 
Experimental results showed that the 45-degree hydrophone captured higher broadband signals, while the 135-
degree hydrophone captured enhanced harmonic signals up to the 4th harmonic (Figure 1). The 0-degree 
transducer captured similar signals in the two experiments. Simulation results confirmed similar trends. 
 
Time- and frequency contents of captured microbubbles' signals could change with the sensor angle. 

 

Figure 1: Experimental setup and representative results at 0.5MHz, 0.5MPa (30-trial mean) 
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In order to determine the acoustic output of ultrasound transducers hydrophone scans of pressure fields or radiation 
force measurements are commonly in use. Both methods have limitations, e.g. long scan times, hydrophone 
cavitation damage at high pressure or calibration issues. We have developed an optical method based on light 
refraction in the focus of an ultrasound transducer. 

 

In a modified Toepler Schlieren set-up collimated light from a diode passes the transducer focus in a transparent 
water bath. A Fourier image of the focus region is recorded on the CMOS sensor of a camera (Lumix DMC-
GX80). Ultrasound power is calibrated by a radiation force balance with thin-film convection baffle and pyramid 
absorber (APTFlex F28P, Precision Acoustics) built in-house. 

 

The variance of the light intensity distribution is evaluated and yields a linear plot vs. ultrasound power. 
Depending on variance direction the influence of acoustic nonlinearity can be minimised. The slope of the curve 
depends on ultrasound wavelength, speed of sound, index of refraction, density of water, optical focal length and 
a form factor determined numerically or experimentally. Exposure times down to 1/1000 s or less are only limited 
by available light intensity of the diode and CMOS shutter speed. 

 

The optical method provides fast and contact free access to the acoustic power of a focused transducer. Extensions 
to planar wave fields and standing waves appear feasible. Power transients could be filmed with sub-millisecond 
shutter. speed. In particular, the method may simplify repeated quality control for transducer output in clinical or 
laboratory use. 

 

Light Intensity of Fourier images of a F/1.03-transducer, 72 mm focal length (Imasonic), 1.70 MHz in pseudo-colours: a) 20 
W, b) 210W of acoustic power. Images of harmonic waves should be symmetric with respect to a vertical axis of origin. Note 
anharmonic distortion through image asymmetry already at 20 W. Right, c): Horizontal variance of image pixel intensities vs. 
power demonstrates linearity. 
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To establish the relationship between CT-derived density (ρ) and longitudinal sound speed (cL) in the vertebral 
arch. 

 

Human ex vivo thoracic vertebrae were imaged with a clinical CT scanner (Aquilone One, Toshiba, 
0.511x0.511x0.5 ㎣), then sonicated with a spherically focused transducer (f#:1.2) with a single cycle pulse 
(514kHz), focused to the canal center along the dorsoventral axis. Pressure waveforms were recorded in 3-
dimensional volumes within the canal with a 0.5mm needle hydrophone, in a 23℃ water tank. Vertebra-induced 
phase shifts were extracted from each scan point. Ray acoustics simulation was used to evaluate phase error of 
linear and spline cL(ρ) functions in predicting the empirical vertebra-induced phase shifts. Genetic optimization 
was used to minimize a pressure-weighted sum of phase errors. 

 

The optimized linear function, cL(ρ) = 2.05(ρ - ρw) + cL,w m/s, where w denotes the value of the property in water. 
Measurements were repeated with the same vertebrae, rotated in the longitudinal axis to be focused through the 
lamina, and at 37℃. The mean slope at 37℃ was 2.07m4/(s kg), not significantly different from at 23℃. The 

optimized spline functions were 26±7% (10-39%) faster than skull over the relevant density range. However, the 
mean CT-derived density of the laminae and spinous processes were lower than those of skulls, giving similar 
estimates of the bulk speed of sound in the vertebral arch relative to in skulls. 

 

The optimized vertebral arch-specific cL(ρ) functions may improve transvertebral ultrasound beamforming. 

 

a) Distribution of CT-derived voxel densities in the posterior arch of the first thoracic vertebra, T1. b) A horizontal CT slice 
through the posterior arch of T1. c) Optimized spline models for sound speed as a function of CT-derived density in T1, plotted 
relative to a model optimized for skull. 
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A laser Doppler method(LDM) is found to be useful to measure the impulsive mechanical pulse employed in 
radial extracorporeal shock wave therapy. However, the method suffers from severe noises involved with 
cavitation. 

 

Impulsive vibration on the surface of the shock wave transmitter of a ballistic shock wave generator (Zeuswave, 
Weverinstruments, Rep. Korea) was measured with a laser vibrometer (OFV-5000, Polytec, Germany). At the 
same time, a series of snapshots of cavitation bubbles was imaged with a high-speed camera (SR-1000c, Kodak, 
USA) offering 1/20000 shutter speed. A high-resolution still image for bubbles was also obtained with a CMOS 
(CM3-U3-50S5, FLIR, USA). 

 

The instantaneous still images reveal that the bubbles started to be seen after 1 or 2 cycles of the impulsive pulse 
(t>10~20us). The bubbles grew with time, and some of them were fused into larger bubbles and formed gradually 
an air layer on the surface of the shock wave transmitter. The interrogating laser toward the center of the vibrating 
circular surface was likely scattered and the laser returning to the sensor is largely reduced in power. The red spots 
(Fig(b)) represent the strong scattering of the He-Ne guiding laser, and they coincide with the strong and dense 
noises in the impulsive pulse. 

 

The pattern of the violent noises contained in the impulsive signal measured with an LDM is found to be related 
to the state of the bubbles being interacted with laser beams. In order to use LDM, we need a method to remove 
noise. 
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Impulsive surface vibration produced in water, together with temporal variations of bubble snapshots 
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A novel method for targeted drug delivery is thermosensitive liposomal doxorubicin (TLD) with magnetic 
resonance guided high intensity focused ultrasound (MRgHIFU) to deliver hyperthermia for localized drug release. 
Proteus is a custom hyperthermia software platform that receives MR thermometry information to modulate the 
sonication level to maintain a target temperature. Artifacts due to motion are a substantial challenge in MR 
thermometry as they confound temperature measurement. The objective of this work is to demonstrate that a 
motion compensation algorithm can negate motion artifacts from thermometry images obtained from a 
hyperthermia treatment. 
 
An immunocompetent mouse (n=1) with hindlimb sarcoma received hyperthermia treatment for 20 min with TLD 
using the small-animal Bruker 7T MRI and IGT HIFU system. Proteus monitored the temperature in a region of 
interest (ROI) in the tumour and adjusted sonication levels to maintain an average ROI temperature of 40.5°C for 
the treatment. Esophageal and rectal probes were used to monitor core body temperature. The motion 
compensation algorithm used was a hybrid of principal component analysis and projection onto dipole fields 
(PCA-PDF). The PCA-PDF algorithm was applied to the data set retrospectively. 
 
Proteus maintained an average ROI temperature of 40 ± 1.6°C and post-processing with the algorithm gave an 

average ROI temperature of 39 ± 3.5°C. 
 
Application of the PCA-PDF algorithm demonstrates its potential to improve temperature mapping accuracy in a 
MRgHIFU system for hyperthermia treatments in a murine model (Figure 1). Future work includes real-time 
implementation of the algorithm in hyperthermia treatments. 

Figure 1: T1-weighted dynamic 
gradient echo images with MR 
thermometry overlay. (A) MR 
thermometry map overlay without 
motion compensation. (B) 
Retroactive motion artifact 
adjustment by the motion 
compensation algorithm at the 
same time point during 
hyperthermia treatment. ROI 
(ellipsoid) indicates the area 
monitored by Proteus. Drift tube 
ROI (*) measures any MR bore 
temperature shift over time. 
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This study aims to improve the cavitation response spectrum by applying signal processing techniques to better 
monitor stable cavitation in an animal BBB (blood-brain barrier) system (RK50, FUS Instruments). 

 

Currently, time signals from a hydrophone are transformed into the frequency domain to monitor cavitation 
activity during BBB opening. The area under the curve (AUC) in a 300 Hz bandwidth (dashed red line) around 
the 710 kHz sub-harmonic is used to determine cavitation activity. We propose signal enhancement techniques to 
improve AUC for cavitation detection. A low-pass passive analog filter is proposed to suppress the strong 1420 
kHz fundamental suspected of distorting the A/D output. Fourier interpolation combined with windowing is used 
to boost points available when determining the AUC. 

 

The original subharmonic signal, red line, has a low signal to noise ratio. The analog filter cut the fundamental 
amplitude significantly, reducing A/D distortion. The potential AUC accuracy was increased by a boost in the 
subharmonic signal to noise ratio, blue line. The Fourier interpolation increased the points available, black line, 
for determining the AUC. 

 

Combining analog and digital signal processing improved the signal to noise ratio on the hydrophone signal and 
revealed changes in the sub-harmonic spectrum shape. This suggests exploiting a wider bandwidth, dashed black 
line, than the standard 300 Hz, dashed red line, when using the AUC metric to detect stable and inertial cavitation. 
The proposed analysis is promising to improve cavitation monitoring and facilitate future design of closed loop 
controls for safe and reversible BBB disruption. 

 

Subharmonic signal detected by a hydrophone on the RK-50 system before and after filtering and signal processing. Vertical 
lines indicate the original (dashed red line) and final (dashed black line) bandwidth proposed for AUC calculations. 
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Microbubble theranostic agents are widely used for concurrent ultrasound imaging and therapy, where the therapy 
is often guided by microbubble imaging. Our goal is to develop an enhanced and real-time microbubble imaging 
technique that provides increased contrast and signal-to-noise ratio compared to standard harmonic imaging. 

 

The method was implemented using an arbitrary waveform generator in a Verasonics programmable ultrasound 
system, by programing a superpositioned waveform combining two different frequencies (3.5 and 2 MHz) for 
each phased array sector transducer P4-1 element. Pulse-Inversion microbubble imaging was carried with the 
engineered waveform by combining 9 plane-wave angles. Results were compared to standard pulse inversion 
imaging with each frequency on its own and tested in a tissue-mimicking phantom containing a cylindrical cavity 
of microbubble suspension. 

 

Due to the nonlinear microbubble behavior, when transmitting each individual frequency, its harmonics appear in 
the spectrum of the received PI echoes (i.e. 4 and 7 MHz for transmission frequencies of 2 and 3.5 MHz, 
respectively). However, when transmitting the dual-frequency waveform, a new nonlinear mechanism arises, 
generating frequency mixing that yields new frequency components at the sum and difference frequencies. Given 
the limited transducer bandwidth, we focused on the difference frequency at 1.5 MHz. As a result, the contrast 
and CNR were improved by 3 and 2dB, respectively, compared to single-frequency transmission. 

 

Difference-frequency harmonic imaging with microbubbles can be performed in real-time with a single imaging 
transducer, and improve conventional harmonic imaging, facilitating image guidance under poor imaging 
conditions. 
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Geometric focus prediction for HIFU treatment planning and supervision may suffer from ultrasound refraction 
and attenuation in tissue. The focus is often visualised through elevated temperatures, several Kelvin in magnetic 
resonance imaging and close to boiling by bubble generation in ultrasound. Here a low energy backscatter 
technique for indicating the focus position is demonstrated. 

 

A single element therapeutic transducer (f=98 mm, f/D=1.63, Pacou<250W@1,8 MHz, broadband, Imasonic) was 
wired in a backscatter setup. Harmonics are generated by Gaussian three cycle high-pressure diagnostic pulses 
(amplifier E&I-A300). Pressures were calibrated with a fibre-optic hydrophone (Precision Acoustics) and a 
radiation-force balance. Harmonic content of the echo train in agar-phantoms and bovine liver (within 8 hours 
after excision, degassed) were analysed by sliding window Fourier transform (kernel size: 7.5μs in two-way travel 
time; overlap: 95%). Focal spot depths of 1cm to 5cm were examined. 

 

Echoes display exceptional signal to noise ratio and high harmonic content from shock formation in the focal 
region. The focal spot is well delineated in the 2nd harmonic. Due to stronger absorption the focus was less clear 
in deeper liver locations, but still detectable even at this rather large f-number, which limits focal gain. 

 

A real-time, low energy method for axial focus localisation is demonstrated. In combination with a diagnostic US-
probe in coaxial setup with a therapeutic transducer the focus could be superimposed on a tissue image for 
treatment planning and supervision. Alternatively, in an array transmit/receive transducer, the focus position could 
be reconstructed in 3D. 

 

Logarithmic spectral amplitude (colour in a.u.) vs. two-way travel time (TWTT). Pressure at source is 384 kPa, harmonic 
focussing gain is 35.3. Focal spot depths in agar-phantom upper, in bovine liver lower line. Estimated focal spot locations are 
marked by yellow arrows, theoretical focal length by yellow bars. 1st and 2nd harmonic frequencies f1 and f2 are indicated by 
red arrows. 
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The use of ultrasound (US) contrast agents such as microbubbles has become an indispensable component of 
clinical US imaging. Also, targeting strategies for microbubbles have been demonstrated for precise diagnosis. 
Among these targeting strategies, antibodies have been used to target moiety, and the avidin-biotin interaction has 
often been adopted. However, avidin still has limitations in its usefulness because of the immunogenicity of 
streptavidin. Therefore, in this study, as an alternative to the avidin-biotin interaction in antibody modification, 
we developed antibody-modified NBs using Fc-binding linker polypeptides for US imaging. 

 

We prepared PEG-modified liposomes. To modify the Fc-binding polypeptide in the liposomes, we used the post-
insertion method. Antibody (anti-CD146 antibody) was added to the polypeptide-modified liposomes and 
incubated for 15 min. Then, antibody-modified NBs were prepared by entrapping US imaging gas (C3F8) into 
antibody-modified liposomes. We examined specific adhesion of antibody-modified NBs to HUVECs by 
fluorescence microscopy. In US imaging, we administered antibody-modified NBs via a tail vein of SKOV3 
tumor-model mice. 

 

The mean particle diameter of the non-modified and antibody-modified NBs ranged from 500 to 700 nm. The 
antibody-modified NBs exhibited a high level of attachment to the HUVECs in fluorescence microscopy analysis. 
In US imaging, the contrast images for the antibody-modified NBs group were maintained for up to 20 min, in 
contrast to the observations for the non-modified group. 

 

The modification method using Fc-binding polypeptides is suitable for providing an antibody linker. Therefore, 
this antibody-modified method using an Fc-binding polypeptide may be useful for developing next-generation US 
imaging agents. 
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Previous work in phantoms indicates that using aqueous suspensions of iron oxide nanoparticles as an acoustic 
coupling fluid can reduce aliasing and motion artifacts in guidance MR images during transcranial focused 
ultrasound ablations (tcMRgFUS) without adverse effects on image quality. The particles accelerate MR signal 
decay such that the coupling fluid exerts a negligible effect on T2-weighted guidance images. Here, we present 
the first use this suspension as a coupling fluid during a sham tcMRgFUS procedure on a human subject. 

 

Iron oxide nanoparticles, with a 30 nm mean diameter, were synthesized using the co-precipitation method and 
coated with a polymethacryllic acid shell. A 3.05 mM Fe aqueous suspension of these particles (T2: 6 ms) was 
employed as a coupling fluid during a sham tcMRgFUS procedure on a human subject using a hemispherical, 650 
kHz phased array transducer (Exablate Neuro, Insightec, Haifa, Israel) and a 3T MRI scanner (MR750, GE, 
Waukesha, USA). Thermometry and T2-weighted images of the subject were acquired. A research-dedicated 
system circulated the coupling fluid between MR acquisitions as performed in clinical cases. 

 

The aqueous nanoparticles reduced aliasing and motion artifacts on guidance MR images compared to the use of 
water as a coupling fluid. Figure 1 displays T2-weighted turbo-spin-echo images at 28 and 18 cm fields of view. 
Blue arrows indicated improved white/grey matter contrast. Red arrows indicated aliasing from water standing in 
the unused clinical circulation system. 

 

Aqueous suspensions of iron-oxide nanoparticles can remove motion and aliasing image artifacts from guidance 
MR images during tcMRgFUS. 
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Turbo-spin-echo images acquired at 28 and 18 cm fields of view using both water and the nanoparticles (NP) as an acoustic 
coupling fluid. The nanoparticles remove aliasing and motion artifacts and improves subtle grey/white matter contrast (blue 
arrows). Residual aliasing artifacts (red arrows) are caused by water resting in circulation lines used for clinical treatments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



196

EP2-09     

Reduced-FOV 3D MR-ARFI with a Joint Model-Based Reconstruction for Targeting 
Focused Ultrasound Neuromodulation 

 

Huiwen Luo1,  Michelle Sigona1,  Li Min Chen2,  Charles Caskey2,  William Grissom1 

 

1Biomedical Engineering, Vanderbilt University, United States of America 
2Radiology and Radiological Sciences, Vanderbilt University Medical Center, United States of America 

 

To accelerate the process of imaging the focus and improve the spatial precision for guiding focused-ultrasound 
(FUS) neuromodulation in the brain while maintaining a low FUS duty-cycle (0.85%), we have designed a two-
minute 3D reduced field-of-view (FOV) MR-ARFI pulse sequence with complimentary k-space under-sampling 
and applied a joint model-based reconstruction approach to reconstruct displacement maps accurately. 

 

A 3D reduced-FOV spin-echo MR-ARFI sequence with 2×2×2-mm3 isotropic resolution and 190×40×40-mm3 
FOV was implemented at 3T, with a pair of unipolar motion-encoding gradients (MEGs) placed symmetrically 
about the refocusing pulse. The in-plane FOV was reduced by moving the excitation pulse to the in-plane phase-
encoded axis (y). The blipped gradients for multi-shot EPI were applied along the through-plane phase-encoded 
axis (z). A FUS emission was synchronized with the first (even kz) or second (odd kz) MEG. Partial Fourier 
sampling was applied with alternating polarities between FUS-ON and FUS-OFF images. A joint model-based 
reconstruction method was applied to reconstruct ARFI magnitude images and displacement maps. 

 

Figure 1a shows the reduced-FOV ARFI images and references in in-vivo living macaque brain and a tissue-
mimicking phantom with the FUS setup. Figure 1b shows the fully sampled and reconstructed ARFI images and 
displacement maps. The mean displacements (um) over a 6×2×2-mm3 region at the focus were 3.28 (reference) 
and 3.33 (accelerated), with scan times of 392 sec and 132 sec. 

 

The proposed method enables rapid acquisition of a volumetric view of the acoustic beam with a low FUS duty-
cycle while preserving the visibility of the FUS focus at 3T. 

 

Figure 1. (a): Full-FOV reference images and the reduced-FOV MR-ARFI images in in-vivo living macaque brain (Top) and 
a tissue mimicking phantom (Bottom) in an ultrasound experimental setup. (b) Fully sampled and reduced-FOV ARFI 
magnitude images and displacement maps. 
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Focused ultrasound (FUS) neuromodulation under fMRI surveillance enables real-time guidance and monitoring 
of FUS effects on pain related brain regions, providing circuit-level feedback during neuromodulation. There is a 
current unavailability of systems capable of simultaneously generating a tight FUS focus while performing high-
SNR MR imaging. To this end, we have designed an integrated FUS transducer and RF array coil capable of 
targeting mid-brain pain regions while allowing accelerated, high SNR functional MRI. 

 

An electronically-steerable, 650 kHz, 128-element FUS transducer (aperture diameter: 20 cm, radius of curvature: 
11 cm, element diameter: 1 cm) was designed with elements laid out in a Fermat spiral pattern. Transcranial spot 
size was evaluated at the thalamus using the k-Wave MATLAB toolbox. A 16-channel RF receive array designed 
around a close-fitting, elliptical former consisted of two rows of 6.9 cm x 11.0 cm, decoupled rectangular elements. 
The array was evaluated in terms of SNR and accelerated imaging performance using the XFdtd full-wave, 
electromagnetics modeling program and compared to a standard-sized (12 rung, 30 cm diameter, 25 cm length) 
quadrature-driven birdcage coil. 

 

Modeling results are shown in Figure 1 and indicate a tight FUS focus can be achieved with high imaging SNR. 
G-factor calculations showed an average G-factor of 1.27 throughout the entire brain volume with four times 
acceleration factor. 

 

Early design and simulation work suggests good performance of the integrated system in terms of FUS focal size 
and imaging capabilities. Hardware fabrication should allow real-time monitoring of neuromodulation effects in 
future studies. 

 

A) CAD models for the FUS transducer and RF array showing relative placement around the head. B/C) Modeling results 
indicate that the system can achieve a 1.5 mm x 1.5 mm x 4.5 mm full-width-half-max FUS focal size and 40% SNR 
improvement at the thalamus with greater than five times SNR improvement at the brain periphery compared to the 
quadrature birdcage coil. 
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To study the effects of thermal lesions induced by image-guided transcranial focused ultrasound (tFUS) on seizure 
activity in kainic acid status epilepticus (KASE) rat model of temporal lobe epilepsy (TLE). 
 
Intraventricular injections of KA (0.X nmol) were performed in Sprague–Dawley rats (12-week male, 275 - 300 
g) under stereotactic guidance. Animals were monitored using video surveillance for a minimum of 1 week after 
the development of SE and seizure episodes were counted on a daily basis. Animals with more than 5 seizures per 
day were treated with tFUS. Image-guided tFUS treatment targeted the hippocampus using a streotactic technique 
described previously. Each animal received 5 tFUS shots centered at bregma-2 mm and 2 mm from the median. 
Closed-loop control of lesion formation was performed to avoid excessive exposure to the dura and cortical region 
in the path of the tFUS beam 
 
Four (4) animals were treated using tFUS and monitored for 4 weeks using video surveillance. In 3 animals, 
seizure activity increased significantly during the 24 - 36 hour period after tFUS treatment. These animals were 
seizure-free for the remainder of the observation period. Histology results from one of these animals show a 
prominent lesion in the hippocampus. In the fourth animal, seizure activity peaked almost 2 weeks after tFUS 
treatment and continued sporadically for 4 weeks. 
 
Preliminary results in KASE rat model of TLE suggest that tFUS-induced localized thermal lesions in the 
hippocampus could suppress seizure activity. However, optimal protocols for minimizing transient effects need 
to be developed. 

 
A section from a tFUS-treated treated KASE showing extensive necrosis in the targeted region. 
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Focused ultrasound and microbubbles can open the blood-brain barrier (BBB), allowing drugs to enter the brain. 
Long ultrasound pulses alter the BBB for several hours, exposing the brain to unwanted bloodborne proteins 
(albumin, immunoglobulins). Recently, we have developed a Rapid Short-Pulse (RaSP) ultrasound sequence that 
alters the BBB permeability for less than 10 minutes (Morse SV, Radiology 2019), producing a safer profile and 
more uniform drug distribution. Here, we investigate the brain microenvironment after RaSP exposure by 
assessing the amount of albumin and immunoglobulin extravasation and glial cell activation. 

 

We applied a RaSP sequence (5 cycles; 1.25 kHz) or ms-long sequence (10,000 cycles; 0.5 Hz) onto the left 
murine hippocampus (1 MHz, 350 kPa, n=5). Fluorescent 3kDa dextran was systemically administered at 0, 10 
and 20 min following the injection of SonoVue® microbubbles. Immunofluorescence assessed the extent of 
albumin and immunoglobulin extravasation and microglia and astrocyte activation. 

 

With 150 times less acoustic energy than long-pulses, the RaSP sequence delivered a similar dextran dose to the 
brain. Whereas long pulses resulted in albumin being released in the brain at all the time points tested, the RaSP 
sequence resulted in 3.7-fold less albumin extravasation at 0 min, and an undetectable level of albumin at 10, and 
20 min and no immunoglobulin at all times. Staining showed reduced microglial activation and astrocyte reactivity 
with RaSP, indicating less of an immune response. 

 

These results indicate that RaSP sequences can deliver drugs with improved performance and safety for the 
treatment and diagnosis of neurological diseases. 

 
Albumin and immunoglobulin extravasation at 0, 10 and 20 min after RaSP and long pulse FUS treatment 
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Many previous studies have suspected that acoustically activated nanodroplets might be superior to traditional 
ultrasound contrast agent microbubbles in the treatment of central nervous system disease, by achieving better 
blood–brain-barrier (BBB) opening effect. The purposes of the present work are to verify this hypothesis and 
getter better understanding about the mechanism underlying the enhance BBB opening effect induced by 
acoustically activated nanodroplets. 

 

Relatively long-lasting perfluoropropane (PFP) was used as the core of the phase-changed droplets, and then the 
cavitation and BBB opening effects of PFP nanodroplets and UCA microbubbles were compared both in vitro and 
in vivo. Generally, at the first-stage, the multilayer-porous structure of BBB in vitro, and both the IC dose (ICD) 
and the penetration performance of the two type of agents were explored at different concentration levels. By 
adopting the optimal agent concentrations obtained from the in vitro studies, subsequent experiments were 
conducted to verify the superior BBB opening effect of nanodroplets in the rat model, and the safety of 
nanodroplet-mediated BBB opening was also demonstrated with the pathological assessments of rats’ brain tissues. 

 

Both the in vitro and in vivo studies demonstrated that, with high enough concentrations, acoustically activated 
nanodroplets can generate stronger cavitation activity and achieve better BBB opening effect. 

 

The current work may provide favorable results to deepen our understanding of the physical mechanism of BBB 
opening induced by acoustically activated nanodroplets. 
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We numerically investigate the performance of acoustic holograms at 650 kHz to correct the aberrations 
introduced by the skull and simultaneously target the thalamic nuclei through the temporal bone window.The 
influence of a misalignment in the skull-lens relative location is also studied in terms of focus pressure and treated 
volume. 

 

We have designed five different holographic lenses to sonicate both thalami from the right temporal bone using 
k-space simulations and phase-conjugation methods.Results are compared to the performance of a curved 
transducer. 

 

In all the studied cases (two single and three double focus holograms) there is an improvement on the sonicated 
target volume compared to the sonicated healthy brain tissue,from 1.5 to 9.5 times better,which implies that most 
part of the energy is concentrated in both thalami (Figures 1b-1e).Figure 1a demonstrates the ability of double-
focus holograms to sonicate both thalami at once.Results of the influence of the skull-lens relative location show 
that for alignment errors lower than 3.75 degrees of rotation between the lens and the skull center the hologram 
produces a field with a peak pressure higher that -1 dB the maximum pressure in the correct position. For this 
misalignment error,the corresponding sonicated volume (threshold of -3 dB of the peak pressure) remains 56% of 
the target volume,while the sonicated volume outside the target also decreases to 38%. 

 

Transtemporal acoustic holograms are a robust method to improve focus quality and to enhance sonicated volumes 
even under small misallocations that can be used for highly selective and low-cost therapeutic applications. 

 
Figure 1: a) 3D-image of the acoustic field produced inside the brain by a double-focus holographic lens. b)-d) Acoustic 
fields produced by a point hologram, a focused transducer and a line hologram, respectively. e) x-axis lineal cut at the 
maximum pressure location for both holograms and transducer real focus. 
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Acoustic vortices can be applied to trap and guide drug delivery carriers, microbubbles, or small objects. However, 
focusing acoustic waves through aberration layers such as the skull at ultrasonic frequencies results in strong 
phase aberrations, preventing the generation of sharp acoustic vortices. In this work, we demonstrate that phase-
conjugated acoustic holograms can encode time-reversed fields simultaneously allowing the compensation of the 
aberrations of the skull and the generation of a focused vortex inside an ex-vivo human skull. 

 

An acoustic hologram is designed by time-reversal methods using CT images of an ex-vivo human skull. The lens 
is 3D printed using stereolithographic techniques, coupled to a 100-mm aperture, 140-mm focal and 500-kHz 
focused ultrasound transducer. The field is measured with and without the skull bone in a water tank. 

 

Measurements agree with simulations in both, water and including the skull. The acoustic hologram generates a 
focused vortex at an arbitrary focal position inside the skull by encode time-reversed fields containing phase 
dislocations with great accuracy using very simple and compact ultrasonic systems. Acoustic holograms allow to 
compensate the aberrations of the skull, and, simultaneoulsy, they tune the phase of the wavefront to generate a 
focused vortex by introducing a rotational phase profile. This results in a personalized single-element system to 
focus a vortex inside the human brain. 

 

This work paves the way for low-cost particle-trapping systems, clot manipulation, torque exertion, and acoustic-
radiation-force-based biomedical applications in the brain, opening a path to exploring the biological response of 
tissues to therapeutic ultrasonic vortex beams. 

 
Scheme of the concept, photograph of the hologram and phase of the field in the transverse direction inside the skull. 
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We design 3D-printed acoustic holograms to open the blood-brain barrier for localized chemotherapy in pediatric 
brain tumors. These lenses compensate the aberrations of the skull and produce ultrasonic fields matching the 
large shape of tumors into the deep-brain. Several targeting configurations are numerically studied, with the 
objective of increasing the overlapped tumor volume but controlling a reduced energy delivery outside the tumor. 

 

We use the pseudospectral method implemented in the k-Wave Matlab toolbox. Simulations are based on a CT-
scan of a pediatric patient’s skull and an MRI to identify the tumor geometry and location. We employ a 250-kHz 
single-element FUS-transducer with different size depending on configuration (ROC=110 mm, OD=110 or 132 
mm, ID=0 or 44 mm). Time-reversal method is used to obtain the phase of the back-propagation from the target 
to the design surface. Lens geometry is obtained by converting the phase to height using the Fabry-Perot resonator 
transmission coefficient, assuming each element of the lens to vibrate longitudinally. 

 

The best configuration provides a 16 % of tumor coverage, maintaining a small 0.06 % of targeted non-desired 
brain tissue. However, as the focus is not a single spot and it spreads across a single plane of the tumor, the 
focusing gain or performance decreases 1.6 times. 

 

The duration of the sonication procedure and the number of microbubble injections can be reduced 3.2 times, 
defining a time- and cost-efficient approach. Therefore, the reported acoustic holographic lenses are a simple, 
low-cost, and feasible approach to considerably improve pediatric-chemotherapeutical trials. 
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Normalized pressure field distribution obtained with the curved slice-hologram lens. (a) Axial cut at x=0 mm, showing the 
transducer surface, lens and skull boundaries (continuous white) and the tumor boundary (dashed red). (b) Sagittal cut at y=0 
mm. (c) Coronal cut at z=132.4 mm. (d) 3D view. 
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Diffuse intrinsic pontine glioma (DIPG) is a paediatric brain cancer that arises in the pons and spreads behind an 
intact blood brain barrier (BBB), preventing drugs from reaching tumour cells. While long-pulse (>1 ms) 
ultrasound can deliver drugs to the brain, associated side effects could be problematic in a vital, developing region 
of the brain. Building on recent research demonstrating that short pulses (<5 µs) can deliver drugs safely and 
uniformly to the hippocampus, we evaluated whether a similar result was achievable in the pons of mice. 

 

Mice were exposed to a rapid short-pulse sequence of ultrasound (1.05 MHz, 5 cycles) as SonoVue(R) 
microbubbles and a fluorescently-tagged tracer (dextran, 3 kDa) were systemically administered intravenously. 
Tracer delivery was assessed by fluorescence microscopy of brain slices. Accurate pons targeting was established 
by investigating eight distances between the mouse head and transducer. The pressure threshold for consistent 
delivery was assessed at peak-negative pressures of 0.2, 0.4 and 0.6 MPa. 

 

For most effective tracer delivery in the pons, the focal point was placed 4 mm deeper than the surface of the 
mouse head. No tracer delivery occurred at 0.2 MPa, but delivery occurred in 80% of mice at 0.4 and 0.6 MPa 
(figure 1). A uniform distribution of the drug was observed, characteristic of short-pulse sequences. 

 

This study demonstrates that short-pulse ultrasound can be used to deliver drugs to the pons region of mice. Future 
work will evaluate the safety and efficacy of short pulses on drug delivery in a DIPG mouse model. 

 
Sagittal histological sections of a mouse brain, at peak-negative pressures a)0.2, b)0.4 & c)0.6 MPa. The bright regions indicate 
delivery of a fluorescently-tagged tracer (dextran, 3 kDa) across the blood-brain barrier, to the pons and surrounding region. 
D) shows the anatomical region of the pons, adapted from 10.5281/zenodo.3926500. The arrow indicates location and direction 
of wave propagation 
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The efficiency of transmitted ultrasound energy is significantly affected by morphological characteristics of the 
human skull. In this study, we estimated the variation of focal pressure to see the relationship between the skull 
morphology and peak pressure distribution. 

 

The sound pressure field was calculated in the ROI area through the six human skulls, two patient skulls and four 
ex-vivo frontal and parietal parts of human skulls using the Kranion software. Target focus at a geometric center 
was moved to 5 mm away from the center each time and the peak pressure was computed with phase information 
of all 1024 elements of an ExAblate Neuro system. (ROI size: 65x35mm at sagittal plane) 

 

We computed the pressure fields at the geometrical focal areas of the brain tissue by phase correction of the 
acoustic rays through six human skulls in the Kranion software. High pressure was obtained as the focus was 
away from frontal and parietal bones as shown in Figure1(a), (b), (c) and (d), and the peak pressures in the ROIs 
were 76,84,94,164[kPa], respectively. 

 

The pressure field mapping of ROIs was mainly varied due to individual skull characteristics such as thickness, 
symmetry, shape, and inhomogeneities. We will continue to analyze the pressure field with the morphological 
characteristics of the skull. 

 
Pressure fields in ROIs of 4 ex vivo human skulls using Kranion software. The colorbar represents the pressure in kPa. The 
pressure fields of three skulls except (d) were similar though the peak pressure varied to 76, 84, and 94 kPa for (a), (b), and 
(c), respectively. The peak pressure of skull (d) was 164 kPa, almost twice compared with others mainly due to its smallest 
thickness and shape. 
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Sonodynamic therapy (SDT) is an emerging ultrasound-based treatment modality for malignant gliomas which 
combines ultrasound with sonosensitizers to produce a localized cytotoxic and modulatory effect. Tumor-
specificity is achieved by selective extravasation and accumulation of sonosensitizers in tumor-bearing regions. 
The aim of this study is to demonstrate the safety of low-intensity ultrasonic irradiation of healthy brain tissue 
after the administration of FDA-approved sonosensitizers, in an in vivo large animal model. 

 

In vivo safety of fluorescein (Na-Fl)- and 5 aminolevulinic acid (5-ALA)-mediated low-intensity ultrasound 
irradiation of healthy brain parenchyma was assessed in two sets of four healthy swine brains, using magnetic 
resonance imaging (MRI)-guided Insightec ExAblate 4000 220 kHz system. After administration of 
sonosensitizers, a wide fronto-parietal craniotomy was performed in pig skulls to allow transmission of ultrasonic 
beams. Sonication was performed on different spots within the thalamus and periventricular white matter with 
continuous thermal monitoring. Sonication-related effects were investigated with MRI and histological analysis. 

 

Post-treatment MRI images acquired within one hour following the last sonication, on day one, and day seven did 
not visualize any sign of brain damage. On histopathology, no signs of necrosis or apoptosis attributable to the 
ultrasonic treatments were shown in target areas. 

 

The results of the present study suggest that Na-FL and 5-ALA-mediated MR-guided sonodynamic therapies, 
with the current acoustic parameters are safe towards healthy brain tissue in a large in vivo model. These results 
further support growing interest in clinical translation of sonodynamic therapy for intracranial gliomas and other 
brain tumors. 
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A: Administration of the assigned sensitizing compound. B: Subject placement inside the Exablate device receiving MRI-
guided low-intensity insonation. C, D: pre-treatment and post-procedure scans, showing no significant differences attributable 
to sonodynamic therapy. E, F: macroscopical and histopathological analysis of specimens showing no signs of necrosis or 
apoptosis after treatment. 
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The blood-brain barrier (BBB) is the interface between the CNS and blood vessels. However, because of this BBB, 
there is a problem in the treatment of brain diseases due to difficulties in the delivery of drugs to the brain. 
Meanwhile, some studies have shown that when focused ultrasound (FUS) is used to open the BBB. Past studies 
have often focused on the tight junctions of endothelial cells. In this study, among the mechanisms of BBB 
opening, transcytosis and tight junction mechanisms were compared. 

 

In this study, male Sparague-Dawley rats (230-250g) were used. Low intensity FUS was applied to parameters of 
0.25Mpa, 120s (Targeted hippocampal region: AP -3.5, ML ±2.5). They were sacrificed 1, 4, 24 and 48 hours 
after sonication, respectively. 

 

As a result of comparing the sonicated brain regions of the sacrificed group at each time point after FUS, Mfsd2a 
is a membrane transport protein, which decreased the most in the 4hour group. And endothelial caveolae vesicle 
formation increased the most in the 4hour group. Meanwhile, it was confirmed that Zo-1, a tight junction protein, 
was expressed the least in the 1hour group. 

 

FUS is a safe way to open specific brain areas. The results of this study show that there is a time gap between 
transcytosis and tight junction mechanisms. Therefore, when delivering a drug after opening the BBB, it is 
suggested that different injection times should be considered depending on the characteristics of the drug. Further 
studies are needed a more detailed study of the mechanism. 
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Mesenchymal stem cells(MSCs) has been promising treatment for brain diseases because of their neuroprotective 
and immunomodulatory effects. However, due to the poor efficacy of delivery and survival rates, MSCs has been 
used only in limited circumstances. To overcome these shortcomings, we aim to increase efficient MSC 
transmission by using low-intensity FUS technologies that can induce changes in the cerebral microenvironment. 

 

In this study, 5p bone marrow-derived MSCs(BM-MSCs) and male Sprague-Dawley Rats(200-220g) were used. 
Low-intensity FUS was applied with parameters of 0.25Mpa, 300s and targeted lateral hippocampal area. 3 hours 
after sonication, BM-MSCs was injected into the tail vein. And 24 hours after stem cell injection, all rats were 
sacrificed. 

 

In the MSCs+FUS group, the migration of MSCs increased compared to the MSCs only group. In addition, 
expression of cell adhesion molecules involved in the stem cell homing process such as ICAM-1 and VCAM-1 
were upregulated in the targeted brain region. ICAM-1 and VCAM-1 was expressed in glial cells and endothelial 
cells respectively across the sonicated area. 

 

Focused ultrasound has been emerged as a non-invasive method of treating degenerative brain disease. It was 
confirmed that FUS can be used to improve the transmission efficiency of mesenchymal stem cells to the target 
brain area. By overexpressing cytokines such as ICAM-1 and VCAM-1, more stem cells might be able to 
transmigrate the blood brain barrier. However, more research is needed on the function of stem cells transplanted 
into the brain and the detailed mechanism of MSCs transmigration by the low-intensity focused ultrasound. 
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Radiotherapy (RT) is a major treatment for brain tumors by causing DNA damage and cell apoptosis. However, 
brain tumors often response poorly to RT due to hypoxia-related radiation resistance. Focused ultrasound (FUS) 
is well known to temporally open the blood-brain barrier (BBB) to enhance microvascular activity and tumor 
reperfusion. We hypothesize that FUS-induced BBB opening may sensitize brain tumor to RT and enhance 
therapeutic efficacy. The effect of FUS on glioma model was accessed by tissue histology, tumor growth and 
animal survival. 
 
5 days after glioma cells GL261-luc2 implanted in the right brains of C57BL/6 mice, animals were injected with 
microbubbles and received FUS exposure (400kHz, 0.15-0.3MPa, duty 1%, PRF 1Hz, duration 60s) to mildly 
open the BBB. Mouse heads were than exposed to a single standard radiation. Some mice were sacrificed after 24 
hours to harvest their brains for immunohistochemistry. Some were monitored via MRI and sacrificed at the 
humane endpoints. Tumor perfusion and re-oxygenation were real-time observed by laser speckle imaging. 
 
Lower Ki67 and CD31 immunodetection in tumors exposed to FUS and RT indicates FUS suppresses cell 
proliferation and augments vascular disruption in RT-treated tumors. Animal in FUS+RT group shows the best 
lifespan and significant tumor growth suppression. Transient brain re-perfusion and re-oxygenation were 
immediately observed after FUS. 
 
FUS-BBB opening enhances the antitumor effect of RT in GBM tumor by depressing tumor cell proliferation and 
augment vascular disruption, leading to suppressed tumor growth and improved animal survival. Ultrasound may 
serve as a RT sensitizer in brain tumor therapy. 

 
Comparison of immunochemistry, tumor volume follow via T2-weighted MRI, animal survival analysis among group of (1) 
control, (2) FUS-BBB opening alone, (3) RT alone, and (4) combined FUS-BBB opening and RT. 
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Cavitational Mapping Based on Dual-mode Ultrasound Phased Array 
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Focused ultrasound (FUS) with the presence of microbubbles has been shown to temporarily open the blood-brain 
barrier (BBB), which offers the potential to improve central nervous system disease treatment. Since BBB opening 
also highly correlates with the microbubble-induced stable cavitation, we aim to realize and implement the 
construction of cavitation-related passive mapping under the structure of dual-mode phased array structure for the 
guidance of the FUS BBB-opening treatment. 

 

We aim to realize and implement the construction of cavitation-related passive mapping under the structure of 
dual-mode phased array structure for the guidance of the focused ultrasound BBB-opening treatment. A sparse 
distributed (48 out of a total of 256) receiving configuration was implemented to be functioned as dual-mode 
transmitting and receiving in the structure. The centered transmission locates at 400 kHz, whereas its 0.5x 
subharmonics (200 kHz), fundamental (400 kHz), 1.5x ultra harmonic (600 kHz), and 2nd harmonics (800 kHz) 
been received and characterized. 

 

In in-vivo verifications, a total of 9 animal experiments have been conducted to implement the passive cavitation 
mapping to correlate the imaging intensity with the occurrence of the outcome to induce blood-brain barrier 
opening. Ultraharmonics provided superior sensitivity and detectability to microbubble-related cavitation activity 
than the other selected frequency band, suggests the potential in predicting BBB opening outcomes based on the 
passive image. 

 

In conclusion, cavitation mapping implemented by dual-mode ultrasound phased array is feasible and can provide 
assure the treatment quality in opening the blood-brain barrier in the brain. 

 
Typical examples of animal experiments. Upper panel: The long-burst exposure successfully opens the BBB; lower panel: The 
long-burst exposure failed to open the BBB. The status of the brain was confirmed by using Evans blue injection post the 
ultrasound exposure. (a, b, e, f) the constructed passive imaging with the frequency set to 600kHz. (c, d, g, h) Passive imaging 
superimposed with T2-weighte. 
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Burst-focused ultrasound (FUS) exposure can open the blood-brain barrier(BBB) or induce neuromodulation. 
Ensuring the fine focus is precisely deposited at the designated brain region to trigger biological effect is critical. 
Accomplishing focal beam guidance under an intuitive brain atlas allows operators to easily and precisely target 
the focus at the designated region. This work proposed a platform utilizing a single camera with augmented reality 
(AR) function to accomplish focused ultrasound intervention guidance, thus allowing the operator to intuitively 
identify the specific brain regions of interest. 
 
Based on the relative position of the markers attached to the FUS probe and animal bed, the relative position and 
orientation between the FUS probe and the animal brain site can be derived precisely. The AR system provided 
interactive guidance which shows the focal point overlaying on 3D-MRI-model in real-time with various viewing 
preferences (Fig. B). BBB opening guided by AR-aided camera-tracked platform was demonstrated. The precision 
and discrepancy of this guidance were quantitatively analyzed corresponding to the exposed region and the focal 
point. 
 
The accuracy of AR guidance was quantitated by measuring the discrepancy between the 3D-VR FUS. The VR 
system achieved 0.53 to 1.8mm precision in depositing the focal point to the animal left-frontal brain region (Fig 
C and D). 
 
The combination of camera-based guidance aided by AR provided a solution to assist in guiding FUS exposure 
operation intuitively. AR guidance provides an advantage in BBB opening and neuromodulation preclinically and 
shows potential for clinical application. 

 
(a) Experimental setup of a camera-assisted augmented reality setup. (b) 3D volumetric distribution of the brain, (c, d) 
Different view of the brain sections. 
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Enhance Low Dose of Liposomal Doxorubicin Delivery Weekly against 9L Gliosarcoma 

in a Rat Model 

 

Sheng-Kai Wu1,  Anne Lassus2,  Victor Jeannot2,  Kullervo Hynynen1 

 

1Physical Sciences, Sunnybrook Research Institute, Canada 
2n/a, Bracco Suisse S.A., Switzerland 

 

Glioblastoma multiforme (GBM) is a lethal brain disease and has poor prognosis. The blood-brain barrier (BBB) 
and blood-brain tumour barrier (BBTB) limit the therapeutics from entering the tumour site homogeneously thus 
resulting in insufficient efficacy. Focused ultrasound (FUS) with microbubbles is capable of modulating vascular 
permeability and enhance chemo-drug delivery. In this study, we propose a triple sonications with 10 min interval 
weekly to treat 9L brain tumour rat model. 
 
Magnetic resonance image-guided (MRgFUS) was delivered at 580 kHz with 1 Hz PRF and 10 ms burst length 
and 3 min duration repeated three times with the interval of 10 min. Bracco microbubbles (BG8774) were used 
with an acoustic controller to achieve BBB opening. Four groups involved :(1) Control (N=5); (2) FUS alone 
(N=5); (3) Caelyx alone (liposomal doxorubicin, 1.89 mg/kg weekly, N=6); and Caelyx+FUS (N=6). Tumour 
growth and survival were monitored. 
 
After three weeks of treatments, Caelyx+FUS showed a significant improvement in tumour growth inhibition as 
well as survival time. However, either FUS alone or Caelyx alone group demonstrated any improvement as 
compared with control group. Furthermore, the side effects due to the chemo-drug were negligible. 
 
The use of triple sonications with 10 min interval and a low dose of liposomal doxorubicin, produced promising 
therapeutic efficacy; meanwhile, the side effects from chemo-drug and FUS-related damage in the brain were 
minimal. 

 
Figure 1 (A) The treatment scheme includes three sonications with 10 minutes interval. Representative contrast-enhanced T1-
weighted (CE-T1w) MR images before sonication, after the first sonication, and after three sonications. (B) The tumour growth 
curve. (C) Kaplan-Meier survival curves (D) The average body weight displayed following tumour implantation. 
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Cell cytoskeletal deformation is one of the biological effects induced by low-intensity pulsed ultrasound (LIPUS). 
The mechanisms of this cytoskeleton rearrangement in a 3D tissue-like environment have not been investigated 
yet. Herein, focal adhesion formation and actin cytoskeleton rearrangement of a single cell embedded in a 3D 
tissue phantom under various LIPUS exposure conditions are investigated by live-cell imaging. 
 
THP-1, a human monocytic cell line, embedded in agarose or collagen gel was exposed to LIPUS. The LIPUS 
exposure conditions were varied as follows: 0.5 – 3 MHz center frequency, 0 – 3 kHz pulse repetition frequency 

(PRF) with 100 µsec pulse width, and 100 – 500 kPa acoustic pressure. LIPUS-induced stress distribution over a 
cell was also simulated with the FEM method using COMSOL software (Fig. 1a). Live-cell imaging was 
conducted during the LIPUS stimulation. Differential interference contrast and immunofluorescence microscopy 
captured cellular contour and cytoskeleton (F-actin), respectively (Fig. 1b). 
 
Different cellular deformation was observed between the pulsed excitation (PM) and the continuous excitation 
modes (CM) under the same acoustic pressure. PM (1kHz PRF) induced elongational deformation of THP-1 with 
a 14% larger Feret's diameter change than CM, whereas CM led to rotational motion with a 9° larger angular 
change of Feret's diameter line than PM (Fig. 1c). 
 
This study suggests that LIPUS could regulate cytoskeleton rearrangement of a cell in the 3D environment which 
depends on PRF conditions. It can explain how LIPUS exposure conditions used in clinical treatment lead to 
biological effects, such as bone fracture healing. 

Fig. 1 (a) Stress distribution over a cell was simulated with the FEM method using COMSOL. (b) Cell periphery was tracked 
using ImageJ. A scale bar: 5 µm. (c) The tendency of cellular deformation varies by the LIPUS exposure conditions used. 
The colors of outlines represent the changes of the cell contour before (red), during (yellow), and after (cyan) the sonication 
for every 5 sec. 
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Focused Ultrasound (FUS) could offer promising alternatives to standard neurostimulation strategies. The 
exploration of Ca2+ dynamics modulated by FUS is essential for describing intercellular signaling across neuronal 
networks. In this study, the feasibility of triggering Ca2+ fluxes by FUS was studied in vitro on a mixed 
FUS/fluorescence microscopy platform. 
 
Human neural progenitors (ReNcell-VM) were plated on 35mm Petri dishes and labelled with a Ca2+ -sensitive 
fluorescent dye (Fluo-4). The FUS stimulation platform was built on an inverted microscope and consisted of 
custom-made focused (ø:15mm, f=729 kHz) and planar (ø:10mm, f=2.2 MHz) transducers with a coupling cone 
transmitting the ultrasound toward the neurons (Fig.a). Single FUS pulses (duration = 0.2-3 ms, Prms<4MPa) 
were applied and resulting neural activities were recorded using fluorescence imaging (ORCA-Fusion, 
Hamamatsu, 10 fps). Ca2+ dynamics were compared to those obtained by chemical stimulation (KCl). 
 
Following FUS, strong and sustained elevations in intracellular Ca2+ were observed either immediately after the 
FUS pulse (~1-2s) or delayed by several seconds (t=2-80s) before slowly returning to baseline (Fig.b). The 
propagation velocity of intercellular Ca2+ fluxes ranged ~10-30 µm/s. Preliminary comparisons showed that Ca2+ 
fluxes induced by FUS stimulations (Fig.c) exhibited similar dynamics to those observed following KCl 
stimulation (Fig.d). 
 
These results underline that FUS-stimulated Ca2+ fluxes are transient and capable of being transmitting across 
several interconnected neurons. Overall, the complex data obtained using this mixed platform should be crucial 
for improving current knowledge and control of FUS neurostimulation phenomena. Project support: French 
Research Agency (ANR-16-TERC-0017), FUS Foundation (Centers of Excellence). 

 

a) Experimental Setup, b) FUS-induced Ca2+ fluxes in in-vitro Human neural cells. Fluorescence microscopy imaging: 
before FUS at t = 5s (Top left: Blue outline); after FUS at t = 40s (Top right: Red outline). Bottom graph: Fluorescence 
variation in neural cell bodies (in ROI). Ca2+ fluxes induced in in-vitro Human neural cells by: (c) KCl or (d) FUS 
stimulations. 
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Stimulation on the Awake Rodent Model 

 

Jeungeun Kum1,  Evgenii Kim1,  Hyungmin Kim1 

 

1Center for Bionics, KIST, Republic of Korea 

 

A non-invasive closed-loop control of the seizure activity is a goal of minimum-risk treatment for drug-resistant 
epilepsy patients. This study aims to suppress seizures with low-intensity focused ultrasound during the awake 
condition. For this purpose, we investigated the effect of sonication parameters on the rodent epilepsy model while 
monitoring with EEG. 

 

For the epilepsy model generation, intraperitoneal injection of pentylenetetrazole (80mg/kg) was performed on a 
Sprague-Dawley rat. Two EEG electrodes were fixed on the rat skull for brain monitoring. Acoustic stimulation 
was delivered to the hippocampus by a transducer with the fundamental frequency of 450 kHz. Stimulation 
parameters with pulse-repetition frequency (PRF) of 100 Hz or 500 Hz and 5% duty cycle were tested for seizure 
suppression. These stimulation parameters were selected from our preliminary experiments performed on the 
ketamine-xylazine anesthetized seizure model. Amplitude correlation was used for detecting seizures, which 
triggered the acoustic stimulation system for seizure suppression. 

 

The seizure spike-wave was diminished after the closed-loop ultrasound stimulation of 500 Hz PRF with a 5% 
duty cycle on an awake animal, while 100 Hz PRF with a 5% duty cycle did not show a suppressive effect 
compared to sham stimulation. 

 

Our results demonstrated that seizures could be controlled by ultrasound stimulation with a closed-loop system 
on the awake condition. The present study suggests that focused ultrasound brain stimulation may offer a new 
application of real-time control of epilepsy due to its non-invasiveness and spatial selectivity. 

 

Experimental setup for awake seizure model low-intensity focused ultrasound (LIFU) stimulation. (a) stimulation site (b) 
awake animal closed-loop stimulation setup 
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Increasing attention has been paid to low-intensity transcranial focused ultrasound (tFUS) for its potential 
therapeutic effects in Alzheimer's disease (AD). While preclinical studies have shown promising therapeutic 
effects of low-intensity tFUS in AD models, its efficacy and safety remain unclear in humans. In this pilot study, 
we investigated the effects of low-intensity tFUS on blood-brain barrier opening, the regional cerebral metabolic 
rate of glucose (rCMRglu), and cognition in patients with AD. 
 
After receiving institutional review board approval, four patients with AD received tFUS to the hippocampus 
immediately after an intravenous injection of a microbubble ultrasound contrast agent. Sonication was delivered 
at low-intensity, at a pressure level below the threshold for blood-brain barrier opening. Patients underwent brain 
magnetic resonance imaging, 18F-fluoro-2-deoxyglucose positron emission tomography, and neuropsychological 
assessments before and after the tFUS procedure. A whole-brain voxel-wise paired t-test was conducted to 
compare rCMRglu before and after tFUS. 
 
The sonication, as anticipated, did not show evidence of active blood-brain barrier opening on T1 dynamic 
contrast-enhanced magnetic resonance imaging. rCMRglu in the superior frontal gyrus, middle cingulate gyrus, 
and fusiform gyrus increased after tFUS (P<0.005). Patients demonstrated mild improvement in measures of 
memory, executive, and global cognitive function following tFUS. No adverse events were reported. 
 
These results suggest that hippocampal sonication with low-intensity tFUS may have beneficial effects on cerebral 
glucose metabolism and cognitive function in patients with AD. Further larger studies are needed to confirm the 
therapeutic efficacy of tFUS in AD. 

Changes in regional cerebral metabolic rate of glucose (rCMRglu) following transcranial focused ultrasound. Increases (red-
yellow) or decreases (blue-green) of rCMRglu at follow-up compared with baseline are presented. The numbers above the 
brain slices indicate z coordinates in the Montreal Neurological Institute space. The color bar represents voxel-level t-values. 
L, left; R, right. 
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We aim to describe a detailed procedure for successful ultrasonic neurostimulation in mice to young 
researchers/students starting in the field of stimulation and facing practical difficulties. We optimized a protocol 
for easily, safely and successfully stimulate the Primary Motor Cortex in mice. We also examined the impact and 
safety of stimulation on one of the major brain structures linked to various psychiatric diseases, the anterior 
cingulate cortex (ACC), in heathy mice. 
 
Specific protocol using a 500 kHz single-element transducer was utilized for stimulating the left primary motor 
cortex at different acoustic pressures in C57BL/6 mice using a stereotaxic frame. Success and reliability of 
stimulations were assessed using real time visual observation of motor responses and electromyographic 
recordings. The impact and safety of ACC stimulations were evaluated through Open-Field test and Nissl stained 
histological brain images. 
 
Detailed experimental procedure of a successful stimulations including targeting, anesthesia is presented. The 
results show that high success rates (91% to 100%) were accomplished at “0” anesthesia and 330 to 550 kPa. No 
side effects on locomotor activity were reported and no lesions were detected in the brain. 
 
A reliable and detailed methodology for successful US neurostimulation in mice addressed to beginners in US 
brain stimulation topic is presented. It offers a simple and consistent non-invasive technique for locating and 
targeting brain zones. Moreover, it highlights important parameters to consider during stimulation, including 
anesthesia level and acoustic pressure effect. Finally, the safety of ACC US stimulation was confirmed, providing 
a possibility for treating ASD. 

 
(a) Chart representing the success rate of ultrasonic stimulation at the left primary motor cortex detected visually at different 
acoustic pressures for 10 tested mice. (b) Amplitude of EMG signals detected versus acoustic pressure. Results represent 
mean ± SEM. 
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In order to study the biological underpinnings of ultrasonic neuromodulation, it is critical to establish repeatability 
of experimental conditions. Our three objectives for this study were: (1) to apply a reflecting air gap collimator to 
focus ultrasound in acute rat brain slices; (2) to assess ultrasound’s electrophysiological effects on local field 
potential (LFP) responses; and (3) to investigate the reproducibility of modulation effects within our custom setup. 
 
We applied 200 kHz pulsed focused ultrasound (FUS) sequences to acute hippocampal and cortical rat brain slices. 
FUS was generated using our custom transducer made of PZT (DL47, Del Piezo), and focused using a 3D-printed 
reflecting collimator (attached figure, left). We recorded LFPs from brain slices using a patch-clamp 
electrophysiology system (Axon Axopatch 200B, Molecular Devices) configured for extracellular measurements. 
Negative control tests were performed by installing a reflecting obstacle in front of the transducer. 
 
Following the application of pulsed FUS, the LFP responses showed a transient decrease in amplitude (attached 
figure, right). This effect was observed in 57% of the brain slices (n=30); the difference in responses was not 
observed in the negative control tests (n=3). 
 
This pilot study demonstrates the viability of our acoustic reflective collimator-based experimental setup; it also 
demonstrates reproducible FUS-mediated modulation of electrically-induced LFPs. In future experiments, this 
system will allow us to analyse the electrophysiological origins of the observed FUS neuromodulation by 
manipulating the extracellular environment. 
 

Left: Schematic diagram of transducer, collimator, and basin ensemble. Right: FUS modulation of evoked LFP response. 
“Baseline” shows average of 62 responses pre-FUS. “Post-FUS” is a single trace after 5 sweeps of FUS exposure. FUS 

parameters: ƒ=192.5 kHz, Ispta=0.12 mW/cm2, DC=30%, ISI=4 s, pulse duration=500 ms, PRF=500 Hz. FUS onset 
occurred 1010 ms before the electrical stimulus in each sweep. 
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Focused ultrasound (FUS) neuromodulation can modulate activity at specific locations throughout the brain non-
invasively. Current murine studies record motor responses to FUS neuromodulation, though response rate is 
variable; isoflurane anesthetic concentrations above 0.5% are shown to extinguish motor responses. Plane of 
anesthesia changes rapidly with isoflurane levels, depending on breathing rate, gas flow rate, and animal size. 
Further, isoflurane accumulates within tissue over time. To mitigate the influence of these variables, this study 
aims to present a reliable timing protocol for isoflurane reduction and consistent acquisition of motor responses, 
and characterize the effect of isoflurane on responses over time. 

 

80 ms-duration FUS pulses of 477 kHz with 31.5% duty cycle, 1.5 kHz pulse repetition frequency and 4.2/cm2 
intensity (Ispta, water-conditions), were delivered to visual and motor cortices of C57BL/6 mice. Responses were 
recorded with video and electromyography. Animals (n=3) inhaled 2% isoflurane in oxygen flowing at 0.8L/min. 
Isoflurane was reduced to 0.2% for 2 minutes before treating a target with 5 pulses, 15 seconds between pulses, 
then returned to 2% for 5 minutes. This repeated for 5 treatments per target and 2 sham treatments. 

 

This protocol yielded 61.3 ± 24.5% and 82.7 ± 19.8% responses from motor and visual targets, respectively, both 

significantly higher than sham trials (13.3 ± 10.3%; p< 0.001). Motor responses diminished with repeated trials 
in both targets, though the difference was not significative. 

 

These preliminary results indicate the present anesthetic protocol facilitates consistent motor responses, and 
suggest possible time-under-anesthesia effects on responses that require further investigation. 
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Develop and evaluate magnetic-resonance guided focused ultrasound (MRgFUS) of the spinal dorsal root 
ganglion (DRG) to treat chronic lower back pain. 

 

MRgFUS was applied unilaterally to DRGs in the lumbar spine (L3-L5) of a pig model (N=2) using a Siemens 
3T MRI and a 950 kHz, 256-element phased-array ultrasound transducer (IGT/Imasonic) mounted on a 
stereotactic positioning system. MR neurography sequences were used for detection, characterization, and 
targeting of DRGs. Three-dimensional, real-time thermometry was recorded during the treatment to monitor tissue 
temperature. Somatosensory evoked potentials (SEPs) were recorded with a nine-channel electroencephalography 
cap (Brain Vision, LLC) before and after the MRgFUS procedure. SEPs were recorded during stimulation of each 
tibial nerve, and the latency and amplitude of the P30 wave were analyzed. 

 

MRgFUS can be focally applied to the DRGs in the lumbar spine (Fig. 1). High-intensity parameters can apply 
sufficient thermal dose to ablate the sensory DRG as shown by the non-perfused volume and causes localized 
edema. SEP recordings taken immediately after MRgFUS treatment in one animal show increased latency of 5 
ms in the P30 wave and abnormal polyphasia as compared with baseline recordings and control-side stimulation. 
No motor issues were exhibited throughout the survival period of one week. 

 

MRgFUS can be successfully applied to the DRGs of the lumbar spine and can evoke localized heating. MRgFUS 
treatment can induce clinically relevant changes in electrophysiological SEP recordings. Future work will apply 
low-intensity MRgFUS to the DRG for neuromodulation of pain in animals with induced neuropathy. 
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MRgFUS Ablation of the Lumbar DRG. 
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To bring ultrasound neuromodulation to the clinic we must quantify the behavioral effects of specific sonication 
protocols. We developed a method to deliver ultrasound to the deep brain of a behaving nonhuman primate while 
simultaneously measuring changes in behavior. We validated the approach by quantifying the behavioral effects 
of two neuromodulation protocols. 
 
A custom 256-element phased array (650 kHz center frequency, Doppler, Guangzhou, China) delivers ultrasound 
into specific deep brain circuit/s on demand, using fast electronic focusing. The array is fixed to the subject via 
four titanium pins, providing repeatable targeting across sessions. The subject performs a visual discrimination 
task in which he is shown two targets and is rewarded for selecting the target that appeared first. We randomly 
alternate sonication of the left and right lateral geniculate nucleus, using 300 ms pulses. A pulse begins 150 ms 
before the presentation of the first target and ends 150 ms after. We quantified the effects of both a continuous 
and 10% duty cycle (PRF=500 Hz) sonication by measuring changes in the subject’s choice behavior. 
 
The ultrasound transiently biases the subject’s choice behavior with a 10% duty cycle inducing an ipsilateral bias 
and a 100% duty cycle inducing a contralateral bias (see Figure). A two-way ANOVA shows that both duty cycle 
and the interaction between duty cycle and side sonicated are significant in predicting the behavioral bias (p=0.01 
and p=0.008). 
 
We developed a flexible approach to measuring the behavioral effects of specific neuromodulation protocols, 
demonstrating the capacity to selectively alter awake behavior. 

 

Ultrasound induces a transient bias in visual choice behavior. The polarity of the bias is modulated by the duty cycle of the 
acoustic stimulus. 
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Microbubbles (MBs) are widely used as ultrasound contrast agent and has recently been actively investigated as 
drug carriers. However, the short half-life in blood stream due to the low stability of MBs is a bottleneck in 
ultrasound diagnosis and drug delivery using MBs. The exosome, a type of extracellular vesicles released from 
all kinds of cells, has a highly stable membrane. In this study, exosome-embedded microbubbles (Exo-MBs) were 
developed to overcome the limitation mentioned above by embedding the exosome membrane proteins into MBs. 
 
Exosomes were separated from medium with series centrifugation. Chlorin e6 (Ce6), a representative 
photosensitizer, was loaded into Exo-MBs for photodynamic therapy. Anti-tumor efficacy and improved stability 
were evaluated with tumor growth and measuring ultrasound signal from blood vessel over time, respectively. 
 
The stability of Exo-MBs is improved over the conventional MBs under both storage condition and ultrasound 
exposure. On the same principle that microbubbles are cavitated and self-assembled into liposomes under the 
exposure of ultrasound, Exo-MBs are also self-assembled into exosome-embedded liposomes (Exo-Lipos) at 
ultrasound irradiation. The Exo-Lipos showed favorable accumulation properties for the target cells because of 
the enhanced stability from embedded exosome membrane proteins. 
 
In summary, drug-loaded Exo-MBs presents a novel strategy for efficient diagnosis and tumor therapies. Exo-
MBs could circulate in blood vessel for a long time without releasing drug before local delivery. Drug loaded into 
Exo-MBs could be efficiently delivered to target cell by sonoporation with help of external ultrasound irradiation, 
leading high therapeutic efficacy with low dose of drug. 
 

 

Schematic illustration of the fabrication process and delivery mechanism of Exo-MBs. 
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We previously demonstrated how HIFU can spatiotemporally control transgene expression in cells containing a 
heat-activated, ligand-inducible expression system. Compared to conventional cell-based tissue engineering 
approaches, our method enables on-demand, non-invasive control of transgene expression after implantation of a 
cell-loaded hydrogel scaffold. Low attenuation of hydrogels, due to their high water content, generally makes it 
challenging to generate hyperthermia. Here, we characterize a PLGA-fibrin composite hydrogel that can be used 
in HIFU-induced gene activation. 
 
Hydrogel scaffolds were synthesized using 5 mg/mL fibrin and 50 mg/mL PLGA 50:50 particles (ø: 1 μm). 
Acoustic attenuation was measured as a function of temperature using a broadband pulse technique with a 3.5 
MHz transducer. Heating profiles were measured in scaffolds containing an embedded thermocouple and exposed 
to 2 min of continuous wave HIFU at 2.5 MHz. 
 
Attenuation of the scaffold was relatively constant between 22-41°C and increased significantly at 45°C. 

Following HIFU exposure, a maximum temperature increase of 10.5°C was observed. The degree of hyperthermia 
decreased as the distance between thermocouple and HIFU focus increased. 
 
When exposed to HIFU, the PLGA-fibrin scaffolds exhibited a temperature rise exceeding 10°C. This suggests 
our PLGA-fibrin composite scaffolds may be adequate for cellular expression of heat-activated genes, which 
occur at 43-45°C (i.e., 6-8°C above normal body temperature). Observed increase in attenuation at 45°C could be 
a consequence of the PLGA particles experiencing a transition out of crystalline phase. This attenuation change 
points toward a novel method of characterizing polymer glass transition temperature using ultrasound. 

 

(A) The acoustic attenuation of PLGA-fibrin hydrogel composites (n = 8) as a function of scaffold temperature. (B) Time 
course of two-minute HIFU-induced heating within a PLGA-fibrin scaffold containing 50 mg/mL 1 μm PLGA 50:50, where 
HIFU intensity and {C) distance between the HIFU focus and thermocouple was varied. 
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Docetaxel (DTX) is a potent hydrophobic anticancer drug. To increase the limited DTX loading per unit gas 
volume characteristic of microbubble drug carriers, we fabricate nanobubbles using DTX-labelled phospholipids 
as the stabilizing shell material. Here, we investigate whether the in vitro cytotoxicity of DTX is retained after 
DTX-loaded nanobubble (DTX-NB) formation and after focused ultrasound (FUS) cavitation in comparison to 
the commercial formulation of DTX (Taxotere®) and controls. 

 

DTX-labeled phospholipid shells were synthesized and gas-filled. Size distribution was assessed by Coulter 
counting with DTX loading quantified by ultra-performance liquid chromatography. In vitro cytotoxicity was 
assessed using the MTT assay on murine breast cancer EMT-6 cells, with samples loaded in custom-built 
chambers and subject to peak negative pressures (0-1.36 MPa) using a 1-MHz FUS transducer following a 3-min 
sonication scheme of fifty 0.1-ms pulses spaced 1-ms apart repeated at 20s intervals. 3s contrast-enhanced 
ultrasound videos were acquired using a Philips EPIQ 7G ultrasound scanner before and after FUS exposure to 
confirm cavitation. 

 

104±8 μg of DTX were loaded onto ~1010 bubbles (mode diameter~230nm) per ~0.4 μL of perfluorobutane (n>6). 
DTX-NB demonstrated strong echogenicity and promising in vitro stability at both room and physiological 
temperatures. Unloaded bubbles were not cytotoxic, whereas 20nM of DTX-NB (IC50~12nM) demonstrated 
similar cytotoxic effects to Taxotere® relative to the positive control (untreated cells; p<0.001). 

 

Stable acoustically responsive NBs composed of DTX-labeled phospholipids were synthesized and demonstrated 
significant in vitro cytotoxic effects on EMT-6 cells. Future work will examine the biodistribution and 
pharmacokinetic profile of DTX-NB in vivo. 
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Contrast-enhanced ultrasound images of DTX-NB in sample chamber before FUS exposure (a), and after exposure to 1.36 
MPa FUS (b), with a column chart showing the peak absorbance of the MTT assay (c). DTX concentration is 20 nM for all 
Taxotere® and DTX-NB groups. Data presented as mean ± SD (n≥6) (***p < 0.001). A star in the sample label indicates the 
chamber-loaded groups. 
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Macromolecules have been shown effective in vision-saving treatments for various ocular diseases such as age-
related macular degeneration and diabetic retinopathy. Current treatments requires frequent intraocular injections 
and carries a risk of serious adverse effects. We have tested the application of therapeutic ultrasound as a 
minimally-invasive approach for delivery of Avastin into the diseased regions of the eye. Bevacizumab (Avastin), 
is an anti-VEGF antibody with molecular weight of 149 kDa. 

 

We tested the effectiveness and safety of delivery of Avastin through the rabbit sclera in vitro in a standard 
diffusion cell model. 400 ㎑ ultrasound at intensity of 1 W/㎠ was applied for the first 5 minutes of a one-hour 
drug exposure. Sham treatments mimicked the ultrasound treatments, but ultrasound was not turned 
on.Temperature of the donor compartment was measured right before applying the ultrasound, and 2.5 and 5 min 
after. 

 

The maximum scleral temperature change was 16 °C estimated to be mostly due to the heat dissipation of the 
ultrasound transducer into a small volume of the donor compartment. Absorbance measurements were performed 
of the receiver compartment solution at 280 nm were 0.14±0.14 (n=18) in the ultrasound group and 0.15±0.11 
(n=15) in the Sham group with no statistical difference. Histology studies indicated no significant damage in 
ultrasound-treated scleras. 

 

As opposed to the previous studies indicating effectiveness of ultrasound in enhancing drug delivery through the 
cornea, our preliminary results here provide support that ultrasound at the tested parameters may not be as 
effective in the delivery of Avastin through the sclera. 
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Diffuse intrinsic pontine glioma (DIPG), the deadliest pediatric brain tumor, arises from the pons and can affect 
the whole brainstem. Current research has shown feasibility to achieve large volume blood-brain barrier (BBB) 
opening by focused ultrasound (FUS) sonication at multiple points. However, efficient and safe BBB opening at 
the whole brainstem hasn’t been demonstrated. This study was to compare recurring and nonrecurring sonication 
patterns to achieve efficient and safe BBB opening at the whole brainstem. 

 

Wild type mice were treated with a 3x3 grid to cover the brainstem using an ultrasound-guided focused 
ultrasound system. Two scanning patterns were compared: recurring (1 burst per point, 100 iterations) and 
nonrecurring (100 bursts per point, 1 iteration). Microbubbles were intravenously injected prior to sonication. 
Evans blue was delivered after the sonication to quantify BBB opening via fluorescence imaging. Heart rate and 
respiration rate, the main functions controlled by brainstem, were monitored as safety assessment during the 
entire procedures. Histology evaluation was performed to the ex vivo brain tissue. 

 

Recurring sonication achieved homogeneous BBB opening at the whole brainstem, which was not achieved 
using nonrecurring pattern (Fig1A). Recurring sonication yielded the delivery efficiency 2.1 folds higher than 
nonrecurring sonication (Fig1B). No significant changes of heart rate or respiration rate were found throughout 
the procedures with either sonication pattern (Fig1C). Histology showed no damage at brainstem induced by 
FUS sonication. 

 

This study demonstrated at the first time that recurring FUS sonication achieved efficient and safe BBB opening 
at the whole brainstem. 

A) near-infrared fluorescence imaging and B) quantification showed significantly higher Evans blue delivery at brainstem 
via recurring sonication than nonrecurring sonication (p<0.0001). C) Heart rate and respiration rate showed no changes 
before, during and after FUS treatment. 
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Sonophoresis can increase delivery efficiency of various drugs into the skin. The predominant mechanism of 
sonophoresis is known as cavitation that occurs stochastically. Recent advance in the field of sonophoresis is the 
use of ultrasound responsive lipid bubble(URLB) to increase probability of cavitation. We demonstrate that the 
addition of URLB increase the probability of cavitation and efficiency of transdermal drug delivery (TDD). 

 

Two types of experiment were designed to evaluate the efficiency of sonophoresis with URLB. First, a Franz 
diffusion cell with caffeine was used to quantitatively analyze the amount of drug delivered to the porcine skin. 
Second, after application of sonophoresis with URLB, the porcine skin surface was examined using 
SEM(scanning electron microscopy) to see the change by sonophoresis with URLB. The commercial URLB, 
Bioinfra-cavitation seedTM made of phospholipids was used in both experiment. The commercial sonophoresis 
device, SONOCUBE® with center frequency at 1MHz and intensity of 1MPa were used in both experiments. 

 

The efficiency of drug delivery using sonophoresis with specialized URLB in TDD was quantitatively analyzed 
with HPLC(high performance liquid chromatography). The results indicate that sonophoresis with specialized 
URLB can increase the amount of delivered caffeine approximately 104 folds for 1 hours and 2.4 for 6 hours. In 
addition, we observed approximately 20um sized pores on porcine skin in SEM images. 

 

We expect the sonophoresis with specialized URLB in TDD could be used widely for various skin related 
applications. 
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Ultrasound-targeted microbubble destruction (UTMD) has been widely applied to enhance chemotherapy of 
tumors, yet few studies have focused on the metastatic potential induced by UTMD. This study aimed to explore 
the metastasis of VX2 tumors after treatment with UTMD and chemotherapy. 

 

Forty-four New Zealand rabbits bearing subcutaneous VX2 tumors were enrolled for the treatment of UTMD with 
chemotherapy. For UTMD, the tumors were insonated using diagnostic ultrasound with a mechanical index (MI) 
of 0.29-0.33, tone burst of 8.0 cycles, and frequencies of 3-4 MHz. A total dose of 2 mL SonoVue was injected 
intermittently during 10 min UTMD exposure. The combination therapy was treated using doxorubicin (DOX, 2 
mg/kg) and DUS, while the tumors treated using DOX only served as the control. Tumor size was measured using 
the tumor volume formula. Survival time was observed until animal death or the end of the study (120 days). 
Specific organs (lung, liver, kidney, and brain) were removed for metastatic evaluation. 

 

There were no statistical differences in overall metastasis classification and individual organ metastases among 
all groups (P>0.05). The tumor growth rate only showed inhibition on the 5th day (P<0.01). The survival time did 
not demonstrate any significant difference between UTMD and chemotherapy only (P>0.05). 

 

UTMD using long pulse DUS with commercial microbubbles did not pose a risk of metastasis enhancement in 
DOX chemotherapy. 
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The overall objective of this study was to investigate the cavitation tendency of polymer nanocapsules and also 
the PEGylation effect on the cavitation activity in the focused ultrasound. 
 
Nanocapsules were made of poly(DL-lactide-co-glycolide) (PLGA) or poly(DL-lactide-co-glycolide)-co-
polyethylene glycol diblock (PEG-PLGA) and loaded with coumarin-6. For the nanocapsules preparation, 
emulsion-diffusion-evaporation method was used, followed by freeze-drying of samples, rehydration and 
ultrasound treatment. Rehydrated nanocapsules were exposed to spherically focused ultrasound bursts at 750 kHz 
frequency and a peak rarefaction pressure of 1.02 MPa. After ultrasound exposure the fluorescence of released 
drug was determined. 
 
Loaded nanocapsules measured about 220 nm and had a negative zeta potential. Inertial cavitation of nanoparticles 
was investigated for the first 560 s for two different PLGA polymers and three different PEG-PLGA polymers. 
Inertial cavitation could be detected in formulations with PLGA nanocapsules. However, one type of PLGA (RG 
502) nanocapsules showed the highest and longest cavitation activity, which also resulted in the highest drug 
release after treatment. Among PEGylated nanocapsules only PEG-PLGA (PEG Mn 2.000; PLGA Mn 11.500) 
nanocapsules showed sufficient inertial cavitation reflected again by higher drug release. 
 
We demonstrated that upon freeze-drying, rehydration and ultrasound exposure, loaded polymer nanocapsules are 
capable of seeding cavitation. PLGA nanocapsules showed a high cavitation activity and drug release. PEGylation 
led to a significant reduction in cavitation activity and a lower drug release. However, these observations open a 
new path in the investigation of drug release from nanoparticle drug carriers induced by locally applied ultrasound. 

 

Cavitation activity (Voltage Spectral Density) with respect to time in case of PLGA nanocapsules (PLGA RG 502; PLGA 
RG 725 H) and PEGylated nanocapsules (PEG-PLGA Mn 2.000-Mn 11.500; PEG-PLGA Mn 5.000-Mn 7.000; PEG-PLGA 
Mn 2.000-Mn 4.500). 
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Hepatocellular carcinoma (HCC) is the third leading cause of cancer mortality worldwide. One promising 
treatment for intermediate stage HCC is trans-catheter arterial chemoembolization (TACE) with drug-eluting-
beads (DEBs) that physically occlude tumor blood vessels and deliver drugs simultaneously. However, this 
process relies on drug diffusion into the surrounding tumor tissue, which limits drug penetration and tumor 
coverage and reduces therapeutic efficacy. In order to enhance drug delivery exposures from DEB-TACE, 
microbubbles were bound to DEBs to permeabilize surrounding tissue via acoustic cavitation under applied High 
Intensity Focused Ultrasound(HIFU). 

 

Positively charged microbubbles were formulated in house and combined with commercially available DEBs 
loaded with doxorubicin. Drug release in saline over 48 hours was monitored by HPLC. Drug delivery/distribution 
was monitored via fluorescence by taking sections over 100 minutes from an agar vessel/phantom after 1MHz 
HIFU exposure at 1 MPa, 30% duty cycle for 20s. 

 

Microbubbles attached to DEBs at a concentration of >300 bubbles/bead. Microbubble-DEBs had a higher signal 
intensity than DEBs via ultrasound imaging. HIFU caused microbubble cavitation which enhanced the rate of 
drug release and increased by 50% the amount of drug deposited in an agar phantom 25 minutes after HIFU 
exposure which remained 35% higher after 100 minutes. 

 

Microbubbles were loaded onto DEBs allowing for enhanced ultrasound visibility and increased drug delivery in 
a tissue phantom after HIFU exposure. This system combines microbubbles and DEBs with clinical HIFU 
equipment and has the potential to improve the efficacy of TACE via enhanced drug delivery. 

 
Schematic of drug delivery mechanism of drug-eluting bubble-beads; the microbubble-DEBs loaded with doxorubicin block 
the blood vessel followed by application of HIFU to cause microbubble cavitation which will enhance the permeability of 
the surrounding blood-vessel resulting in improved distribution of doxorubicin into the surrounding tumor tissue. 
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Chemotherapeutic options for the treatment of brain cancer are limited. This is largely due to the blood-brain 
barrier, which not only excludes most therapeutics from entering the brain, but actively exports many chemicals 
that do make it through. Ultrasound and microbubbles have proven a useful tool for brain delivery, allowing for 
a focused, temporary increase in vascular permeability. Refillable intracranial drug reservoirs could be used to 
extend the pharmacokinetics of delivered molecules, mitigating rapid drug clearance and metabolism. Here we 
investigate the timeline of clearance for the model drug DBCO-Cy7 from the brain following ultrasound-
mediated delivery, establishing a timeline for intracranial reservoir evaluation. 

 

To evaluate the baseline clearance of DBCO-Cy7 in the brain in the absence of reservoir, vasculature was 
disrupted with focused ultrasound (1MHz, 100Hz PRF, 1e8 microbubbles) and DBCO-Cy7 was delivered. At 
time points of 3 hours, 24 hours and 7 days after treatment, animals were euthanized and the brains collected 
and imaged via whole-organ fluorescence imaging. 

 

At 3 hours, DBCO-Cy7 was clearly present in the treated hemisphere of the brain. By 24 hours, fluorescence at 
the target site had substantially decreased. At 7 days, signal had decreased further but still visible. 

 

To overcome limited drug exposure in the brain, a new strategy utilizing a refillable drug reservoir is being 
investigated. The reservoir consists of azide-labeled anchors deposited into tissue, which bind alkyne-labeled 
drug molecules, and has been demonstrated in intramuscular implantation. This work establishes a timeline for 
sample evaluation after treatment for ongoing work evaluating intracranial depots. 

 

Clearance of DBCO-Cy7 from the brain following ultrasound-mediated delivery. 
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The ability to spatially direct vascularization, a critical step following organ transplantation or implantation of 
engineered tissue, would be therapeutically beneficial for inosculation and vessel in-growth. However, acellular 
and cell-based strategies to stimulate vascularization typically do not afford this control. We developed a method 
of spatially-controlling angiogenesis using composite hydrogels termed acoustically-responsive scaffolds (ARSs). 
An ARS consists of a fibrin matrix doped with a phase-shift double emulsion (PSDE). Acoustic droplet 
vaporization (ADV) released basic fibroblast growth factor (bFGF), which was encapsulated within the PSDE. 
We investigate how spatially-defined patterns of bFGF release impact angiogenesis upon in vivo implantation of 
the ARS. 

 

Cylindrical ARSs (V = 0.3 mL), containing 1% (w/v) fibrin and 2.8% (v/v) PSDE with bFGF and C6F14, were 
polymerized ex situ. ADV was generated in four spatially-defined patterns (Fig. 1A) using ultrasound (2.5 MHz, 
f-number: 0.83, 8 MPa peak rarefactional pressure, 0.05% duty cycle). ARSs (n=5 per group) were subcutaneously 
implanted in dorsal pockets in SKH1 mice. As controls, fibrin-only scaffolds and fibrin+bFGF scaffolds were also 
implanted (n=5 per condition). Cell proliferation and blood vessel density was determined using Ki67 and CD31 
immunohistochemical staining, respectively, from scaffolds harvested on day 14. Microscopy images of the 
stained tissues were acquired in upper and lower regions of the implants and analyzed 

 

Significantly greater proliferation (Fig. 1B) and angiogenesis (Fig. 1C) were observed in tissues adjacent to +ADV 
regions of the ARSs compared to -ADV regions. 

 

Spatially-defined patterns of ADV within an ARS elicited spatially-directed patterns of angiogenesis. 
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A phase I clinical trial, showed the feasibility of transrectal HIFU in patients presenting posterior deep infiltrating 
endometriosis with rectosigmoid involvement, and assessed its safety and clinical efficacy in this specific 
indication, with the Focal One® device (EDAP). With this encouraging feasibility outcome, the next step was 
naturally to increase the treatment intensity in another clinical trial. A precise evaluation of deep infiltrating 
endometriosis acoustic properties, especially acoustic attenuation, seemed essential to determine the amount of 
energy absorbed by the tissue while treated. 

 

We led a descriptive study on patients undergoing colorectal resection for deep infiltrating endometriosis in our 
hospital. We aimed to evaluate not only deep infiltrating endometriosis acoustic attenuation, but also normal 
human rectosigmoid attenuation, at a 3MHz frequency, which is the working frequency of the Focal One®. 

 

We included 13 patients who were operated on for deep infiltrating endometriosis of the rectosigmoid in 6 months-
time in Croix Rousse Hospital (Lyon, France). The average attenuation of deep infiltrating endometriosis at 3MHz 
was 50.2Np/m, significantly higher than the average attenuation of normal recto-sigmoid, 32.8Np/m (p=0.0007). 

 

This knowledge allows to predict the amount of energy delivered to the treated bowel, within the normal tissue, 
and within the target lesion, which is a necessary piece of data to optimize our treatment. 
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Lipolysis by HIFU requires heating to temperatures less than those for thermal ablation of tissue. The first 
polyacrylamide hydrogel for monitoring lipolysis was reported in Kim et al (2019). However it is cloudy at room 
temperature and this prevent us from clearly observing the thermal lesion formed inside the gel. This study 
proposes an improved protocol to construct a transparent polyacrylamide hydrogel changes for monitoring 
lipolysis. 
 
We added an empirically chosen amount of sugar to the existing lipolysis monitoring phantom, since sugar is 
understood to get polyacrylamide hydrogel more transparent (Kim et al, 2018). The polyacrylamide hydrogel 
contains the same thermosensitive agent OP-10 as used in our previous work. The optical opacity of the phantom 
was measured in a water tank by a through transmission method of He-Ne laser as water temperature was raised 
by an external heated. 
 
The measured optical opacity of the proposed polyacrylamide hydrogel against temperature is displayed in the 
Figure, together with BSA polyacrylamide hydrogel and the existing polyacrylamide hydrogel for lipolysis. The 
figure shows that the proposed gel is optically transparent at room temperature unlike the existing gel and has the 
optical opacity varying in the temperature range of 45 ℃~75 ℃ that is appropriate for monitoring lipolysis like 
the existing gel. 
 
The proposed protocol was found to resolve the shortcoming of being cloudy at room temperature in the existing 
polyacrylamide hydrogel for lipolysis. The improved existing polyacrylamide hydrogel for lipolysis is expected 
to be useful in quality assurance of devices for thermal lipolysis. 

 

The optical opacity of the proposed polyacrylamide hydrogel for lipolysis in the temperature range of 30~90 ℃, compared 
with BSA polyacrylamide hydrogel (Lafon et al. 2005) and the existing polyacrylamide hydrogel for lipolysis (Kim et al 
2019). 
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Focused ultrasound is widely used to treat unhealthy tissues or tumors. To numerically measure the extent of 
overheating, usually, the thermal dose is calculated from the solution of the forward model of the bio-heat transfer 
equation (BHTE). Alternatively, the Skew Gradient Comparison (SGC) method with the closed-form solution 
(CFS) was previously used to solve the inverse problem. However, the method has multiple integrals of more than 
one parameter resulting in high computational complexity overheads. On the other hand, the conjugate gradient 
method (CGM) with the direct, adjoint and variation methods can provide a well-scaled search direction to 
converge more efficiently. In this study, our proposed method is developed to significantly reduce the 
computational time by combining CGM, CFS and the adjoint method. 

 

First, the heat source of the transducer used is approximated by a Gaussian function. Then, the continuous closed-
form solution of the BHTE is used to solve for the temperature values in the target domain and the gradient vector 
is calculated by using the adjoint method. The magnitudes of the focal point can be updated in each iteration and 
finally converge into an optimized solution. 

 

The results of the thermal dose distribution of using SGC is compared to our proposed method as shown in Fig.1. 

 

Both optimization techniques can find an optimal thermal dose distribution. However, our proposed method is at 
least 8 times faster than using the SGC. This proves that our proposed method can increase the efficiency without 
sacrificing the accuracy of the optimization method. 
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A phase I clinical trial showed the feasibility and safety of transrectal HIFU in patients presenting posterior deep 
infiltrating endometriosis, with the Focal One® device (EDAP). Since the patients who entered our first clinical 
trial were to have a mini-invasive procedure, operating on them afterwards to get proof of the histological effects 
of the HIFU treatment was not be an option. To explore these microscopical effects, we needed an animal 
endometriosis model compatible with an HIFU treatment as close as we could get to our clinical conditions. Our 
main objective was to create a reliable endometriosis murine model, with accessible tumors close to human DIE, 
with an acceptable animal tolerance. Treating these tumors with HIFU, with different intensities, and studying the 
immediate and slightly delayed effects were our secondary objectives. 
 
We chose to work with an immunodeficient murine model, from the BALB/c-nude line, allowing the injection of 
human cells without graft rejection, and with the Ishikawa cell line, a well-known human low-grade endometrial 
carcinoma cell line. We used 18 mice, with were injected with Ishikawa cells on both flanks. They were treated 
by the Focal One® device. 
 
The tumors were well tolerated by the animals, and acoustically close to human endometriosis. They were easily 
visualized by the Focal One® device. HIFU treatment generated an increased histological coagulation necrosis 

rate with a higher intensity and when the mice’s death was delayed after treatment. 
 
Our model showed that HIFU treatment delivered by our device is microscopically effective on endometriosis. 

 

Histological effect of HIFU treatment on a murine tumor. 
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High-intensity focused ultrasound (HIFU) is expected as new advanced therapy for unresectable PC. We have 
evaluated the therapeutic effect of HIFU therapy in locally advanced and metastatic PC. 

 

We treated PC patients by HIFU as optional local therapy as well as systemic chemo / chemo-radiotherapy, with 
whom an agreement was obtained in adequate IC, from the end of 2008 in our hospital. This study took approval 
of member of ethic society of our hospital. HIFU device used is FEP-BY02 (Yuande Bio-Medical Engineering 
Co.LTD., China). The subjects were 176 PC patients, i.e. 89 cases in stage III, 87 cases in stage IV. 

 

The effects of HIFU therapy were the following; the effectiveness of primary lesion was CR:0, PR:21, SD:106, 
PD:49 cases, primary disease control rate (DCR) more than SD was 72.2%. The therapy after HIFU treatment 
was operation in 8, chemotherapy in 143, immunotherapies in 4, and best supportive care (BSC) in 22 cases. MST 
after diagnosis in HIFU with chemotherapy and chemotherapy alone (100 patients in our hospital) was 772.3 vs 
346.6 days, respectively (p<0.05). The mean duration to HIFU therapy from the diagnosis (including the pre-
therapy period) was 391.5 ± 390.0 days (median: 288.5 days). MST after HIFU therapy was 379.8 days. 
Combination therapy of HIFU with chemotherapy was better result than common chemotherapy alone. 

 

This study suggested that HIFU therapy has the potential of new method of combination therapy for PC. 
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In our study we investigated the effect of MR-HIFU treatment on bone composition and mineral properties using 
Fourier-transform infrared (FTIR) vibrational spectroscopy to measure crystallinity, content of carbonate, acid 
phosphate ions and changes in the ratio of the inorganic bone component calcium phosphate and the organic 
component collagen (mineral/matrix). 

 

Fresh pig femur bones were treated ex-vivo with a Sonalleve MR-HIFU system (8mm treatment cell, 300W, 20s, 
1.2 MHz), sectioned and fixed using 4% formaldehyde. FTIR measurements over a scan range of 500-2000cm-1 
were performed at treated and untreated locations for each bone section (n=3). The following parameters were 
calculated for each bone location: Mineral crystallinity, carbonate/phosphate ratio, acid phosphate content and 
mineral/organic matrix ratio. Mineral crystallinity reflects crystal size and perfection and was obtained based on 
intensity ratios of 1030/1020cm-1 peaks, carbonate/phosphate ratio was obtained based on area ratio of v2 CO3

2- 
and v1-v3 PO4

3- peaks, acid phosphate content was obtained based on intensity ratios of 1127/ 1096cm-1 peaks, 
and mineral/organic matrix ratio was obtained based on area ratio of v1-v3 PO4

3- and amide I peaks. 

 

Within the same bone section, HIFU treatment led to an increase of the mineral/organic matrix ratio as well as the 
acid phosphate content, while the crystallinity decreased. The carbonate/phosphate ratios of bones before and after 
HIFU treatment did not change. 

 

Preliminary results suggested that MR-HIFU had an effect on the organic component in bone. In vivo pig study 
is ongoing to assess the changes in bone composition and mineral properties. 
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Two-Year Survival Outcome of HIFU Ablation for Inresectable Pancreatic Cancer: A 
Retrospective Study 

Kun Zhou1 
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To assess the efficacy and survival benefits of patients with initial diagnosed and unresectable pancreatic cancer 
(PC) who were treated with high intensity focused ultrasound (HIFU) ablation. 

 

A total of 41 patients with non-resectable PC disease who underwent ultrasound-guided HIFU ablation, and 
combined with 4-6 cycles of adjuvant chemotherapy. The age was 64.8 ± 9.8 (range: 41-85) years. The 

numerical rating scale (NRS) was 6.3 ± 2.6 (range, 1-10). The mean size of the PC was 38.1±13.6 (range: 14.7-
78.8) mm. Based on the TNM staging, 12 were stage III, and 29 were stage IV. 

 

The non-perfusion volume (NPV) ratio of 53.3%±18.4% (6%-90%) was obtained. Immediately after HIFU 
therapy, 32 (78.05%) patients reported pain relief. After 48 hours of HIFU, the NRS of all patients decreased to 
3.3±1.5 (range: 1-7), and all patients experienced persistent relief of pain for more than 3 months. The overall 
survival rates at 6, 12, 18 and 24 months were 67.2%, 42.6%, 26.0% and 13.0%, respectively. The median 
follow-up time was 7 (range: 3-30) months, and the median survival time was 11 months. Patients with TNM 
stage III disease achieved a 14 month median survival, that longer than stage IV patients (Figure 1.). 24 patients 
with NPV% ≥50% had a median survival time of 18 months, longer than those with NPV ratio less than 50%. 

 

HIFU has a promising analgesic effect in ablating PC, and there are long-term clinical benefits of combination 
adjuvant chemotherapy. TNM stage and NPV% ≥50% were important prognostic factors. 

 
Kaplan-Meier analysis of survival in patients with unresectable pancreatic cancer of TNM stage III and IV. 
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Radiosensitization Effect of Magnetic Resonance Imaging-Guided Focused Ultrasound 
in Prostate Xenograft Mice Model 
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Tretbar3,  Lisa Landgraf1,  Andreas Melzer1 
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3, Fraunhofer Institute for Biomedical Engineering, Germany 

 

Hyperthermia (40-45°C) is reported to sensitize cancer cells to radiation therapy (RT). Focused ultrasound (FUS) 
has been used as a non-invasive therapy in clinic and allows controlled hyperthermia under magnetic resonance 
(MR) control. Therefore, the radiosensitization effect of MR-guided FUS was investigated in a prostate xenograft 
mouse model. 

 

A novel MR-compatible phased-array transducer (Fraunhofer IBMT) was developed and installed in a preclinical 
7 Tesla MRI (Bruker, Pharmascan). The xenograft model was established by subcutaneous injection of prostate 
cancer PC-3 cells on the right flank, tumor-bearing mice were anesthetized with 2% isoflurane. FUS treatment 
was performed at 2MHz with adjusted power (~ 4.8W/cm2) to keep the temperature at 45°C for 30min. The real-
time temperature was monitored by fiber optics (Luxtron) and MR-thermometry. RT was conducted with a single-
dose X-ray at 10Gy (XStrahl Medical). Histology analysis was performed by hematoxylin and eosin (HE) staining, 
tumor proliferation (ki67) and apoptosis (TUNEL assay) were evaluated with 40 days follow-up. 

 

The combination of MRgFUS and RT lead to a reduction of the tumor volume and an increased survival without 
detectable damage to healthy tissues. HE staining showed less tumor nucleoli in the FUS+RT group compared to 
control (n=4). Immunohistochemistry staining of ki67 showed inhibition of tumor proliferation after FUS+RT 
(7.85%) compared to single RT (59.37%). Higher fluorescence intensity in the FUS+RT group indicated enhanced 
tumor apoptosis. 

 

The feasibility of non-invasive MR-guided FUS in a preclinical 7 Tesla MR was demonstrated. Histology results 
proved that the FUS-induced thermal effect has an additive effect to RT. 
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Optimizing Histotripsy Parameter Settings for the Treatment of Benign Prostatic 
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R. Sekar1,  Eli Vlaisavljevich3,  Lawrence True4,  George R. Schade1 

 

1Department of Urology, University of Washington, United States of America 
2Center for Industrial and Medical Ultrasound, University of Washington, United States of America 

3Department of Biomedical Engineering and Mechanics, Virginia Polytechnic Institute and State University, 
United States of America 

4Department of Pathology, University of Washington, United States of America 

 

Histotripsy is being investigated as a non-invasive treatment for benign prostatic hyperplasia (BPH). A prior 
clinical trial failed to show objective improvements in lower urinary tract function. This study compared the 
efficacy of prior clinical pulse parameters to new test parameters in ex-vivo human BPH (EVHP). 

 

Ex-vivo human BPH tissue specimens (N=8) were treated using an 18-element 700kHz piezoelectric transducer 
with a measured beamwidth of 13.25mm x 2.3mm. Tissue stiffness was 3D mapped using shear wave elastography 
(SWE). Samples were treated using “clinical parameters” (500 Hz pulse repetition frequency (prf), 3 cycle pulses) 
or test parameters (10 Hz prf, 20 cycle pulses) at an escalating number of pulses. Treatments were evaluated using 
B-mode, SWE, and histologic analysis (H&E, Masson’s Trichome). 

 

On SWE, pre-treatment EVHP Young’s moduli ranged from 20-300kPa. No treatment effects were detected with 

B-mode for “clinical parameters”. Conversely, hypoechoic cavity formation was evident with test settings. On 

SWE, significant mean reductions in Young’s modulus were observed for the test parameters (-49.45 +/- 38.65, 

P-value < .0001) but not for the “clinical” parameters (-.42 +/- 18.27, P-value = .942). On histology, test parameters 

(at 5,000 pulses/mm) in comparison to “clinical” parameters (at 25,000 pulses/mm), were more effective at 
consistently homogenizing both soft glandular and stiff fibromuscular regions. 

 

Parameter settings from a prior clinical device/trial (high prf, short pulses) failed to produce consistent ablation 
of fibromuscular BPH elements. Conversely, low prf/longer duration parameters may be better optimized, per 
pulse, for the treatment of heterogeneous human prostate.  

 
Funding: R01-DK119310-02, L30-DK122509 
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A) Masson’s Trichome of Histotripsy Treated EVHP Demonstrating Failure of Clinical Parameter Settings (500 Hz, 3 

Cycles) to Homogenize Collagenous Band B) Masson’s Trichome of Test Parameters Effectively Treating Glandular and 

Stromal Elements C) Graph Showing the Difference in Young’s Modulus (Treated-Untreated) Between Clinical vs Test 
Parameters 
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In-Vivo Liver Tissue Decellularisation by Pressure-Modulated Shockwave Histotripsy 
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1Center for Bionics, Korea Institute of Science and Technology, Seoul, Republic of Korea 
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3Department of Nuclear Medicine, Korea University Anam Hospital, Seoul, Republic of Korea 

 

Tissue decellularisation has been obtained by isolating extra cellular matrix (ECM) from cells using surfactant 
injection methods. Although these methods are effective for ECM-scaffold fabrication, selective decellularisation 
is challenging due to penetration of surfactants into a whole organ. Pressure-modulated shockwave histotripsy 
(PSH) is a promising high intensity focused ultrasound (HIFU) technique, enabling to produce a controlled-boiling 
bubble of less than 1 mm in diameter, resulting in precise mechanical tissue damage at the HIFU focus. For the 
first time, we apply the PSH to induce in situ liver tissue decellularisation in rat’s liver in vivo. 

 

A 2 MHz PSH pulse consisting of strong shockwaves for generating a boiling bubble (P+ = 85 MPa; P- = –14 

MPa; 4-ms pulse length) and of weakly nonlinear waves for controlling its oscillation (P+ = 30 MPa; P- = –9.6 
MPa; pulse length was varied from 1 to 100 ms) was employed. Agarose gel was used to confirm the presence of 
a PSH lesion at a given exposure condition (Fig.1a). Exteriorised in vivo liver was exposed to a single PSH pulse 
and then collected for histological analysis. Masson's trichrome staining of the liver tissue was performed to 
observe collagen structure within the PSH lesion. 

 

With the PSH exposure conditions used, hepatocytes were selectively destructed whilst major blood vessels, bile 
duct and collagen structure (an ECM scaffold) were intact within the PSH lesion in vivo (Fig. 1b). 

 

We demonstrate the feasibility of using the PSH in producing in situ localised liver tissue decellularisation for 
tissue regeneration. 

 

(a) The PSH lesion produced in agarose gel with 30 PSH pulses. (b) Masson’s trichrome-stained histological observation of 
the liver tissue immediately after the PSH exposure. A single 10 ms-long PSH pulse was employed. Collagen matrix (blue) 
are remained intact in the PSH-treated region (right) in the absence of hepatocytes. Yellow arrows indicate hepatocytes in 
untreated region (left). 
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In-Vitro Assessment of Lytic Dose on Histotripsy-Enhanced Thrombolysis 
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2Radiology, University of Chicago, United States of America 
3Medicine, University of Chicago, United States of America 

 

The standard of care to reduce the burden of venous thrombi is catheter-directed thrombolytic therapy. Caustic 
effects are correlated with lytic dose, and an adjuvant therapy that increases thrombolytic efficacy will therefore 
result in better clinical outcomes. Histotripsy is a focused ultrasound therapy under development that relies on the 
nucleation and action of bubble clouds to disintegrate thrombi through mechanical ablation and enhanced lytic 
delivery. In vitro studies have demonstrated effective clot degradation when combining histotripsy with systemic 
lytic administration, though has only been explored for doses modeling pharmacomechanical therapies. The 
objective of this study is to determine how histotripsy aids catheter-directed thrombolysis 

 

In this study, clots were exposed to histotripsy and lytic concentrations from 0 to approximately the dose employed 
for standard catheter-directed thrombolysis (~0.5 mg/hr). Lytic was administered directly into formed human 
whole blood clots through a valved infusion catheter (5-Fr, Cragg-McNamara). Histotripsy pulses of 20-cycle 
duration and 35 MPa peak negative pressure were applied along the length of the clot using a 1.5-MHz source 
designed for targets in the iliofemoral vasculature. Following histotripsy exposure, samples of the perfusate were 
assayed for metrics of thrombolysis (D-dimer and other fibrin degradation products). 

 

The lytic dose could be reduced by a factor of two when combined with histotripsy and produce improved D-
dimer levels compared to standard clinical approach. For clots exposed to lytic, histotripsy did not affect the 
generation of fibrin degradation products larger than D-dimer. 

 

Overall, this study shows that histotripsy is an effective adjuvant therapy with catheter-directed thrombolysis. 
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Stimulated Drug Delivery Using a Programmable Ultrasound Scanner Equipped with a 
3D Transducer Array 

 

Ryan Margolis1,  Lokesh Basavarajappa1,  Junjie Li1,  Kenneth Hoyt1 

 

1Bioengineering, University of Texas at Dallas, United States of America 

 

The overall goal of this research project was to assess 3D ultrasound (US) guided focused US therapy (USgFUS) 
on drug delivery to breast cancer in mice. 

 

Real time USgFUS was implemented on a programmable research scanner (Vantage 256, Verasonics Inc.) 
equipped with a dual transducer configuration for interleaved US imaging and 3D therapeutic energy delivery. 
Both the imaging and therapeutic transducers are 128 element arrays with center frequencies of 3.5 and 2.0 MHz, 
respectively. The latter is a concentric array that enables beam steering in 3D space. US treatment was performed 
at a mechanical index of 0.45, pulse repetition frequency of 10 Hz, and duty cycle of 10. USgFUS therapy was 
applied to breast-cancer bearing mice (N = 4) after receiving an intravascular injection of microbubbles (Definity, 
Lantheus Medical Imaging) and IR-780 dye. Note microbubbles function as a therapeutic mediator where the dye 
is a surrogate drug. Fluorescent imaging was performed at 0 (baseline), 2, 24, and 48 h. 

 

A 3D treatment approach improved surrogate drug delivery to target tumor tissue compared to 2D treatment with 
an increased delivery of 25.8 ± 0.1% at 24 h. Similarly, an average increase of 13.4 ± 0.1% was shown at 48 h. 

 

Preliminary data suggests 3D USgFUS treatment to an effective technique for improved drug delivery throughout 
the entire tumor space. 
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Histotripsy mechanically ablates tissue through precisely controlled acoustic cavitation. This study evaluates the 
impact of partial histotripsy ablation on survival outcome and metastasis development in an in vivo orthotopic, 
immunocompetent rat hepatocellular carcinoma (HCC) model. 

 

HCC tumors were generated by injecting 10 million rat-derived McA-RH7777 cells into the livers of 
immunocompetent Sprague-Dawley rats. Tumors reached 5-10 mm at 7-10 days post-inoculation, and ~50-75% 
tumor volume was targeted by delivering 1-2 cycle histotripsy pulses at 100 Hz PRF (P- >30 MPa) using a custom 
1 MHz transducer with US guidance. In the survival group (n=11, control and n=11, treatment), rats were 
monitored weekly using T2-weighted MRI for 12 weeks or until largest tumor dimension reached >25 mm. In the 
interval group, rats were euthanized after 2 (n=2, control and n=3, treatment) and 7 days (n=3, control and n=6, 
treatment) post-treatment. Liver tissue was harvested for histology. 

 

MRI and histology revealed effective post-histotripsy reduction of tumor with near-complete resorption of the 
ablated tumor and no metastases in 9/11 (81.8%) rats up to 12 weeks post-treatment. In comparison, 11/11 control 
rats were euthanized at 1-4 weeks due to increased local tumor burden and intrahepatic metastases. Histotripsy-
treated rats had significantly improved survival outcomes compared to controls (p<0.001). Preliminary 
immunohistochemistry results in the interval group showed that partial tumor ablation significantly enhanced 
immune cell infiltration, which likely caused complete tumor regression and prevented metastasis; complete 
histology results are pending. 

 

Partial histotripsy ablation promoted complete tumor regression with no observed metastases and significantly 
improved survival outcomes. 
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MRI demonstrated (A) complete local tumor regression after histotripsy compared to (B) intrahepatic metastases in control. 
(C) Increased immune infiltration of CD11b+ cells, CD8+ T cells, and NK cells was observed in histotripsy treated tumors 
compared to control. 
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Collagenous, anisotropic tissues such as tendon and uterine fibroids have demonstrated resistance to histotripsy 
therapies. B-mode ultrasound images taken during histotripsy treatment show successful creation of boiling 
bubbles and/or cavitation bubble clouds, but the oscillation and collapse of these bubbles does not cause tissue 
fractionation. The objective of this work is to evaluate histotripsy bubble dynamics in anisotropic tissue-
mimicking phantoms. 

 

Polyacrylamide, collagen, and fibrin hydrogels were fabricated, and the sound speeds were measured at 1 MHz 
in each axial direction for calculation of axial elastic moduli and thus anisotropy. Then, the hydrogels were placed 
at the focus of a 1.5-MHz high-intensity focused ultrasound transducer and insonified in each axial direction using 
conventional boiling histotripsy parameters (pulse duration: 10 ms, pulse repetition frequency: 1 Hz, p+=89 MPa, 
p-=26 MPa). Cavitation activity was monitored using a passive Philips/ATL L7-4 imaging transducer and 
Vantage® research ultrasound system and compared to high-speed photographs. 

 

Preliminary results in the tissue-mimicking hydrogels show violent cavitation activity and rapid gel fractionation 
during histotripsy treatment, which differs from what is observed in collagenous, anisotropic tissues. 

 

Future studies include modifying hydrogel mechanical properties through formulation adjustments and 
application of ultrasound during gel polymerization to make gels more similar to anisotropic collagenous tissues 
[Work supported by NIH R21EB027886]. 
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Pancreas Tumor Disruption with Focused Ultrasound 

 

Joan Vidal-Jove1 
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Background: The purpose of this presentation is to clarify all questions related to obtain the most successful target 
treatment in the pancreatic tumors. At this point, several research projects and companies are selecting the 
pancreas as a suitable indication to dedicate their efforts. I want to share my experience in the last 11 years after 
85 pancreatic tumor ablations performed. 

 

Justification: The case for pancreas tumor disruption as a health care priority is based on the incidence/prevalence 
and results with present available treatments: Median survival around 18 months. Five-year overall survival 
around 10%. Around 450,000 deaths per year worldwide, most in the western world. The anatomy: difficulties 
related to intra-abdominal location. No gender or age-related specific difficulties. 

 

Recommendations:  
Anesthesia: techniques of respiratory gating: shallow breathing volumetry, jet-ventilation like strategies. 
Stages and invasion: non-surgical cases, stage II-III and border line patients, metastatic cases. 
Best regions to aim at: the area between head-neck and body of the pancreas, around 60% of the tumor 
presentations. 
What not to do: treat tumors close to duodenum with risk to fistula formation, treat tumors close to bowel. 
How to overcome difficulties: the use of a water balloon, NG tube placement, gas minimizing procedures. 

 

Final comments:  
Do not expect 100% ablations with tumor margin. Reinforce strategies to aim at tumor micro-environment 
disruption. Work with protocols of combined chemo, targeted therapies or immunotherapies. 
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Molly Smallcomb1,  Julianna Simon1 

 

1Acoustics, The Pennsylvania State University, United States of America 

 

Histotripsy mechanically fractionates tissue into a liquid homogenate through the creation, oscillation, and 
collapse of bubbles. However, highly collagenous tissues like tendon have been resistant to mechanical 
fractionation via histotripsy. Previous research has shown that bubbles can be created in tendon but have not 
caused detectable fractionation, possibly due to insufficiently sized bubbles to create a pressure-release interface 
for atomization. 

 

In this study, a planar tissue-air interface was exposed to 1.5 MHz focused ultrasound with pulses of 0.1-10 ms 
repeated at 1-100 Hz and peak pressures up to p+ = 106 MPa, p- = 28 MPa (predicted). Atomization in fresh 
bovine tendons was compared to atomization after wetting the exposed surface and increasing the tendon 
temperature up to 58 ℃. Ejected particulates were monitored with high-speed photography (Nova FASTCAM, 
Photron) and collected for histological analysis. 

 

Results showed that tissue fragments were successfully ejected from the tendon (Fig), although the number of 
collected fragments was very low. Upon gross examination of the tendon surface, no hole was observed and the 
tendon was discolored suggesting thermal denaturation of the collagen fibers. No observable differences were 
seen in amount of collected fragments or gross morphology with increased temperature or wetting. 

 

Future work will investigate dual frequency in tendon to enhance bubble collapse and determine whether complete 
mechanical fractionation is achievable in bulk tendon. [Work supported by NSF GRFP DGE1255832 and NIH 
NIBIB EB027886] 

 

Fragments of the cells ejected from the tendon surface were observed histologically after exposure to 10 ms pulses at 1 Hz 
for 60 s. 
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Histotripsy is a method to fractionate tissues using short yet high intensity ultrasonic bursts. The high energy 
required is one of the methods’ limitations. We aim to develop a low energy method for breast cancer therapy 
using low frequency, nanodroplet-mediated histotripsy. Following activation of the nanodroplets into 
microbubbles and coupled with low-frequency ultrasound, these agents are used for noninvasive ultrasound 
surgery. 

 

A dual imaging-therapy setup is used for the concurrent activation and detonation of nanodroplets. Nanodroplet 
activation was performed with an imaging transducer (L7-4, Philips ATL). Following activation into 
microbubbles, a spherically focused transducer operating either at 250 or 80 kHz at different peak negative 
pressures (PNP) was applied to the sample. Initial optimization was performed in a tissue-mimicking phantom 
containing a cylindrical cavity of nanodroplet suspension. Next, nanodroplet-mediated histotripsy was tested in 
ex-vivo samples, where the mechanical damage was evaluated via histology. 

 

Nanodroplets with a mean diameter of 300 nm were fabricated. Activation initiated at a PNP of 4085 kPa 
(mechanical index of 1.82). Following activation, the onset of inertial cavitation was observed at PNP of 150 and 
75 kPa for frequencies of 250 and 80 kHz, respectively. In ex-vivo chicken breast, significant lesions and tissue 
debulking were observed with a low energy treatment of 80 kHz and a pressure of 250 kPa (mechanical index of 
0.9). 

 

Coupled with low frequency ultrasound, nanodroplets can serve as low energy cavitation nuclei for histotripsy, 
reducing the required energy for standard ultrasound surgery by over an order of magnitude. 
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Objective: In the context of boiling histotripsy (BH) ablation of targets adjacent to gas-containing organs and 
potential damage to the latter, ultrasound pressure thresholds of atomization-induced damage were investigated 
to define a safety margin around the BH focus. 
 
Methods: Fresh bovine blood clot-air interface served as an ex vivo model, as blood clot is known to have lower 
atomization threshold than soft tissues. The HIFU transducer focus was positioned at controlled distances above 
or below the interface (Fig.1A), and a 30-second long BH-exposure (10ms pulses, PRF 1Hz) was delivered. The 
surface damage was then photographed (Fig.1B). Three 1.5 MHz transducers (F-numbers of 0.77, 1 and 1.5) were 
used to correlate safety margins with the acoustic field structure. Their acoustic fields were calculated using 
equivalent source approach and compared to outlines of the disrupted surface. Wave reflection from the surface 
and standing waves formation were accounted for by a virtual source method. 
 
Results: In the prefocal area, the safety margin (Fig.1C) followed the peak negative pressure of 4 MPa in the 
standing wave corresponding to the incident peak-to-peak pressure of 4 MPa. Within the main focal lobe, the 
safety margin was determined by the maximum lesion width, and in the postfocal area – by the focal lobe 
transverse width and position of the first postfocal pressure axial null. 
 
Conclusion: Ultrasound pressure-based safety margin around a BH transducer focus was determined and can be 
superimposed onto in-treatment ultrasound image to avoid damage to gas-containing bodies. 
Acknowledgements: Supported by NIH R01GM122859, RFBR 20-02-00210. 

(A) Experimental setup. (B) Examples of disrupted clot surface observed with the focus positioned above (top) and below 
(bottom) the surface for the transducers with F-numbers of 0.77, 1 and 1.5. Scale bar is 5 mm. (C) Safety margins (red line) 
superimposed onto photographs of typical BH lesions and the contours of 4 MPa peak-to-peak pressure in the incident 
acoustic field (black line). 
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Low-boiling point (-2°C) perfluorocarbon nanodroplets have been used as cavitation nuclei for cavitation-
enhanced sonothrombolysis. Although several studies showed that nanodroplet (ND)-mediated therapy 
outperformed microbubble (MB)-mediated therapy for dissolving aged blood clots, a suitable pulsing scheme with 
a corresponding inertial cavitation effect has not been clarified yet. In this study, we aim to clarify the effect of 
pulsing conditions on nanodroplet-assisted cavitation and consequent thrombolytic efficacy. 

 

We tested in vitro thrombolysis efficacy of two pulsing schemes (180 and 450-cycle bursts) of 1 MHz focused 
ultrasound while maintaining the same rarefaction pressure (8 MPa) and duty cycle (0.09%). Aged bovine blood 
clots samples were positioned in a femoral artery flow model with 20 min insonation for each treatment. Passive 
cavitation detection (PCD) data were analyzed to compare the inertial cavitation level of each case. The in-house 
lipid-shelled decafluorobutane (DFB) microbubbles or nanodroplets were infused with the constant infusion rate. 

 

The case with 180 cycles with 5 Hz pulse-repetition frequency (PRF) showed higher thrombolytic rates (44.5% 
for MB-infusion and 52.3% for ND-infusion) than the results of the 450-cycle (2 Hz-PRF) case: 40.8% for MB-
infusion and 43.9% ND-infusion. The inertial cavitation level corresponds to the clot mass reduction rate. ND-
infusion case showed a 1.2-fold cavitation level than MB-infusion case with 180 cycle burst, whereas 450-cycle 
burst did not show a significant difference. 

 

We interpreted the results that the low-burst cycle is more suitable to utilize ND-cavitation effects in 
sonothrombolysis, whereas the redundant burst cycles equalize the cavitation effects of ND and MB. 
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Focused ultrasound(FUS) combined with microbubble can temporary induces blood brain barrier(BBB) opening. 
We investigated the effects of BBB on hippocampal long term potentiation (LTP) and cognitive function in a 
mouse model of Alzheimer’s disease. 

 

Male 5xFAD mouse (7-month) were randomized by weight and housed in cages. The animals were distributed 
into five groups: Tg, Tg+FUS, Littermate (LM), LM+FUS and Sham(Naïve) groups. We applied FUS to the 
hippocampus with microbubble and LTP was measured 6 weeks after BBB opening using FUS. Field recordings 
were made with a concentric bipolar electrode positioned in the CA1 region using an extracellular glass pipette 
filled with artificial cerebrospinal fluid. Morris water maze was performed to test cognitive function. 

 

LTP induction at Schaffer collateral (SC)-CA1 circuit was significantly suppressed in the 5xFAD mouse when 
compared with LM and this impairment was almost restored in FUS treated 5xFAD mouse. The increased field 
excitatory postsynaptic potential (fEPSP) rates are as follows: Naïve 40.5 ± 2.304, LM 40.24 ± 5.156, LM+FUS 

41 ± 5.949, TG 12.24 ± 2.598, TG+FUS 37.87 ±5.689. (Data are represented as mean ± SEM) 

 

Our results demonstrated that FUS has a significant impact on increasing LTP at SC-CA1 synapses and rescues 
cognitive dysfunction and working memory in the 5XFAD mouse model. Therefore, it could be a promising 
treatment for neurodegenerative diseases in that it remarkably increased LTP thereby improving working memory. 
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8. Emerging Technologies and Hardware 

EP8-01 

Intracellular Calcium Signaling Dynamics during Non-Ablative Focused Ultrasound 

 

Robert Rosenblatt1,  Parwathy Chandran1,  Joseph Frank1,  Scott Burks1 

 

1Radiology and Imaging Sciences, NIH Clinical Center, United States of America 

 

Mechanotransduction of pFUS forces upregulates expression of chemoattractants and cell adhesion molecules 
that increase stem cell tropism to sonicated tissues. Expression of chemoattractants requires NFκB-dependent 
upregulation of cyclooxygenase-2 (COX2) in sonicated tissues, which are dependent on cytosolic Ca2+ increases, 
but the mechanisms of intracellular Ca2+ signaling during sonication are poorly understood. 

 

TCMK1 cells were sonicated at 3MPa (1MHz operating frequency; 10% duty cycle; 10Hz pulse repetition 
frequency; 300 pulses). Live-cell Ca2+ imaging was performed and and TCMK1 cells transfected with a green-
fluorescent-protein NFκB reporter evaluated NFκB expression. Intracellular Ca2+ dynamics were disrupted using 
pharmacological or genetic inhibitors. 

 

Pharmacological or genetic manipulation of cytosolic-Ca2+-generating mechanisms revealed that pFUS activated 
mechanosensitive transient receptor potential C1 (TRPC1) channels and voltage-gated Ca2+ channels to cause 
Ca2+-induced Ca2+ release (CICR) from ryanodine receptors. In addition, pFUS increased cytosolic Ca2+ from 
inositol triphosphate (IP3) receptors. IP3 was formed by extracellular-ATP-activation of purinergic P2Y receptors. 
In total, upregulated NFκB required increased cytosolic Ca2+ from both CICR and IP3-mediated release. Inhibiting 
cytosolic Ca2+ extrusion by the Na+/ Ca2+ exchanger or plasma-membrane Ca2+ ATPase, or store-operated Ca2+ 
entry through ORAI1 inhibition did not affect NFκB expression. 

 

Elucidating mechanisms of Ca2+ signaling by pFUS could improve demonstrated stem-cell based regenerative 
medicine approaches. However, the capability for pFUS to modulate intracellular Ca2+ dynamics is of interest in 
numerous other pFUS applications currently being investigated, such as physiological and immune modulation in 
cancer and neuropathologies. 
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The dark band in MR imaging is a well-known issue in the FDA-approved Insightec tcMRgFUS system. 
Previously described ‘Propeller Beanie’ passive crossed wires have been shown to be a simple and efficient way 
to alleviate the dark band and restore the RF field. At the same time, local receive-only coils have been introduced 
to improve SNR. Since receive-only coils cannot solve the dark band during transmission, it is desirable to use 
the two together to achieve both high SNR and a more uniform and efficient transmit field. In this work, we use 
numerical simulations to investigate whether and how the crossed wires will impact the receive coils’ performance. 
 
Passive crossed wires (1/2 wavelength dipole antennas) and the 2-ch ‘shoot through coil’ array were modeled 
following the designs in Yan et al (ISMRM2020 P103) and Jones et al (Focused Ultrasound 2012 P-96-BR) 
(Figures 1A-B). 
 
Figure 1C shows the current distribution of each active loop, without and with the crossed wires. It is found that 
while one wire/dipole that is parallel to the coil surface exhibits induced current, the presence of the crossed wires 
does not change the current distribution in the loop coils. Figures 1D and 1E show tuning/matching and coronal 
SNR maps with and without the crossed wires. 
 
Our simulation results reveal that the passive wires will not disturb local coils' tuning/matching performance. We 
also note that the wires further improve the local coils' SNR due to their helpful reflection effect. 

 

A: Circuit diagram of a single local loop coil. B: Simulation models of 2-ch ‘shoot through coil’ array, without and with the 
passive crossed wires/dipoles. C: Surface current distribution of the loop coils and the crossed wires/dipoles. D: The coil 
matching/tuning performance. E: Simulated SNR maps in the central coronal slice of loop array. 
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Passive Cavitation Detection with a Needle Hydrophone Array 
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Therapeutic ultrasound technologies using microbubbles require monitoring to ensure safe and effective 
treatments. Monitoring can be achieved by capturing and analyzing the acoustic emissions radiated by the 
microbubbles using a passive cavitation detector (PCD). However, the best PCD - needle hydrophones - is not 
practical due to their high cost while the most common PCD - focused transducers - have spatial averaging artifacts 
due to their large diameter. Here, we introduce a small 1-mm-in-diameter, broadband sensor, which could be 
incorporated into a PCD array. 
 
Our sensor used a 1-mm-in-diameter polyvinylidene fluoride (PVDF) sheet (Fig. 1). We built a pre-amplifier with 
a consistent gain of 5 up to 15 MHz. We compared our sensor to a commercially available 1-mm-in-diameter 
needle hydrophone system (Precision Acoustics, U.K.). Microbubbles in a channel were exposed to ultrasound 
and signals were simultaneously captured with the needle hydrophone and our sensor. 
 
Our sensor captured the unique shockwaves that microbubbles generate at therapeutically relevant pressures (0.5 
MHz, 0.38 MPa, 10 cycles). Shockwaves are not normally observable using conventional focused PCDs due to 
spatial averaging and a low bandwidth. Since the sensors were placed at different locations and there were more 
than one microbubble in the ultrasound field, the waveforms of the received signals were different, as expected. 
 
We developed a small-diameter and broadband acoustic sensor, which can capture shockwaves from microbubbles. 
We plan to incorporate our low-cost sensor into a larger array, enabling high-resolution, broadband, passive 
acoustic mapping. 
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Compact Cell Sonoporation Device for Adhesive Cells 
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Recent advancements in ultrasound therapy target drug delivery and other therapeutic applications such as gene-
delivery. Running such studies can benefit from an affordable and compact cell device that provides controlled 
and uniform acoustic pressure on cells. We have designed a compact and low-cost device compatible with 96 and 
24 well-cell plates to perform ultrasound cell exposure on adherent cells. 
 
The device was designed to be immersed in a water bath and perform ultrasound exposure to 6 wells of a 24-well 
plate each time. The cell plate with a transparent thin plastic bottom is positioned on a holder in front of the 
transducers. By manually moving the plate to each corner, the 24 regions of the plate are treated. The device uses 
six 30-mm planar transducers mounted at a distance where uniform pressure was obtained for the well. The 
uniform pressure regions at different heights were first determined by simulation (k-wave) and then confirmed 
using hydrophone measurements. 
 
Three embodiments of the cell-device were built for 330 kHz, 500 kHz and 1 MHz exposure. The uniformity of 
the exposure was confirmed by hydrophone measurements over the area of one well. Between 70% and 100% of 
the well-area had a measured acoustic pressure at the set value ±25%, with the device working at 330 kHz showing 
the highest uniformity 
 
A low-cost cell device compatible with standard 24 and 96-well cell culture plates was built. It is able to provide 
uniform acoustic pressure exposure to the entire cell plate. 

 

Proposed cell device: (A) & (B): top view, (C):Bottom view, (D): Isometric 



263

EP8-05            

Sound Pressure by Structural Changes of Carbon Nanotube Transducers 
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Carbon Nanotube (CNT) transducers generate shock waves and their mechanical effects can be applied to 
therapeutic ultrasound. However, few studies have investigated the sound pressure caused by structural changes 
of the CNT transducers. The backing layers and the laminated structures of the CNT transducers were fabricated 
and the pressure of the shock waves from these CNT transducers was compared for performance evaluation. 

 

The laminated structures of the CNT transducer (Focal length=14 mm, D=20 mm) were fabricated in CNT-PDMS 
(two layers) and PDMS-CNT-PDMS (three layers). The three backing layers of the CNT transducer were also 
tried with acyl, air, and water. A laser (STL-5000Q, StraTek, Rep. of Korea) was used as a pulse repetition rate 
of 2 Hz. Laser energy was scaled as the setting energy levels ranging from 300 to 800 mJ/pulse. The acoustic 
waves were measured by a 0.5mm needle hydrophone (Precision Acoustic, UK). 

 

The positive pressure from the two layers was higher than the one from the three layers (Figure 1(a)). However, 
the negative pressure did not change significantly. For air and water backing CNT transducers, positive and 
negative sound pressures were measured to be much lower than that with acrylic backing (Figure 1(b)). The 
thickness of the CNT-PDMS composite layer was measured to be 25 μm. 

 

The pressure of the shock wave was the highest when fabricated as the two-layered CNT transducer with acrylic 
backing. The characteristics of sound waves could be quantified with the measured thickness and structure from 
SEM images for better and robust performance. 

 

Figure 1(a) Acoustic pressure of the shock waves from the two- and three- layered CNT transducers at 700mJ of laser 
energy. (b) Pressure amplitudes from the two-layered CNT transducers with three different backing layers of acryl, and air, 
and water with laser energy from 300 mJ to 700 mJ. 
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Compact Cell Device to Perform Sonoporation Experiments on Adherent Cells 
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Sonoporation is an ultrasound-based technique to transiently increase the permeability of cell membranes. This 
technique is used for localized delivery of drugs or DNA molecules in gene or cancer therapy. We have designed 
a compact and affordable Sonoporation device for 24 and 96 well plates to perform in-vitro studies on adherent 
cells. 

 

Three embodiments of the Sonoporation device for 330 kHz, 500 kHz, and 1 MHz were constructed and 
experimentally validated. For each device, an array of six transducers matched to 50 ohms were mounted onto the 
bottom frame. The optimal treatment distance between the well plate and transducers were determined to be 47 
mm, 74.3 mm, and 48.5 mm for 1 MHz, 500 kHz, and 330 kHz devices, respectively. Mouse dermal fibroblast 
cells were treated with Sonoporation on 24 well plates. After the device was immersed in a water bath heated at 
37 ℃, pulsed ultrasound of 50% duty cycle, 7 Hz repetition frequency, pressures of 0, 30, and 50 kPa, and 1- and 
3-minutes exposure times were applied to induce Sonoporation. 

 

Live/Dead (Viability/Cytotoxicity Kit) staining, and microplate reader measurements were performed 24 hours 
after treatment to access cell viability in each well. For 300 kHz, the percent of dead cells increased with the 
increase in exposure time to 3 minutes and pressure from 0 to 50 kPa. 

 

For 500 kHz, and 1 MHz devices, sonoporation treatment with low pressure values and 1 or 3 minutes of exposure 
times did not have a significant impact on cell viability. 

 
Figure 1: Percent of Live and Dead cells after the ultrasound exposure. Increasing trend in the percent of dead cells as the 
pressures and exposure times increase for 330 kHz. (There is no statistical difference between the different groups) 
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Multi-Axial Transducers for Passive Point Source Localization 
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Single-element monitoring of cavitation resulting from high-intensity focused ultrasound techniques, such as 
histotripsy, are unable to provide robust source location information. However, single multi-axial transducers, or 
transducers with more than one paired set of orthogonal electrodes, demonstrate an ability to estimate spatial 
information about acoustic sources. Thus, the objective of this study is to numerically demonstrate source 
localization using multi-axial transducers. 

 

The piezoelectric response of biaxial transducers (two pairs of orthogonal electrodes) and triaxial transducers 
(three pairs of orthogonal electrodes) to an acoustic point source was modelled using frequency-domain 
simulations with COMSOL Multiphysics®. A grid of sources was tested with an average distance (+/- s.d.) of 
11.7 +/- 1.40 cm in the biaxial case and 12.5 +/- 0.844 cm in the triaxial case. The ratio of electrode voltages and 
their phase differences were used to estimate point source direction relative to each transducer. Geometry and 
trigonometry were employed to calculate spatial coordinates and RMS error was calculated as a measure of 
accuracy. 

 

For various terminal pairings, the phase difference and amplitude ratio showed a relationship to the source 
direction. Single biaxial and triaxial transducers were able to estimate the direction of a source in two- and three-
dimensions, respectively. Two biaxial or triaxial transducers could estimate the position of a point source in two- 
and three-dimensions. 

 

Multi-axial transducers can directly localize acoustic point sources. Biaxial and triaxial transducers demonstrate 
two- and three-dimensional localization capabilities and two multi-axial transducers can provide an estimate of 
the spatial coordinates of a point source. 
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We aim to develop a fully 3D-printed platform for the detailed investigation of microbubble (MB) dynamics in 
physiologically-relevant flow systems for ultrasound-based therapy research. 
 
MicroCT was used to recover typical microvessel geometries (Fig 1A). Photoinitiator (LAP) and photoblocker 
(tartrazine) were used to create UV responsive BEMA hydrogel (20% wt) for 3D printing (HD27UV, ASIGA) of 
complex small diameter channels (Fig 1B). Acoustic and mechanical characterisation demonstrated validity to 
mimic tissue. 3D-printed samples were positioned in a tank of outgassed water at the coaxial focus of a pair of 
matched, single-element focussed transducers (Panametrics; f=3.5 MHz) (Fig 1C). Flow was controlled by syringe 
pump (50 µL/min, LEGATO110) and MBs (SonoVue) added as bolus. The transmit transducer was driven at 3.5 

MHz (10 cycles burst, PRF 10 ms, MI at the focus: 0.15 – 0.45) via signal generator (AFG3102, Tektronics) and 
amplifier (A300, E&I). Signals scattered by the microvessel/MBs were received via a pulser/receiver and pre-
amplified (PR35, JSR) for acquisition to a PC. 
 
3D-printed tissue-mimicking microvessel flow systems to replicate physiologically-relevant geometries were 
developed and demonstrated. MB backscattered signals were acquired for post-processing, demonstrating proof 
of principle to investigate influence of vessel geometry, mechanical index and flow rate on backscatter 
characteristics (Fig 1D). 
 
We demonstrate the rapid fabrication of complex microvessel structures with acoustic, mechanical and anatomical 
characteristics to mimic tissue. We show that the commissioned platform can be used for the controlled 
investigation of MB acoustic responses, and the extent to which they are influenced by acoustic, anatomical and 
physiological conditions. 

 
(A) MicroCT acquired model of porcine mesentery microvasculature; (B) Micrograph of an example 3D printed complex 
microchannel structure (helical channel, 350 µm diameter, winds around curved channel, 150 µm diameter, dye added for 
visualisation); (C) Schematic of experimental set up; (D) Log frequency spectra comparing backscattered signal of MBs to 
no MBs (water), arrows show harmonics. 
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9. Other applications  
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Variability in Acoustic Outputs from the Shock Wave Transmitters Line-up Employed 
in a Ballistic Shock Wave Device 
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Various shock wave transmitters are chosen to meet treatment areas in ballistic extracorporeal shock wave 
therapy(ESWT). This study aims to compare the acoustic outputs measured for the shock transmitter line-up of a 
clinical device to reveal their variability. 
 
Impulsive vibration on the surface of three flat transmitters(5, 10, 15 mm in diameters) and two surface circular 
curved transmitters(20, 35 mm in diameters) of a clinical ESWT device(Zeuswave, Weverinstruments, Rep. Korea) 
was measured with a laser vibrometer(OFV-5000, Polytec, Germany). 
 
The measured spectral and exposure parameters are shown to be largely different for different transmitters, even 
if the output setting remains unchanged (1 bar). In the flat transmitters, the peak pressures (P+, P-) apparently 
decrease with diameters, while they are close between the two curved transmitters. The largest difference (~150 
of the ratio of the largest to the lowest) was observed in the energy flux density EFD, decreasing from 30 mJ/mm2 
(for the minimum diameter of 5 mm) to 0.2 mJ/mm2 (for the largest diameter of 35 mm). The characteristic 
frequencies vary a factor of ~7 in fc and ~3 in fm without showing a trend with the diameter. 
 
Acoustic outputs from the shock wave transmitter line-up of the ballistic ESWT device were found to be largely 
different at the same output setting, up to 150 times in EFD. This suggests that the acoustic output of each shock 
wave transmitter must be provided to users and care should be taken in selecting the transmitters to deliver the 
planned acoustic dose to patients. 

 

Comparison of acoustic outputs from the shock wave transmitter line-up employed in a commercial ballistic shock wave 
therapeutic device. 
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Hyperthermia is a therapeutic treatment in which the temperature of the target, usually a tumour, is increased to 
non-ablative levels (e.g. 43°C) to improve oxygenation and stimulate blood flow. Hyperthermia can also increase 
the sensitivity of the target to radiation, thus improving the efficacy and reducing the required dose for 
radiotherapy. Ultrasound can deliver hyperthermia in a precise, localized and controlled way. We developed and 
tested a system to treat superficial tumours in small animals. 

 

A transparent, conical shaped applicator was mounted on a 3.57MHz, MR-compatible focused transducer. The 
length of the applicator was chosen such that the -6dB beamwidth (in the far field) was 20mm. The field was 
measured in water using a calibrated hydrophone with and without the cone. The cone was filled with degassed 
water and equipped with an acoustically transparent membrane for coupling. 

 

We tested the system on a custom IEC-agar based phantom with 4 embedded 75µm thermocouples, positioned 
superficially on the acoustic axis and every 2.5mm on a radius. By controlling the input power during the exposure 
based on the thermocouple readings, we managed to keep the temperature increase of the target region at 
+6°C±1°C for up to 10 minutes. We repeated the experiments with a thermochromic material with transition 

temperature of 43°C in a temperature-controlled bath (Fig.1). 

 

The system can be used for hyperthermia on small animals to treat superficial tumours. The target temperature 
can be closed-loop controlled. No significant temperature increase was detected outside the target area. 

 

(Left) Picture of the setup, (Right) A 20mm diameter lesion generated in a thermochromic phantom 
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To determine the effect of low-intensity ultrasound on cancer cell growth. 

 

In vitro, several cancer cell lines were exposed to low-intensity ultrasound at 0.11 W/cm2 for 2 min. Of the cell 
lines screened, melanoma (C32) cells showed sensitivity to growth inhibition by ultrasound and were therefore 
used in succeeding experiments. In vivo, at the same ultrasound conditions used in vitro, C32 tumors in mice were 
exposed to ultrasound daily for two weeks and the tumor volumes monitored weekly by sonography. 

 

In vitro, C32 cell growth was inhibited, attaining 43.2% inhibition on the 3rd day. In vivo, tumor growth was 
significantly inhibited with the treated tumors exhibiting 2.7 times slowed tumor growth vs. untreated tumors at 
week two. Such inhibition was not associated with cell death but several genes were significantly regulated. 

 

This finding may suggest that the mechanical stress induced by ultrasound on C32 cells may have affected the 
intrinsic biomolecular mechanism related to cell growth of this particular cell line. Although further study is 
needed to identify which of the regulated genes played key roles in the growth inhibition, this non-invasive, safe, 
and easy-to-administer method might prove useful in the treatment of melanoma. 
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This study introduces a new design of robotic positioning system for localized brain region stimulation using low 
intensity focused ultrasound (FUS). Brain stimulation using FUS requires very high positioning accuracy 
(millimeter to sub-millimeter resolution). However, it is difficult to locate the transducer at the correct position 
and orientation by holding them in hand, because a transducer with water bags is generally heavy and need to 
maintain the same position for a long time. 

 

Therefore, it is necessary to install the transducer to the robotic arm and to match the estimated focus to the correct 
treatment site while monitoring the position of the transducer relative to the position of the patient through the 
navigation system. In this study, we propose an optimized design of positioning robot for FUS based brain 
stimulation. 

 

The proposed robot system supports a positioning process divided into two steps. The first step is the process of 
rough positioning of the transducer on the patient’s head by moving serial robot arm. The second step is the process 
of fine positioning of the transducer by moving robotic end-effector with multi degree of freedom. 

 

The advantage of this system is that it is expected to reduce the errors that can occur when the entire robot arm 
with a large mass moves into fine direction and position, and also rapidly respond small movements of the patient 
during the procedure. 

 

Robotic neuro-stimulation system with multi-DoF endeffector 
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Nanobubbles (NBs: sub-micron size bubbles) are expected to be applied as a prospective gene or drug delivery 
system. We aimed to clarify the relationship between the particle size of NBs and ultrasonic responsiveness. 

 

Human serum albumin-based NBs were prepared by Super High Speed Vibration Bubbling (SHiSViB) method. 
As energy input to NBs, centrifugation (1000-5000 g, 10 minutes), or ultrasound (US) irradiation using 
sonoporator (Sonidel SP-100; 0.5-5.0 W/cm2, 5-180 seconds, Duty ratio 50%) was performed. The NBs particles 
were measured using flow cytometer (FCM) and nanoparticle tracking analysis (NTA). The wells of Lummox(R) 
96 multiwell plates with a transparent base oral squamous carcinoma cell line (HSC-2) cultured were replaced 
with 100μl centrifuged or uncentrifuged NBs containing pNL1.3.CMV. The wells were irradiated with US. 
Twenty-four hours later, luciferase activity was evaluated. 

 

The total number of NBs was approximately 7.4 x 10^4 particles/μl. It was found that NBs around 400 nm or 
more (400-NBs) were mainly lost by centrifugation or sonication, leaving particles below 200 nm (200-NBs). By 
sonication, the loss of 400-NBs occurred within the first 10 seconds, whereas 200-NBs were generated even in 
solutions without NBs. Luciferase activity increased in samples with NBs. It was almost 4 folds compared to the 
sample without NBs. It was significantly reduced in the centrifuged NBs. It was revealed that gene transfer 
occurred within the first 10 seconds sonication. 

 

NBs with a diameter around 400 nm or more are highly responsive to ultrasonic waves, and they seem to role cell 
membrane perforation and gene transfer. 

 

 

 

 

 

 

 

 



272

EP9-07  

Efficacy and Comparison of the Ultrasonographic Contrast in Rat Models with Various 
Muscle Injuries 

 

Da-Sol Kim1,  Dongwon Lee2,  Yu Hui Won1,  Sung-Hee Park1,  Myoung-Hwan Ko1,  Jeong-Hwan 

Seo1,  Gi-Wook Kim1 

 

1Department of Physical Medicine and Rehabilitation, Jeonbuk National University Hospital, Republic of Korea 
2Department of BIN Convergence Technology, Jeonbuk National University, Republic of Korea 

 

Ultrasonographic contrast agents are used for vascularity or microcirculation of internal organs using gas-filled 
microbubble contrast, but ultrasonographic contrast agents in musculoskeletal injury are not used clinically and 
there is little studies. The study of ultrasonographic contrast agents in pathologic changes after muscle injury will 
be help in clinical diagnosis and understanding pathology. 
 
A large amount of hydrogen peroxide (H2O2) is generated during musculoskeletal damage and therefore, H2O2 
holds great potential as a diagnostic and therapeutic marker. In the previous study, H2O2-responsive poly (vanillyl 
alcohol-co-oxalate) (PVAX), which rapidly scavenges H2O2 and generates CO2 bubbles through H2O2-triggered 
hydrolysis, which could serve as an ultrasonographic contrast or therapeutic agent for contusion injuries. We 
further research poly(vanillin oxalate) (PVO), which exchanged vanillyl alcohol to vanillin. In this study, an outer 
layer injury model through laceration and punch and an inner layer injury model through contusion and injection 
using carrageenan for inflammation were produced. As an ultrasonographic contrast agent, H2O2-responsive 
nanoparticles (PVO) and SonoVue®, which are used internal organs, were used. 
 
PVO nanoparticles was contrasted with relatively similar damage patterns in both the outer layer injury model 
(laceration and punch) and the inner layer injury model (contusion and injection) (Figure). On the other hand, 
SonoVue® was primarily contrasted in the outer layer injury model. In addition, PVO nanoparticles showed 

longer contrast time than SonoVue®. This difference may be a mechanistic difference in the contrast method. 
 
This study further expands the possibilities of ultrasonographic contrast agents using H2O2-responsive 
nanoparticles as theranostics of musculoskeletal disorders. 

In this study, an outer layer injury model through laceration and punch and an inner layer injury model through contusion and 
injection using carrageenan for inflammation were produced. All injured models showed higher H2O2 concentrations than 
sham. After the direct injection of PVO into the muscles adjacent to the injured site, they were contrasted with relatively 
similar damage patterns. 
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This study was designed to investigate the mechanisms of cell death induced by the effects of therapeutic 
ultrasound (TUS) in combination with microbubbles (MBs). 

 

Human pancreatic cancer cell, CFPAC-1 (2x10^6 cells in 1 ml solution) were transferred to a 2ml centrifuge tube. 
At three different sonication mode (continuous, duty cycle of 50% and 10%) and three different volume of MBs 
(0, 10, 50 μl), the cells were sonicated for 5 minutes with and without anticancer agent, Gemcitabine. In order to 
keep the total acoustic energy of the sonication, different acoustic intensity was set for each mode. After re-
culturing for 24 hours, cell viability, apoptosis, necrosis, and autophagy were analyzed. 

 

As increasing the acoustic intensity with decreasing duty cycle, the late apoptosis by the treatment of TUS and 
gemcitabine was increased and it was more enhanced by the treatment additional with 10 μl of MBs which is 

compatible volume rate in clinical use. However, with 50 μl of MBs, no significant enhancement of apoptotic 

effects by gemcitabine was observed at all sonication conditions. For the treatment group with 10 μl of MBs and 
without MBs, it showed decreasing rate of autophagy. 

 

Based on the apoptosis and autophagy analysis, the treatment of TUS and MBs can enhance the apoptotic effect 
of gemcitabine while necrotic effect can be dominant with relatively high volume of MBs. For the cancer treatment 
using TUS and MBs, proper treatment protocol is need to use either the apoptotic effect or necrotic effect of TUS 
and MBs. 
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IMGT (Image Guided Therapy) Co., Ltd.
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Ultrasound is a versatile technology that is 
becoming increasingly important in medical 
technology – not only in imaging therapies 
but also in so-called incisionless surgeries.
Piezoelectric transducers serve this purpose 
perfectly: Placed extracorporeal, they project 
an ultrasonic focus into the body.
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CT Auto Injector

✚ An efficient process
•Tandem 기능 : 2개의 다른 조영제를 병렬로 사용 가능

- 동일 제품의 조영제 2병을 동시 사용시 CA1에서 CA2로 자동교체
- 50ml ~ 1,000ml 용기 사용 가능(Bag, Bottle 타입 무관)

•Pump tube : 1일 1회 설정 
(최대 24시간 사용 가능)

✚ Economical and 
environmentally friendly

•간편한 조작으로 환자 준비 시간 단축
•2가지 소모품(Pump tube, Patient tube)만 사용
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CT motion은 다양한 환자들의 
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✚ Safe and reliable application
•에어디텍터가 Pump tube 내의 기포를 

즉시 감지하여 보다 안전하게 검사
- 1㎛l의 기포를 감지, 누적 1ml 도달 시 

주입 일시 정지

✚ A high level of hygiene
•24시간 사용 가능한 펌프튜브는 
매 검사 후 셀라인으로 자동 세척됨
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