LEADING THE WAY IN MRgFUS

INSIGHTEC's vision is to transform healthcare by making
MR-guided focused ultrasound a standard of care
HOW IT WORKS:
The company’s innovative platforms, Exablate® and Exablate Neuro™, are based on proven focused ultrasound
treatments guided by MRI for patient-specific planning and continuous real-time thermal monitoring.

BENEFITS:
•
•
•
•
•

INCISIONLESS TREATMENTS for rapid recovery
SAFE & EFFECTIVE with minimal side effects
SINGLE SESSION treatment results
REAL-TIME visualization and feedback for control and adjustments during the treatment
FDA APPROVED1 for Essential Tremor, Pain Palliation of Bone Metastasis and Symptomatic Uterine Fibroids
www.insightec.com | www.insightec.com/us

FDA labeling: The Exablate Neuro is intended for use in the unilateral Thalamotomy treatment of idiopathic Essential Tremor patients with medication-refractory tremor.
Patients must be at least age 22. Information for Prescribers. http://www.accessdata.fda.gov/cdrh_docs/pdf15/P150038C.pdf
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Monday'('May'14th
1"1:15
1:15"2:15

2:15"2:45
2:45"4:45
5pm"7pm

Opening+remarks+/+welcome
Plenary+Session+1+(Ballroom+A+B)
Seung"Schick+Yoo:+"Neuromodulation+using+Focused+ultrasound+"+The+Good,+the+Bad+and+the+Ugly"+
Charlie+Viviano:+"Regulatory+pathway+of+high+intensity+ultrasound+for+prostate+ablation"
Coffee+Break+(Exhibit+hall+and+foyer)
Scientific+Sessions
Blood+Brain+Barrier+(Ballroom+A)
Modeling+&+Physics+(Ballroom+B)
Reception+++Vendor+Faire+(Exhibit+hall+and+foyer)

Tuesday()(May(15th
8"8:55am

9am"10am

10:00"10:30am
10:30"noon
Noon"1pm
1"2pm
2pm"3:30pm
3:30"4pm
4pm"5:30pm

Education3Session3#13(Ballroom3A+B)
George3Schade:33"Immunology3for3Physicists"
Kobi3Vortmann:3‘Advanced3Technologies,3their3impact3on3MRgFUS3systems3&3clinical3applications’
Joo3Ha3Hwang:3"HIFU3in3Oncology"
Plenary3Session323(Ballroom3A+B)
Frederic3Lizzi3Early3Career3Lecture
William3and3Francis3Fry3Award3Lecture
Coffee3Break
Student3Award3Presentations3(Ballroom3A3+3B)
Lunch:3Rand3Dining3Hall
Poster3Session313(Ballroom3C3+3Atrium)
Scientific3Sessions
Brain:3Therapy3(Ballroom3A)
Hardware3and3Systems3Development3(Ballroom3B)
Coffee3Break
Nanotechnologies3&3Drug3Delivery3(Ballroom3A)
Brain:3Neuromodulation3(Ballroom3B)

Wednesday()(May(16th
8"9:25am

9:30am"10am
10:00"10:30am
10:30"noon
Noon"1pm
1"2pm
2pm"3:30pm
3:30"4pm
4pm"5:30pm
5:45pm
6"10pm

Education6Session6#26(Ballroom6A+B)
Tanya6Khokhlova6&6Zhen6Xu:6"Everything6you6need6to6know6about6histotripsy"
Ayache6Bouakaz6&6Hao6Li6Liu66"Everything6you6need6to6know6about6ultrasound6enhanced6drug6delivery"
Penary6Session636(Ballroom6A+B)
Mikhail6Shapiro:6"Engineering6cells6and6molecules6for6theranostic6ultrasound"
Coffee6Break
Scientific6Sessions
MR"guidance6(Ballroom6A)
Immunotherapy6(Ballroom6B)
Lunch:6Rand6Dining6Hall
Poster6Session626(Ballroom6C6+6Atrium)
Scientific6Sessions
Thermal6Ablation6(Ballroom6A)
Emerging6Technologies6(Ballroom6B)
Coffee6Break
Scientific6Sessions
Non"Thermal6Therapies6(Ballroom6A)
Clinical6Applications6"6Body6(Ballroom6B)
Bus6transport6to6dinner
Dinner6at6ACME

Thursday)*)May)17th
8:35%8:55am
9am%10:30am
10:30%11am
11am%11:30am
Noon%1pm
1pm%5pm

Education3Session3#33(Ballroom3A+B)
Dennis3Parker:3"Monitoring3treatments3using3MRI"
Scientific3Session
Ultrasound3guidance3(Ballrooms3A3+3B)
Coffee3Break
Closing3remarks
Lunch:3Rand3Dining3Hall
Lab3visits

Dear ISTU Colleagues and Friends,
It is with great pleasure that I welcome you to the 18th International Symposium on Therapeutic Ultrasound.
The ISTU meeting provides our much-anticipated annual opportunity for scientists, engineers, clinicians and
industry to meet face-to-face, exchange ideas, foster collaborations and envision novel applications of
therapeutic ultrasound. Once again, ISTU members come from around the world to share their ideas and
enthusiasm about this versatile technology.
The program reflects your scientific and clinical vitality, showcasing a wide variety of applications, with
sessions covering topics ranging from Immunotherapy to Thermal Ablation, Modeling and Physics, and much
more.
Thank you for submitting your latest work and for already making the meeting a success with the large
number of abstracts that we have received.
The organizing and the scientific program committees have done a wonderful job in arranging the venue and
putting the program together, in order that you can experience a memorable and fruitful meeting. I am
grateful to them. In particular, the General Chairs, Dr William Grissom and Dr Charles Caskey, must be
commended for this symposium, which they have organized in the vibrant city of Nashville.
And finally, I would like to acknowledge our sponsors who have made this meeting possible. Thank you for
your ongoing support.
Enjoy the meeting, and we look forward to welcoming you again next year at ISTU 2019 in Barcelona, Spain,
for our first joint meeting with the European Focused Ultrasound charitable society (EUFUS).

Yours sincerely,
Jean-Francois Aubry
President of the International Society for Therapeutic Ultrasound

Hey y’all welcome to Nashville!
The idea of having this meeting in Nashville was raised about two years ago, and we’re excited to see it come
to fruition this week. Most of the planning has occurred over the past year with significant contributions from
the therapeutic ultrasound community, including program committee members, reviewers, educational
speakers, and moderators. Thank you for the help.
We also would like to thank the AIUM, specifically Jenny Clark and Danielle Delanko, as well as local help from
Tracy Wilson, Zach Stark, and Nancy Hagans at the Vanderbilt University Institute of Imaging Science.
We are excited to see presentations of the fascinating work submitted to the conference and appreciate
everyone’s contributions to making this a high-quality meeting. Please enjoy the meeting in Nashville.
Hopefully you’ll have time to explore a bit of Music City, including the party on Wednesday at Acme Feed &
Seed downtown.
Sincerely,
Will Grissom & Charles Caskey
General Chairs of ISTU 2018
Program Committee & Co-Moderators
Kullervo Hynynen
J-F Aubry
Ian Rivens
Neal Kassell
Tim Hall
Ayache Bouakaz
Charles Caskey

Kim Butts Pauly
David Brenin
Andreas Melzer
Nader Saffari
Zhen Xu
Gail Ter Haar
Dong Zhang

Catherine Gorick
Tanya Khokhlova
Steve Leung
Alec Hughes
Jon Macoskey
Marieke Olsman
Charlotte Constans

Pooja Gaur
Matt Silvestrini
Lisa Landgraf
Antonios Pouliopoulos
Xinxing Duan
Zeke Maloney
Scott Schoen

Reviewers
Sandeep Singh Arora
Jean-François Aubry
Ayache Bouakaz
David R Brenin
Kim Butts-Pauly
Charles Caskey
Rajiv Chopra
Larry Crum
Chris J Diederich
Craig Duvall
Brian Fowlkes
Todd D Giorgio

William Grissom
JooHa Hwang
Peter Kaczkowski
Tatiana Khokhlova
Elisa Konofagou
Cyril Lafon
Olivier Le Baron
Hao-Li Liu
Nathan Mcdannold
Wilson Miller
Yoshihiro Muragaki
Alessandro Napoli

Henrik Odeen
Dennis L Parker
Ari Partanen
Allison Payne
Gianmarco Pinton
Richard J Price
George R Schade
Gail ter Haar
Shin-ichiro Umemura
Kobi Vortman
Beat Werner
Zhen Xu

Information for presenters
Presentation format: Presentations should be prepared in 16:9 aspect ratio for Microsoft PowerPoint or
KeyNote. Each presentation room will have a Mac laptop running this software on Mac OS X. To keep the
conference running smoothly, we require that these computers be used by all speakers.
Presentation upload and testing: You will need to upload your presentation files prior to your scheduled
session. Two options exist for uploading with the first option being preferred:
1) Upload to network via speaker ready room. A speaker ready room will be available on site to upload your
presentation to a shared drive that will be linked to the presentation room. The computer in this room will
have the same version of PowerPoint and operating systems as the main room to enable you to test your
slides.
2) Upload during breaks via USB drive. We will have a volunteer available during breaks in each session room
to receive talks. You can upload and test during this time, although please note that time to fix potential errors
will be limited.
Duration: Please consult your acceptance e-mail for information about the duration of your talk.

Scientific Sessions Click on a presentation’s title to jump to its abstract.
Monday

Blood-Brain Barrier

2:45 PM

Blood Spinal Cord Barrier Opening In A Spinal Cord Injury Rat Model

2:57 PM
3:09 PM
3:21 PM

Ballroom A

Moderators: Kullervo Hynynen & Catherine Gorick
Allison Payne

Blood-Brain Barrier Disruption And Delivery Of Irinotecan In A Rat Model Using A Clinical Transcranial MRI-Guided
Focused Ultrasound System
Focused Ultrasound-Mediated Intranasal Delivery For Noninvasive And Spatially-Targeted Brain Drug Delivery With
Minimal Systemic Exposure
Augmented Brain-Penetrating Nanoparticle-Mediated Non-Viral Transfection Of Brain Tumors Via Pre-Treatment With
Pulsed Focused Ultrasound

Nathan Mcdannold
Dezhuang Ye
Colleen Curley

3:33 PM

Sonocloud: An Implantable Ultrasound Device For Repeated Blood-Brain Barrier Disruption

Michael Canney

3:45 PM

Parameters Influencing Blood-Brain Barrier Opening Using Nanobubbles And Real-Time Acoustic Feedback Control

Bingbing Cheng

3:57 PM

Focused Ultrasound-Mediated Transfection Of Cerebral Vasculature Independent Of Blood-Brain Barrier Opening

Catherine Gorick

4:09 PM

Focused Ultrasound Pre-Treatment Augments Brain-Penetrating Nanoparticle-Mediated CNS Transfection Via
Mechanosensitive TRPA1 Channel Activation

Colleen Curley

4:21 PM

Dual Frequency Array For Integrated Focused Ultrasound Therapy And Real-Time Passive Acoustic Mapping

Josquin Foiret

4:33 PM

Unilateral Focused Ultrasound-Induced Blood-Brain Barrier Opening Alters The Pathological Profile Of The 3XTG
Alzheimer’s Mouse Model

Maria Eleni
Karakatsani

Monday

Modeling & Physics

2:45 PM

Dependence Of Inertial Cavitation Activity On The High Intensity Focused Ultrasound Transducer f-Number

Tatiana Khokhlova

2:57 PM

Effect Of Standing Wave Suppression Sequence On Cavitation Bubbles In Pre-Focal Region For Reduction Of Potential
Side Effects In Cavitation-Enhanced Ultrasonic Treatment

Shin Yoshizawa

3:09 PM

Transurethral Ultrasound Treatment Of The Prostate In The Presence Of Calcifications And Cysts

Visa Suomi

3:21 PM

Design Of A Transrectal Probe For Boiling Histotripsy Ablation Of Prostate

Vera Khokhlova

3:33 PM

Electrophysiological Responses Of Live Cells Evoked By Ultrasound-Induced Lorentz Forces

Yaxin Hu

3:45 PM

High-Speed Optical Observations And Theoretical Predictions For Microbubble Oscillation At 250 Khz

Tali Ilovitsh

3:57 PM

The Relationship Between Hounsfield Units And Acoustic Velocity In Two Human Skulls

Taylor Webb

4:09 PM

Prediction Of Transcranial Focused Ultrasound Focal Spots Using Rapid Beam Simulations

Steven Leung

4:21 PM

HIFU Thermal Ablation In Elastic And Mobile Organs: A New Simulation Method

Paul Greillier

4:33 PM

Numerical Modeling Of Ultrasound Propagation In Heterogeneous Media Using A Mixed Domain Method

Juanjuan Gu

Ballroom B

Moderators: Ian Rivens & Steve Leung

Scientific Sessions Click on a presentation’s title to jump to its abstract.
Tuesday

Student Oral Awards

10:30 AM

MR Image-Guided Focused Ultrasound Immune Modulation For Glioma Therapy

Natasha Sheybani

10:40 AM

Vascular Occlusion By HIFU For Treating Venous Insufficiency: Feasibility Study In Rabbits

Nesrine Barnat

10:50 AM

Phase Shift Nanoemulsions Facilitated Focused Ultrasound Nonthermal Ablation In Mice Brain

Chenguang Peng

11:00 AM

Transurethral Insonation Of Silica-Shelled Phase Shift Emulsions Under MR Guidance In The Prostate In Vivo

Gregory Anthony

11:10 AM
11:20 AM
11:30 AM
11:40 AM
11:50 AM

Ballroom A/B

Moderators: Jean-François Aubry & Tanya Khokhlova

Coalescence And Extinction Of Residual Cavitation Nuclei By Means Of The Secondary Acoustic Field While Performing
Histotripsy With Electronic Focal Steering
Spatiotemporal Dynamics Of Cavitation Fields Induced By Focused Ultrasound-Activation Of Microbubbles Through An Ex
Vivo Human Skull
3D Ultrasound Based Motion Tracking With MR-Thermompetry

Yaoheng Yang
Pierre Bour

Study Of The Causality Between A Pulsed Ultrasound Exposure And The Subsequent Nervous Reponse Of A Simple
Nervous Model
Exploring The Angiogenic Response Of Hippocampal Vasculature To Focused Ultrasound-Mediated Increases In
Blood-Brain Barrier Permeability
Ballroom A

Jonathan Lundt

Jérémy Vion-Bailly
Dallan McMahon

Tuesday

Brain Therapy

Moderators: Neal Kassell & Alec Hughes

2:00 PM

(Invited Speaker) Current And Emerging Brain Applications Of Focused Ultrasound: Safety And Clinical Experience

Nir Lipsman

2:12 PM

Evaluating The Volume Of Blood Brain Barrier Opening In Humans Using Contrast Enhanced Magnetic Resonance
Imaging

Nicolas Asquier

2:24 PM

Steering Capabilities Of An Acoustic Lens For Transcranial Therapy: Numerical And Experimental Study

Guillaume
Maimbourg

2:36 PM

Analyzing Treatment Efficiency During MR-Guided Focused Ultrasound Thalamotomy For Essential Tremor

Alec Hughes

2:48 PM

Investigating The Feasibility Of Insightec 220Khz System Targeting At Central Lateral Nucleus (CL) And Temporal Lobe

Sijia Guo

3:00 PM

Lytic Efficacy Of 220 Khz Sonothrombolysis With RT-PA And Echocontrast Agents

Himanshu Shekhar

3:12 PM

Investigating The Limitations To Reach Same Peak Temperature On Subsequent Sonication During TMRgFUS Treatment

Sijia Guo

Scientific Sessions Click on a presentation’s title to jump to its abstract.
Tuesday

Hardware & Systems

Ballroom B

2:00 PM

Phase Aberration Correction In Nonlinear High Intensity Focused Ultrasound Fields Containing Shock Fronts

Tatiana Khokhlova

2:12 PM

LIFUP-System For Non-Invasive Transcranial Neuromodulation

Steffen Tretbar

2:24 PM

Ex Vivo Tissue Preservation Solutions For High Intensity Focused Ultrasound Studies

Julianna Simon

2:36 PM

High Throughput In Vitro Ultrasound Therapie System

Steffen Tretbar

2:48 PM

A Portable Ultrasound System For Non-Invasive Ultrasonic Neuro-Stimulation

Weibao Qiu

3:00 PM

Image Model And Acquisition Software For Continuous-Wave Background Oriented Schlieren Imaging Of High Intensity
Focused Ultrasound Pressure Fields

Huiwen Luo

3:12 PM

Proteus: A Software Platform For Multisite Development Of MRI-Guided Focused Ultrasound Applications

Samuel Pichardo

Tuesday

Nanotechnology & Drug Delivery

4:00 PM

Inertial Cavitation Nucleated By Gold Nanocones

James Kwan

4:12 PM

Effect Of Focused Ultrasound On Biodistribution, Tumor Uptake And Intratumoral Microdistribution Of Enzyme Sensitive
Liposomes In Human Prostate Cancer Xenografts

Marieke Olsman

4:24 PM

Ultrasound-Mediated Transcutaneous Immunization Against Hepatitis B

Yaxin Hu

4:36 PM

Origins And Significance Of ROS Production In The In-Vitro Sonoporation-Mediated Gene Delivery

Jean-Michel
Escoffre

4:48 PM

Hypervascular Effect Of Rabbit VX2 Tumor Induced By Diagnostic Ultrasound With Microbubbles

Zheng Liu

5:00 PM

Microbubble-Facilitated Transdermal Drug Delivery

Juan Tu

5:12 PM

Manipulation Of Levitated Cell Aggregates By High Frequency Acoustic Trapping

Hae Lim

Ballroom A

Moderators: Tim Hall & Jon Macoskey

Moderators: Ayache Bouakaz & Marieke Olsman

Scientific Sessions Click on a presentation’s title to jump to its abstract.
Tuesday

Neuromodulation

4:00 PM

Neuron Discharge Modulation Through Transcranial Ultrasonic Stimulation In Macaques Performing An Antisaccade Task

Pierre Pouget

4:12 PM

Is Peripheral Auditory Function A Confounding Variable In An Ultrasound-Stimulated Motor Response?

Morteza
Mohammadjavadi

4:24 PM

Acoustically Targeted Chemogenetics For Noninvasive Control Of Neural Circuits

Jerzy Szablowski

4:36 PM

Long-Lasting Modulation Of Visuomotor Activity By Repetitive Focused Ultrasound Stimulation Of Frontal Cortex

Charlotte
Constans

4:48 PM

MRI-Guided Neuromodulation Of Sensory Networks In Monkey Brain By Focused Ultrasound

Li Chen

5:00 PM
5:12 PM

Ballroom B

Moderators: Charles Caskey & Charlotte Constans

Focused Ultrasound Stimulation Ameliorates Behaviors And Modify Distributed Brain Metabolism In A Mouse Model Of
Depression
Focused-Ultrasound-Mediated Delivery Of Virus-Encoded Red-Shifted Channelrhodopsin For Fully Non-Invasive And
Remote Neuronal Activation In Vivo

Wednesday MR Guidance

Ballroom A

Marc Legrand
Antonios
Pouliopoulos

Moderators: Kim Butts Pauly & Pooja Gaur

10:30 AM

(Invited Speaker) Model-Based MRI Brain Temperature Imaging

William Grissom

10:42 AM

Rapid T2*-Based MR Thermometry Of Focal Heating In Cortical Bone

Vicki Huang

10:54 AM

Optical Tracking-Guided MR-ARFI For Targeting Focused Ultrasound Neuromodulation In Non-Human Primates

Sumeeth Jonathan

11:06 AM

Rapid, Simultaneous Multiparametric Thermometry Using A Single Reference Variable Flip Angle T1 Method

Bryant Svedin

11:18 AM

Simultaneous Multislice MRI Thermometry With Incoherent Caipirinha And Sparsity-Promoting Reconstruction

Megan Poorman

11:30 AM

Acute MR-Guided High-Intensity Focused Ultrasound Lesion Assessment Using Diffusion Tensor Imaging

Matthew Walker

11:42 AM

Efficient Multi-Point MR Acoustic Radiation Force Imaging

Henrik Odeen

Scientific Sessions Click on a presentation’s title to jump to its abstract.
Wednesday Immunotherapy

Ballroom B

Moderators: David Brenin & Matthew Silvestrini

10:30 AM

(Invited Speaker) Leveraging Focused Ultrasound To Augment Anti-Tumor Immunity

Timothy Bullock

10:42 AM

Focused Ultrasound Therapy Combined With Pembrolizumab To Augment Immune Recognition In Metastatic Breast
Cancer

Patrick Dillon

10:54 AM

Histotripsy Mediated Immunomodulation In A Mouse GL261 Intracranial Glioma Model

Tyler Gerhardson

11:06 AM
11:18 AM
11:30 AM
11:42 AM

Partial Tumor Ablation With Magnetic Resonance-Guided Focused Ultrasound Potentiates a Distinct Type I IFN Signature
To Synergize With Immunotherapy
Accelerated Clearance Of Ultrasound Contrast Agents Containing Polyethylene Glycol (PEG) Is Associated With A
PEG-Specific Immune Response
Proteomic Alterations In Murine Breast Tumor And Melanoma Models Following Pulsed Focused Ultrasound: Implications
For Immunotherapy
Magnetic Resonance-Guided Focused Ultrasound Tumor Ablation Mediates Tumor Antigen Release, Cross-Presentation,
And Cross-Priming

Wednesday Thermal Therapies
2:00 PM
2:12 PM
2:24 PM

Ballroom A

Matthew Silvestrini
Samantha Fix
Omer Aydin
Brett Fite

Moderators: Andreas Melzer & Lisa Landgraf

(Invited Speaker) State Of The Art And Novel Systems For Ultrasound-Hyperthermia
In Vitro Effects Of Ultrasound Hyperthermia And Radiation Therapy On Glioblastoma, Prostate And Head And Neck
Cancer Cell Lines: Preliminary Studies
Hyperthermic Ablation With Focused Ultrasound (FUS-HIFU) In Liver And Pancreatic Cancer. Results Of A Seven-Year
Observational Comparative Study Of Retrospective Cohorts In Pancreatic Tumors

Steffen Tretbar
Xinrui Zhang
Joan Vidal-Jove

2:36 PM

Microbubble Assisted MRI-Guided Focused Ultrasound For Hyperthermia At Reduced Power Levels

Marc Santos

2:48 PM

Precision Lesion Formation In Vascular Tissue Targets In Vivo

Emad Ebbini

Planar Capacitive Micromachined Ultrasound Transducer (CMUT) Annular Array For Dynamic High Intensity Focused
Ultrasound (HIFU)
Development Of A Toroidal High Intensity Focused Ultrasound Transducer For The Treatment Of Pancreatic Tumors. In
Vivo Study Of The Safety And Efficacy In A Porcine Model

Christopher
Bawiec

3:00 PM
3:12 PM

David Melodelima

Scientific Sessions Click on a presentation’s title to jump to its abstract.
Wednesday Emerging Technologies

Ballroom B

Moderators: Nader Saffari & Antonios Pouliopoulos

2:00 PM

(Invited Speaker) Transoesophageal HIFU For Cardiac Ablation

Cyril Lafon

2:12 PM

Development Of Noninvasive Transient Cardiac Injury Using MR-Guided Pulsed Focused Ultrasound In A Rat Model

Kee Jang

2:24 PM

Focused Ultrasound-Mediated Disruption Of The Blood-Brain Barrier For Targeted Delivery Of Neurotransmitters To The
Rat Brain

Nick Todd

2:36 PM

Evaluation Of Focused Ultrasound-Mediated Anti-Nociceptive Effect On Rat Dorsal Root Ganglion

Po-Hung Hsu

2:48 PM

Unfocused Therapeutic Ultrasound Induces Mild Tissue Hypoxia And Prolongs Lifetimes Of Transplanted Mesenchymal
Stem Cells

Scott Burks

3:00 PM

Therapeutic Effects Of Ultrasound Treatment In DSS-Induced Ulcerative Colitis

Natalia Nunes

3:12 PM

High Intensity Focused Ultrasound For Hydrogel Formation With Metal-Organic Crosslinking Of Novel Block Copolymer

James Kwan

Wednesday Non-Thermal Therapies

Ballroom A

Moderators: Charles Caskey & Charlotte Constans

4:00 PM

Cavitation Cloud Collapse Time For Feedback Of Histotripsy-Induced Tissue Destruction

Jonathan
Macoskey

4:12 PM

Effect Of High Intensity Focused Ultrasound On The Structural Integrity Of Pseudomonas Aeruginosa Biofilms

James Kwan

4:24 PM

Therapeutic Ultrasound-Induced Insulin Release As A Potential Treatment For Type 2 Diabetes

Tania Singh

4:36 PM

Long-Term Cellular And Molecular Responses Of Sonoporated Cancer Cells After Microbubble-Mediated Ultrasound
Exposure

Xinxing Duan

4:48 PM

Ultrasound Exposure Method To Improve Efficiency Of Sonodynamic Treatment

Daisaku Mashiko

5:00 PM

DNA Double-Strand Breaks In Murine Mammary Tumor Cells Induced By Doxorubicin And Controlled Stable Cavitation
Induced By Pulsed Ultrasound

Cécile Fant

5:12 PM

Low-Intensity Pulsed Ultrasound Stimulates Neurite Outgrowth In Primary Neurons In Vitro

Noboru Sasaki

Scientific Sessions Click on a presentation’s title to jump to its abstract.
Wednesday Clinical Body Applications

Ballroom B

Moderators: Gail Ter Haar & Ezekiel Maloney

4:00 PM

(Invited Speaker) Efficacy, Efficiency, And Safety Of MR-Guided High-Intensity Focused Ultrasound For Ablation Of Uterine
Fibroids: Comparison With Ultrasound-Guided Method

Yonghua Xu

4:12 PM

MRI-Guided Transurethral Ultrasound Ablation Of The Prostate (TULSA): State Of The Art

Sandeep Arora

4:24 PM

Feasibility And Safety Of Non-Invasive Osteoid Osteoma Ablation With High-Intensity Focused Ultrasound Compared To
Standard Of Care Treatment With Radiofrequency Ablation

Pavel Yarmolenko

4:36 PM

MRI Biomarkers For Focused Ultrasound Treatment Of Pancreatic Ductal Adenocarcinoma

Ezekiel Maloney

4:48 PM

The Effect Of Daily-Applied Long-Duration Therapeutic Ultrasound On Patients With Knee Osteoarthritis: A Randomized,
Placebo-Controlled Double Blind Study

Eric Rohrs

5:00 PM

Transrectal High Intensity Focused Ultrasound As Focal Therapy Of Posterior Deep Invasive Endometriosis

Cyril Lafon

5:12 PM

Multicenter Clinical Trial Of Ultrasound Hyperthermia Combined With Chemotherapy In Oral Cancer

Wei Guo

Thursday

Ultrasound Guidance

9:00 AM

In Vivo Temperature Evaluation In Perirenal Fat Of Pigs With B-Mode Ultrasound

Xiasheng Guo

9:12 AM

A Real-Time Passive Acoustic Mapping–Based Cavitation Controller

Scott Schoen

9:24 AM

Noise Reduction Of Ultrasound Imaging During Cavitation-Enhanced High-Intensity Focused Ultrasound Treatment

Hayato Ikeda

9:36 AM

Selective Detection Of Cavitation Bubbles By Triplet Pulse Sequence During High-Intensity Focused Ultrasound Exposure

Shin-Ichiro
Umemura

9:48 AM

Calibration-Free Photoacoustic Tomography Of Deep-Tissue Temperature In High-Intensity Focused Ultrasound
Thermotherapy

Yuan Zhou

10:00 AM

Synthetic Aperture Imaging With Therapeutic Random Phased Array

Muhammad Zubair

10:12 AM

USgHIFU Vascular Occlusion In Fetal Medicine

Ian Rivens

Ballroom A/B

Moderators: Dong Zhang & Scott Schoen

Tuesday Posters Click on a presentation’s title to jump to its abstract.
101

Blood-Brain Barrier

Frequent Focused Ultrasound Induced Blood-Brain Barrier Opening: Safety Evaluation

102

Blood-Brain Barrier

103

Blood-Brain Barrier

104

Blood-Brain Barrier

105

Blood-Brain Barrier

106

Blood-Brain Barrier

107

Blood-Brain Barrier

108

Blood-Brain Barrier

109

Blood-Brain Barrier

110

Blood-Brain Barrier

111

Blood-Brain Barrier

112

Brain Therapy

Characterization Of The Speed Of Sound Of An 8-Yr Old Pediatric Skull

Samuel Pichardo

113

Brain Therapy

Pressure Characterization For Transcranial Sonication Of A Neonatal Skull

Thomas Looi

114

Brain Therapy

Ultrafast Three-Dimensional Imaging Of Contrast Agent Microbubble Dynamics In Vivo During Pulsed
Ultrasound Exposures In The Brain

Ryan Jones

115

Brain Therapy

Characterization Of Transcranial Focused Ultrasound Delivery In The Presence Of Targeting Uncertainties

Parker O’Brien

116

Brain Therapy

117

Brain Therapy

118

Brain Therapy

119

Brain Therapy

Effect Of Duty Cycle On The Efficacy Of 220 Khz Ultrasound-Enhanced RT-PA Thrombolysis In Vitro

Robert Kleven

120

Immunotherapy

Investigation Of The Immunological Effects Of Therapeutic Ultrasound In A Pre-Clinical Model Of
Pancreatic Cancer

Petros Mouratidis

121

Immunotherapy

Focused Ultrasound Ablation As An Immunomodulatory Strategy For Metastatic Breast Cancer Therapy

Alexandra Witter

Mathematical Modeling Of Drug Transport In Brain Tumors After Focused Ultrasound–Mediated
Blood-Tumor Barrier Disruption Reveals New Therapeutic Strategies For Improved Drug Delivery
Resting State Functional MRI For Evaluation Of Focused Ultrasound Induced Disruption Of The Blood
Brain Barrier
Observed Effects Of Whole Brain Radiation Therapy On Focused Ultrasound Blood-Brain Barrier
Disruption
Effect Of Size On Drug Carrier Delivery To Brain Assisted By Focused Ultra Sound-Mediated BBB
Disruption
PFUS Coupled With Either Optisontm Or Definity
To Open The Blood Brain Barrier Can Still Cause A
Sterile Inflammatory Response
Implements Of Backscattered Stable Cavitation Localization And Beam Reconstrunction Via Spherically
Focused Multiple-Channel Transmit/ Receive Ultrasound Phase Array
Multiple Courses Of Blood Brain Barrier Opening With PFUS And Microbubbles Promotes Phosphorylated
Tau Production
Controlling Blood-Brain Barrier Disruption In A Closed-Loop: Acoustic Performance And
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NEUROMODULATION USING FOCUSED ULTRASOUND – THE GOOD, THE BAD, AND THE UGLY
Seung-Schick Yoo1
1. Radiology, Harvard Medical School, Cambridge, Massachusetts, USA.
ABSTRACT Focused ultrasound (FUS), with its exquisite ability to deliver acoustic energy to a
region-specific brain area with excellent depth penetration, has debuted as a new mode of non-invasive,
non-pharmacological neuromodulation modality, applicable for both the peripheral and central nervous
system. The pulsed application of FUS to regional brain areas has bimodal, i.e. either excitatory or
suppressive, effects on the central nervous system. In the peripheral nervous systems, FUS also
appears to initiate/disrupt the nerve conduction or stimulate the nerve endings. An accumulating body of
studies on examining the neuromodulatory potentials, including ours, has covered a wide spectrum of
information from neural cells, ex vivo neural tissues, invertebrates, small/large animals, non-human
primates, and humans. Although the underlying neuromodulatory mechanism of FUS is not clearly
understood, efforts are being made to debunk the fundamental working principle behind the phenomena.
We discuss the potential translational areas for neurotherapeutics, including its application to a
brain-to-brain-interface, along with possible pitfalls and confounders in experimental designs. This further
includes the review of hardware design elements and means to monitor the efficacy and safety of the
neuromodulatory effects. Combinatory use of existing therapeutic ultrasound techniques, along with
development of the novel utility of FUS beyond neuromodulation, is anticipated to expand its true
potentials. Ethical concerns accompanying non-invasive modulation of the regional brain function are
also briefly introduced.
ABOUT THE SPEAKER Seung-Schik Yoo is an associate professor of
Radiology at Harvard Medical School, and is a director of Neuromodulation
and Tissue Engineering Laboratory (NTEL), Brigham and Women’s
Hospital. He also serves as a faculty member of Mind Brain Behavior
at Harvard University. He has done early pioneering works in developing
real-time functional magnetic resonance imaging that are used to interpret
the human mind, and applied the technology to interface the brain function
with machines and computers. The main focus of his research is in exploring
a new mode of non-invasive brain stimulation modality which utilizes the
focused ultrasound waves to control regional neural functions, including the
activity of the brain. He is primarily interested in advancing the technique for
various neurotherapeutics, but also likes to seek out new ways to link thoughts/brain processes between
individuals. He is a fellow and a recipient of Distinguished Investigator Award from the Academy for
Radiology and Biomedical Imaging Research and the Mind Brain Behavior Interfaculty Initiative (MBB)
faculty award from Harvard College. Seung-Schik’s research interest also includes development and
application of a three-dimensional bioprinter that can ’print out’ artificial biological tissues and organoids
for potential applications in neural computers and medical applications.
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FDA’S RISK-BASED APPROACH TO PRE-MARKET MEDICAL DEVICE REGULATION – A CASE
STUDY OF HIFU DEVICES
Charles Viviano, M.D., Ph.D.1
1. Division of Reproductive, Gastro-Renal, and Urologic Devices, Center for Devices and Radiological
Health, United States Food and Drug Administration.
ABSTRACT High intensity focused ultrasound (HIFU) devices have been approved by the FDA for
various indications. The FDA’s risk-based approach to pre-market device evaluation will be discussed
using HIFU devices to illustrate the various pathways to market.
ABOUT THE SPEAKER Charles Viviano
is a urologist medical officer and clinical deputy division director in the
Division of Reproductive, Gastro-Renal, and Urologic Devices in the Center
for Devices and Radiological Health at the Food and Drug Administration.
He was the primary medical officer involved in the final FDA clinical
review of the currently available, legally marketed prostate HIFU devices.
He has represented the FDA at the American Urological Association’s 2016
Annual Meeting Plenary session, “HIFU - Hope or Hype: The FDA Path to
Approval”. Prior to joining the FDA, he was an Assistant Professor at Duke
University where his practice focused on General Urology and Men’s Health.
Before joining the faculty at Duke, he was in private practice in New London,
Connecticut. He received his medical education at the University of Connecticut, where he also
performed his residency in Urology. He received his PhD in Toxicology from the University of North
Carolina at Chapel Hill.
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ENGINEERING CELLS AND MOLECULES FOR THERANOSTIC ULTRASOUND
Mikhail G. Shapiro, Ph.D.1
1. Department of Chemical Engineering, California Institute of Technology, Pasadena, California, USA.
ABSTRACT The study of biological function in intact organisms and the development of targeted
cellular diagnostics and therapeutics necessitate methods to image and control cellular function in vivo.
Ultrasound is well-situated to serve this function due to its favorable tissue penetration and
spatiotemporal precision. In this talk, I will describe recent developments in biomolecular reporters and
actuators for ultrasound, allowing this modality to be coupled to cellular function. The reporters are
based on a unique class of gas-filled protein nanostructures from buoyant photosynthetic microbes.
These proteins produce nonlinear scattering of sound waves, enabling their detection with ultrasound.
The actuators are based on temperature-dependent transcriptional repressors, which provide switch-like
control of bacterial gene expression in response to small changes in temperature. We have genetically
tuned these repressors to activate at thresholds within the biomedically relevant range of 32o C to 46o C,
and constructed genetic logic circuits to connect thermal signals to various cellular functions. In addition,
I will describe recent work on the use of ultrasound to modulate neural activity, aiming to understand the
nature of ultrasonic interactions with wild-type brains, and to combine the spatial precision of ultrasound
with the genetic and temporal specificity of viral vectors and chemogenetic receptors.
Further reading: Biomolecular Ultrasound and Sonogenetics. (2018) Annual Review of Chemical and
Biomolecular Engineering. https://doi.org/10.1146/annurev-chembioeng-060817-084034
ABOUT THE SPEAKER Mikhail Shapiro is an Assistant
Professor of Chemical Engineering and a Heritage Principal Investigator
at the California Institute of Technology. He received his PhD in Biological
Engineering from MIT and his BSc in Neuroscience from Brown. Mikhail
conducted post-doctoral research in biophysics at the University of Chicago
and was a Miller Fellow at the University of California, Berkeley. The Shapiro
Lab’s work on biomolecular reporters and actuators for ultrasound and
MRI has been recognized with the Burroughs Wellcome Career Award at the
Scientific Interface, the DARPA Young Faculty Award, the Pew Scholarship
in the Biomedical Sciences, the Sontag Foundation Distinguished Scientist
Award, the Packard Fellowship for Science and Engineering, and the
Technology Review TR35 award for top innovators under age 35. More information about Mikhail and his
lab can be found online at http://shapirolab.caltech.edu.
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IMMUNOLOGY FOR PHYSICISTS
George Schade1
1. Urology, University of Washington, USA.
ABOUT THE SPEAKER George Schade is an Assistant Professor of
Urology at the University of Washington specializing in treatment of bladder,
kidney, prostate and testicular cancer. He has over 8 years experience
studying focused ultrasound, particularly histotripsy, at the University
of Michigan and University of Washington. He has received funding
from the Urology Care Foundation, Focused Ultrasound Foundation, and the
NIH to develop histotripsy for the treatment of kidney and prostate cancer
while examining the impact of histotripsy on the host immune response.
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ADVANCED TECHNOLOGIES, THEIR IMPACT ON MRGFUS SYSTEMS & CLINICAL APPLICATIONS
Kobi Vortman1
1. Insightec, Ltd, Haifa, Israel.
ABSTRACT MRgFUS systems are complex multi parametric therapeutic systems that are continuously
pushing the performance envelop to improve efficacy and safety of treatments and expand the treatable
indications. The performance improvements are non-trivial and requires tradeoffs that could be
balancing act between efficacy, safety, patient experience, treatment cost etc. In many occasions the
tradeoff is being done between conflicting parameters and the only way to get a reasonable solution is to
migrate from a “two dimensional optimization” into a “3 dimensional optimization” which will require
advanced technology to change the “rule of the game”. This talk will review possible impact of use of
new technology on MRgFUS system design and performance.
ABOUT THE SPEAKER Kobi Vortman is the founder,
the previous CEO and from 2016 Director of InSightec Ltd. founded in 1999,
developing and commercializing MRI guided Focused Ultrasound Surgery
(MRgFUS) systems for the treatment of multiple indications. From 1995 to
1998 he was the Vice President of Engineering and than the President and
CEO of Diasonics Vingmed Ultrasound, a company that developed and sold
Diagnostic Ultrasound Imaging systems with annual sales of ¿$200 Million
globally. The company was later acquired by GE Medical Systems (GE
Healthcare) and integrated with the GE ultrasound operation. From 1993 to
1995 Kobi Vortman was the General manager of Elscint Ultrasound Imaging
division that was later integrated into Diasonics Vingmed Ultrasound. In this
period he managed the pioneering work of software based diagnostic ultrasound system that later
became the core of Diasonics Vingmed and later GE product lines. Dr. Vortman received his PhD in
Electro Optics and a BSc in Electrical Engineering from the Technion, Israel Institute of Technology in
Haifa. He also received a BSc in Physics and Mathematics from the Hebrew University of Jerusalem.
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HIFU IN ONCOLOGY – A PRIMER FOR NON-CLINICIANS
Joo Ha Hwang1
1. Gastroenterology and Hepatology, Stanford University, Stanford, California, USA.
ABSTRACT High-intensity focused ultrasound (HIFU) has been used to treat both benign and malignant
tumors for over 20 years. HIFU is typically delivered using either ultrasound or magnetic resonance
image guidance. Currently, HIFU is being investigated for treatment of a variety of intra-abdominal
malignancies including pancreatic cancer, liver tumors, and renal cell carcinoma. This presentation will
provide historical perspective on the use of HIFU for treatment of abdominal malignancies; discuss the
concept of local tumor therapy and the rationale for using HIFU; provide an overview of current clinical
oncologic applications; and discuss challenges and unmet needs in clinical HIFU.
ABOUT THE SPEAKER Joo Ha Hwang is currently a Professor of
Medicine at Stanford University. He graduated from the University of Illinois,
Urbana-Champaign with a B.S. in Electrical Engineering and then went on
to the University of Chicago where he received his M.D. He did his residency
training in Internal Medicine and fellowship training in Gastroenterology at
the University of Washington. He also obtained his Ph.D. in Bioengineering
at the University of Washington where he was supervised by Professor
Lawrence Crum. He has been actively involved in HIFU research since
2000. He currently has an NIH R01 investigating the role of pulsed HIFU
in enhancing drug delivery for treatment of pancreatic cancer. He is a past
recipient of the Frederic Lizzi Early Career Award and has been an active
member of ISTU since 2002, serving as the Secretary General from 2010-2012, and is currently serving
as a board member of ISTU.
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EVERYTHING YOU NEED TO KNOW ABOUT HISTOTRIPSY
Zhen Xu1 & Tanya Khokhlova2
1. Biomedical Engineering, University of Michigan, Ann Arbor, Michigan, USA.
2. Department of Medicine, University of Washington, Seattle, Washington, USA.
ABSTRACT The widely used regime of high intensity focused ultrasound (HIFU) therapy is thermal
ablation. Histotripsy is a more recent (HIFU)-based technology in which the targeted tissue is
fractionated down to subcellular level, i.e. ablated mechanically, via controlled cavitation. Short
(microseconds to milliseconds) bursts of high amplitude HIFU waves are delivered at a low duty cycle to
induce gas and/or vapor bubble activity at the transducer focus which disintegrates tissue. Multiple
histotripsy approaches have been proposed and implemented over the years, including shock-scattering
histotripsy, boiling histotripsy, and microtripsy. The approaches differ in the specific physical mechanisms
that lead to the generation of bubbles and tissue disintegration, and imply different pulsing protocols,
HIFU pressure levels and requirements to transducers and instrumentation. Both ultrasound imaging
and MRI-based treatment guidance methods are feasible in histotripsy and are being developed for
relevant clinical applications. This talk will review the mechanisms underlying different histotripsy
approaches, instrumentation design, image guidance methods, preclinical studies and clinical
applications of the histotripsy approaches.
ABOUT THE SPEAKER Zhen Xu is a tenured Associate Professor
in the Department of Biomedical Engineering at the University of Michigan.
She received the B.S.E. degree in biomedical engineering from Southeast
University, Nanjing, China, in 2001, and her M.S. and Ph.D. degrees from
the University of Michigan in 2003 and 2005, respectively, both in biomedical
engineering. Her research focuses on ultrasound therapy, particularly
the applications of histotripsy for noninvasive surgeries. Among the many
awards she has received include the IEEE UFFC Outstanding Paper Award
in 2006 and The Federic Lizzi Early Career Award from The International
Society of Therapeutic Ultrasound in 2015. She is currently an associate
editor for IEEE Transactions on Ultrasound, Ferroelectrics, and Frequency
Control (UFFC), WIE chair for IEEE UFFC, and board member of ISTU. She is a principal investigator of
grants funded by National Institute of Health, Department of Defense, Office of Navy Research,
American Cancer Association, The Hartwell Foundation, Focused Ultrasound Foundation, and The
Coulter Foundation.
ABOUT THE SPEAKER Dr. Tatiana Khokhlova
is a Research Assistant Professor in the Department of Medicine at
the University of Washington. She is an expert on the physics of ultrasound
wave propagation and associated bioeffects, primarily in therapeutic
applications of focused ultrasound. Her most recent work is targeted at
the development of methods of soft tissue erosion and permeabilization by
ultrasound-induced bubbles and the investigation of the resulting systemic
effects. She obtained her undergraduate and PhD degrees in physics
from M.V. Lomonosov Moscow State University in Moscow, Russia, followed
by post-doctoral training at Applied Physics Lab, University of Washington.
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DRUG DELIVERY WITH ULTRASOUND AND MICROBUBBLES: MECHANISMS AND
APPLICATIONS
Ayache Bouakaz1 & Hao-Li Liu2
1. INSERM, Universite de Tours, France.
2. Department of Electrical Engineering, Chang-Gung University, Taoyuan, Taiwan.
ABSTRACT Ultrasound (US) in combination with gaseous microbubbles has come into focus as a
potential new drug delivery technology. Indeed, beyond their exploitation for diagnosis, microbubbles and
US, today represent an emerging approach for localized drug delivery. Recent research shows that
under the action of US waves, microbubbles transiently perforate biological barriers (e.g . cell membrane,
endothelial layer) thus leading to the uptake and enhanced accumulation of drugs in the targeted region.
In this way, the bioavailability of therapeutic agents is site-specifically augmented only in the zone where
the US waves are focused. Commonly referred to as sonoporation, it offers real promises as a drug
delivery tool with potential of alleviating the limitations encountered by traditionally available therapeutic
arsenal. Ultrasound combined with microbubbles can indeed potentiate the extravasation of a wide range
of therapeutic molecules including chemotherapeutic agents, NAs (e.g . siRNA, miRNA,
oligonucleotides, plasmid DNA), therapeutic peptides, and monoclonal antibodies. Preclinical studies
demonstrating proof of concept have been shown in various organs as well as clinical indications in a
number of small animal models including both ectopic and orthotopic models.
This educational session is composed of 2 parts. In the first part, we will discuss how this therapeutic
approach developed from basic equation developments to preclinical evaluation and the potential
mechanisms. The second part of the session will focus on CNS application and BBB opening with
ultrasound and microbubbles.
ABOUT THE SPEAKER Ayache Bouakaz received an MS degree
in acoustics in 1992 and a Ph.D. in 1996 from the Department of Electrical
Engineering at the Institut National des Sciences Appliquées de Lyon (INSA
Lyon), France. In 1998, he joined the Department of Bioengineering at the
Pennsylvania State University in State College, PA, USA as a postdoc. From
December 1999 to November 2004, he has been employed as an associate
professor at the Erasmus University Medical Center, Rotterdam, The
Netherlands. His research focused on imaging, ultrasound contrast agents
and transducer design. He joined Inserm in Tours in 2005 where he holds a
permanent position as a director of research at Inserm research unit Inserm
U930. He is the head of the Ultrasound and Imaging laboratory and his
research focuses on imaging and therapeutic applications of ultrasound and contrast agents. He was the
general chair of the 2016 international conference IEEE IUS and he is VP IEEE UFFC in charge of
symposia and a member of ISTU board since 2017.
ABOUT THE SPEAKER Dr. Hao-Li Liu received a Ph.D. degree
in Electrical Engineering from the National Taiwan University, Taiwan. He
is currently Professor of Electrical Engineering at Chang-Gung University,
Taoyuan, Taiwan, and also Adjunct Assistant Researcher in the Division of
Medical Engineering Research, National Health Research Institutes, Miaoli,
Taiwan. He is currently working on research topics in ultrasound thermal
therapy and treatment planning/ simulation, ultrasound-induced blood brain
barrier disruption for brain drug delivery, and ultrasound phased medical
device design. He has published over 110 SCI ultrasound-related papers,
and filed over 30 worldwide patents related to therapeutic ultrasound.
He received the 2015 Frederic Lizzi Award from the International Society for
Therapeutic Ultrasound (ISTU) for his contributions to preclinical advances of brain therapy. He is also a
current board member of ISTU (term 2015-2018).
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MONITORING TREATMENTS USING MRI
Dennis Parker1
1. Insightec, Ltd, Haifa, Israel.
ABSTRACT Therapeutic focused ultrasound (FUS) is becoming clinically important because it can
non-invasively treat tissues at arbitrary depths within the body. However it remains a challenge to find
mechanisms to ensure that the desired target tissue is treated, that surrounding normal tissue is spared,
and that the desired treatment endpoint is achieved. Magnetic resonance imaging (MRI) offers several
capabilities that can assist in the monitoring and control of FUS procedures. In this short presentation we
reviewed the capabilities and challenges of using MRI to monitor temperature in body tissues, including
fat, to monitor tissue stiffness, which may change during treatment, as well as tissue water content and
cellularity with diffusion.
ABOUT THE SPEAKER Dennis Parker received his PhD from
the University of Utah in 1978 and spent 5 years developing CT technology
at the University of California at San Francisco. He returned to Utah in 1982
where he is now the Mark H. Huntsman professor of Radiology and Imaging
Sciences and a medical physicist with over 40 years experience in research
in the physics and mathematics of medical imaging and has been involved
in Magnetic Resonance Imaging research for over 30 years. In 1980 he
published a very early paper on using MRI to make images of temperature
change. He and his team have a long history of developing MRI hardware
(RF and Gradient coils) and imaging methods for MR angiography and MRI
guided focused ultrasound. In recent years, he and his collaborators at the
University of Utah have developed a novel MRgFUS system for treating breast lesions, as well as new
methods for volumetric temperature and shear wave elastography imaging.
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BLOOD SPINAL CORD BARRIER OPENING IN A SPINAL CORD INJURY RAT MODEL
Allison Payne1 , Henrik Odeen1 , Gregory Hawlryuk2 , Yoshimi Anzai1 , Megan Ostlie1 , Amanda Stump1 ,
Satoshi Minoshima1 , Donna Cross1
1. Radiology and Imaging Sciences, University of Utah, Salt Lake City, Utah, United States.
2. Neurosurgery, University of Utah, Salt Lake City, Utah, United States.
OBJECTIVES Spinal cord injury (SCI) affects over 17,000 individuals each year in the United States,
and most patients are left with some permanent paralysis1 . Limited treatment options only modestly
improve outcomes2 . The glial scar that forms post-injury presents a physical barrier for drug delivery
intended to promote axonal regrowth. This work investigates using MRI-guided focused ultrasound
(MRgFUS) to increase permeability of the glial scar through opening the blood spinal cord barrier
(BSCB). We investigated this hypothesis in a SCI rat model and evaluated BSCB opening with increased
gadolinium contrast uptake.
METHODS Sprague Dawley rats (N=32, 180-250g, female) were anesthetized and received
laminectomies at T8-T10 as detailed in the study groups in Table 1. A sham group received laminectomy
only (N=11), while injury groups also received spinal cord compression with a 23g weighted clip at T9 for
1 minute. The injury group was divided into one group receiving the full MRgFUS procedure without
sonications (N=7), and one group receiving the MRgFUS procedure including sonications (N=14). At 30
days post-surgery, injury rats were anesthetized, depilated over the target region, and positioned on an
MRgFUS system (256-element phased array, 940 kHz, IGT Inc., France) fitted with a custom rat holder in
a 3T MR scanner (PrismaFIT , Siemens, Germany). 3D T1w high-resolution MR images (3D VIBE, FOV =
162x162x45 mm, Resolution = 0.4 mm isotropic, TR/TE = 6.21/2.94 ms, FA = 10 ) were used to both
position the rat and to assess the efficacy of the BSCB opening. MRgFUS sham rats received all
treatments except sonications were performed with 0 W. Each treatment rat received 1-3 sonications (4
points, 2mm spacing, 20 ms bursts, 1 Hz pulse repetition frequency for 3 min, 1.0-2.1 MPa peak
pressure). Microbubbles were injected intravenously before each sonication (200mL/kg, Optison, GE
Healthcare, USA). BSCB opening was confirmed by an injection of a gadolinium contrast agent (0.25
mL/kg, Prohance, Bracco Diagnostic, USA, followed by 0.2 mL saline) and several contrast-enhanced
T1w MR images were acquired (same parameters listed above). Pre-sonication the animals were
imaged without and with a half dose of contrast to evaluate BSCB-opening due to the SCI. All animals
underwent Basso, Beattie, and Bresnahan (BBB) locomotion assessment3 pre- and post-surgery and
post-MRgFUS treatment.
RESULTS Increased contrast was seen in post-MRgFUS treated animals compared to MRgFUS sham
animals. Figure 2 displays the enhancement ratio at the MRgFUS sonication site for treated (red) and
sham (blue) animals. The enhancement ratio is defined as the ratio of a defined ROI in the spinal cord
after a half-dose of contrast is given pre-MRgFUS sonication compared to after the administration of a
full-dose of contrast given immediately post-MRgFUS. At the MRgFUS sonication site, SCI+MRgFUS
treated animals had a significantly higher (P=0.0001) mean enhancement ratio of 1.17±0.067 (range:
1.09-1.35) compared to SCI+sham animals 0.99±0.11 (range: 0.85-1.18). In contrast, the enhancement
ratio in a non-sonicated region of the spinal cord was not significantly different (P = 0.62) in the
SCI+MRgFUS animals: 1.05±0.12 (range 0.78-1.29) when compared to SCI+sham animals 1.02±0.093
(range: 0.88-1.12).
In Figure 3, CE-T1w MR images show (a) a sagittal view of spinal cord enhancement resulting from the
MRgFUS BSCB opening (left side rostral and right side caudal to sonication region). MRgFUS
sonications were applied at the injury site in the yellow dashed region. Axial views of (b) the non-injured
(orange arrow) and (c) inured and sonicated (yellow arrow) regions of the spinal cord are also shown.
BBB scores were evaluated between Sham SCI, SCI+sham MRgFUS, and SCI+MRgFUS treatment
groups using ANOVA single factor analysis and Student’s t-test with a p value  0.05. While a modest
improvement was seen in BBB scores between SCI+sham MRgFUS and SCI+MRgFUS animals (groups
2 and 3, Figure 4), the improvement was not significant based on t-test (p=0.11) or ANOVA (between

group p-value of 0.08).
CONCLUSIONS This study contributes to other preliminary work demonstrating that MRgFUS can open
the BSCB in the cervical spine in a normal rat model4 . Rats treated with MRgFUS showed increased
contrast in spinal cord regions caudal to the injury site, indicating that drugs could potentially permeate
these regions and assist with axonal regrowth. MRgFUS treatment alone indicated potential
improvement in locomotion in SCI animals, and this will be explored in future studies, along with
therapeutic medications that could have a significant impact on treatment options following SCI.

Table 1: Description of study groups and the study timeline followed for all animals.

Figure 2: Enhancement contrast ratio in MRgFUS sonicated regions for treated animals (group 2, red)
vs. sham animals (group 3, blue) indicating increased BSCB opening in treated animals

Figure 3: Contrast enhanced T1w images of a SCI+MRgFUS animal. (a) In sagittal view enhancement
is seen at the SCI injury site that was treated with MRgFUS (yellow dashed region). Axial views of (b)
injured/treated and (c) non-injured regions are also shown. A non-absorbed internal suture can be seen
in (a) and (b). In this animal, the suture did not impede the MRgFUS treatment.

Figure 4: Modest improvement in locomotion was seen in SCI+MRgFUS treatment animals through
BBB score improvement, indicating potential that will be investigated in future studies.
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BLOOD-BRAIN BARRIER DISRUPTION AND DELIVERY OF IRINOTECAN IN A RAT MODEL USING
A CLINICAL TRANSCRANIAL MRI-GUIDED FOCUSED ULTRASOUND SYSTEM
Nathan Mcdannold1 , Yong-Zhi Zhang1 , Chanikarn Power1 , Natalia Vykhodtseva1
1. Radiology, Brigham and Women’s Hospital, Boston, Massachusetts, United States.
OBJECTIVES The use of ultrasound and intravenously-injected microbubbles is a promising
noninvasive method to deliver drugs across the blood-brain barrier (BBB) that has been tested in
numerous preclinical studies and early clinical trials. For clinical translation, it is important to use the
same device in animal studies that will be used clinically. However, the low frequencies used for
transcranial sonication are challenging in small animal models, and large animal models are expensive.
Here, we investigated the feasibility of controlled blood-brain barrier (BBB) disruption in rats using the
ExAblate Neuro (InSightec, Haifa, Israel) low-frequency clinical transcranial MRI-guided focused
ultrasound (FUS) device (Figure 1A). This device uses a hemispherical, 1024-element phased array
transducer operating at 230 kHz that is integrated into a 3T MRI (Signa HDxt, GE Healthcare). We also
tested the neurotoxicity of delivering the chemotherapy agent irinotecan to the brain.
METHODS Animals received three weekly sessions of FUS alone, FUS and 10 mg/kg irinotecan, or
irinotecan alone (N=5/group). In each session, four volumetric sonications (5 ms bursts applied at 1.1 Hz
for 55 s) targeted 36 overlapping locations in one hemisphere (Figure 1B). Each volumetric sonication
was combined with Definity microbubbles (10 µl/kg, Lantheus). Closed-loop feedback control over the
acoustic power was performed based on recordings of acoustic emissions. BBB disruption was
evaluated using maps of R1 relaxation following IV injection of 0.125 mmol/kg Gadavist (Bayer).
RESULTS BBB disruption, evaluated by mapping the R1 relaxation rate after administration of an MRI
contrast agent, was significantly higher in the sonicated hemisphere (P<0.01; Figure 1C). While we
found substantial variations in the delivery of the contrast agent in different tissue structures (Figure 2),
disruption was achieved in every session. The BBB disruption was constrained to a central axial depth
within the brain; its length along the direction of the FUS beam was 3.5±0.7 mm. The mean absolute
difference between the center of the disrupted region and the planned depth was 0.6±0.5 mm. This
targeting error in this direction ranged from -1.9 to 1.5 mm and was less than 1 mm in 25/30 sessions.
BBB disruption and edema in the striatum were evident in some cases at 24h after FUS. Histological
evaluation found minute (dimensions: 61.4±46.7 µm) clusters of extravasated erythrocytes or
hemosiderin particles (Figure 3). In four animals, a tiny (0.5-1.2 mm) scar was found in the striatum.
Three of these cases were evident as hyperintense regions in T2-weighted MRI (B). Simulation of the
acoustic field demonstrated that the acoustic energy density applied over all sonications was highest in
the striatum, suggesting that our target spacing (1 mm) was perhaps too dense in that region (Figure 1B).
With feedback control 98% of the sonication targets (1045/1071) reached a pre-defined level of acoustic
emission at the second and third harmonic of the 230 kHz FUS frequency, while the probability of
wideband emission (a signature for inertial cavitation) was than 1%.
There were no significant differences in the acoustic exposure levels, acoustic emissions, or in the
resulting BBB disruption or in the number of erythrocyte/hemosiderin clusters between animals that
received FUS alone or FUS and irinotecan (P>0.05), and no difference in health or weight gain were
observed between these animals and those that received drug alone. However, the dimensions of the
petechiae/erythrocyte clusters were larger (P<0.001) in the animals that received FUS and irinotecan.
CONCLUSIONS It is possible to use a low-frequency clinical TcMRgFUS device for BBB disruption
studies in rats. Actively controlling the exposure level until a significant increase in harmonic emissions
compared to sonication without microbubbles was effective for ensuring that BBB disruption occurs with
minimal vascular damage. Overzealous overlap of sonication targets might lead to edema, prolonged
BBB disruption, and tissue damage.
Irinotecan delivery to the healthy brain does not appear to be neurotoxic. If we can safely deliver this
chemotherapy agent to the margins of a brain tumor (where the BBB is intact) we may be able treat
infiltrating tumor cells that often lead to recurrence. Irinotecan has been evaluated in several clinical trials

in glioma patients, and these results are promising for evaluating its use with FUS-induced BBB
disruption.

Figure 1: A: Diagram showing the 30cm diameter hemisphere phased array with a coronal MRI of the rat
head superimposed. The geometric focus (green +) was ⇠1cm below the target axial plane in the rat
brain (red dotted line in inset). B: Locations of the 36 sonication targets, a post-FUS R1 map, a map of
DR1 (normalized to non-sonicated hemisphere), and map of the relative acoustic energy density
(simulation). C: Maps showing DR1 changes for 30 consecutive FUS sessions. The difference in R1 vs.
the non-sonicated hemisphere was significant (P<0.05) in all tissue structures except 3 cases (“x”).

Figure 2: A: Changes in R1 due to the delivery of Gadavist across the BBB for different structures for all
animals in this study. Each + indicates the mean signal measured in that tissue structure in the sonicated
hemisphere and in corresponding locations in the contralateral, non-sonicated hemisphere. R1 was
consistently higher in the sonicated side, and overall the difference between the sonicated and control
hemispheres was significant for each structure (***P<0.001). B: Difference in Gadavist concentration
between the sonicated and control hemispheres, estimated using the R1 measurements and the
relaxivity of the contrast agent (4.44s-1 mM-1 ).

Figure 3: (A-C): Microphotographs a typical H&E-LFB stained section after three weekly sessions of
FUS-induced BBB disruption and irinotecan. Most of the brain appeared completely normal except for a
few tiny clusters of hemosiderin particles. The segmentations used in measuring the dimensions and
areas of these clusters are shown. Bars: 100 µm.
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FOCUSED ULTRASOUND-MEDIATED INTRANASAL DELIVERY FOR NONINVASIVE AND
SPATIALLY-TARGETED BRAIN DRUG DELIVERY WITH MINIMAL SYSTEMIC EXPOSURE
Dezhuang Ye1 , Xiaohui Zhang5 , Yimei Yue2 , Ramesh Raliya3 , Pratim Biswas3 , Sara Taylor4 , Yuan-chuan
Tai5 , Joshua B Rubin4 , Yongjian Liu5 , Hong Chen2,6
1. Mechanical Engineering and Material Science, Washington University in St. Louis, Saint Louissaint
louis, Missouri, United States.
2. Biomedical Engineering, Washington University in St louis, Saint Louis, Missouri, United States.
3. Energy, Environmental & Chemical Engineering, Washington University in St louis, Saint Louis,
Missouri, United States.
4. Pediatrics, Washington University School of Medicine, Saint Louis, Missouri, United States.
5. Radiology, Washington University School of Medicine, Saint Louis, Missouri, United States.
6. Radiation Oncology, Washington University School of Medicine, Saint Louis, Missouri, United States.
OBJECTIVES Treatment of brain diseases ranging from cancer to neurodegeneration is challenging
because surgeries can damage healthy brain tissue and the blood-brain barrier (BBB), which protects the
brain from harmful blood-borne substances, can prevent systemically administered drugs from reaching
the brain at therapeutic levels. Current techniques for circumventing the BBB are either invasive (e.g.,
convection-enhanced delivery), not targeted to the diseased site (e.g., intranasal brain drug delivery), or
associated with systemic exposure [e.g., focused ultrasound-induced BBB disruption (FUS-BBBD)].
Thus, to address the critical unmet need for innovative approaches to improve brain disease treatment,
we propose to develop a new brain drug delivery strategy: focused ultrasound combined with
microbubble-mediated intranasal delivery (FUSIN). FUSIN bypasses the BBB to achieve noninvasive,
spatially-targeted delivery of therapeutic agents to the diseased brain sites without jeopardizing healthy
regions of the brain and other organs. The goal of this study was to systemically evaluate the FUSIN
technique in terms of its delivery efficiency, systemic exposure, and safety in the nose and brain.
METHODS Mice were divided into multiple groups (Table 1). Gold nanoclusters (AuNCs) labeled with
either 64 Cu (64 Cu-AuNCs) or Texas red (TR-AuNCs) were used as a model drug to evaluate the FUSIN
technique. For intranasal (IN) administration, the mice were laid supine on a curved holder under 1.5%
isoflurane anesthetization. Every 2 mins, a micropipette was used to administer a 3 µl drop of AuNCs.
Drops were placed at the opening of the nostril, allowing the animal to snort each drop into the nasal
cavity. A total of 8 drops (24 µl) were delivered to each mouse. For the FUS treatment, an ultrasound
imaging-guided FUS system was used to align the focus of the FUS transducer with the pons. Pons was
selected as our targeted brain location as our long-term goal is to use this technique for the treatment of
diffusion intrinsic pontine gliomas, which is the most deadly pediatric brain cancer. Following intravenous
(IV) injection of microbubbles, FUS sonication was applied with the following parameters: peak-negative
pressure = 0.56 MPa, pulse length = 6.7 ms, pulse repetition frequency = 5 Hz, and duration = 1 min.
Four points located at the four corners of a square of 0.5 mm in side length were treated to enlarge the
treatment volume and facilitate the identification of targeted area during post-treatment analysis. For the
mice delivered with TR-AuNCs, their brains were harvested and fixed overnight in paraformaldehyde
followed by cryoprotection with sucrose. The brains were cut into horizontal sections and imaged using a
fluorescence microscope. For the mice delivered with 64 Cu-AuNCs through IN or IV, in vivo microPET/CT
imaging followed by ex vivo gamma counting were used to evaluate the systemic biodistribution of the
64 Cu-AuNCs. Histological analysis was performed to evaluate any potential histological level damage to
the nose and pons. A buried food behavior test was performed to validate olfactory function after
intranasal administration of AuNCs.
RESULTS The fluorescence image of the ex vivo brain slice (Fig. A) shows that FUSIN achieved
localized and enhanced delivery of AuNCs at the pons. Quantification of the fluorescent intensity found
that FUSIN achieved 2.32-folder higher delivery of the AuNCs than that of the IN only (p<0.5). The
microPET/CT images present that IV resulted in higher whole-body radioactivity than IN (Fig. B). Gamma
counting verified that the 64 Cu-AuNCs accumulation was significantly higher in the IV group than in the

IN group in the blood (the ratio of the mean concentrations: IV/IN = 73; P<0.001), lungs(IV/IN = 59;
P<0.001), liver (IV/IN = 12; P<0.001), spleen (IV/IN = 15; P<0.05), kidney (IV/IN = 11; P<0.001), and
heart (IV/IN = 79; P<0.001). Significant higher radioactivity by IN administration was observed only in
the stomach (IN/IV=8; P<0.001). No detectable tissue damage was found in the histological analysis of
the nose tissue and pons. A buried food finding test indicated there was no change in olfactory function.
CONCLUSIONS This study evaluated delivery efficiency, systemic exposure, and safety of the FUSIN
technique. It was found that FUSIN noninvasively, locally, and efficiently delivered the AuNCs to the
FUS-targeted brain site. Compared to intravenous injection, FUSIN presented much less systematic
exposures. No detectable histological level tissue damage was observed and nose function was not
disturbed by IN administration. Together, these findings suggest that FUSIN is a promising technique for
noninvasively, locally, and efficiently deliver therapeutics to the diseased brain site with minimized toxicity
to healthy regions of the brain and other normal organs.
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AUGMENTED BRAIN-PENETRATING NANOPARTICLE-MEDIATED NON-VIRAL TRANSFECTION
OF BRAIN TUMORS VIA PRE-TREATMENT WITH PULSED FOCUSED ULTRASOUND
Colleen Curley1 , Brian Mead1 , Namho Kim2 , Karina Negron2 , Ji Song1 , Wilson Miller1 , William
Garrison1 , Alexander L Klibanov1 , Jung Soo Suk2 , Justin Hanes2 , Richard J Price1
1. University of Virginia, Charlottesville, Virginia, United States.
2. Johns Hopkins University, Baltimore, Maryland, United States.
OBJECTIVES Gene therapy holds promise for the treatment of brain tumors; however, the blood brain
barrier (BBB), blood tumor barrier (BTB), and the dense and electrostatically charged tumor extracellular
matrix (ECM) limit the delivery and dispersion of gene vectors. Microbubble (MB) activation with focused
ultrasound (FUS) remains uniquely capable of noninvasive, image-guided, and spatially targeted delivery
of systemically administered gene vectors to the brain[1], [2] . We postulate that therapeutic efficacy can
be further improved by enhancing delivery and/or uptake of gene vectors through FUS modulation of
brain tumor tissue structure. Toward that end, we tested whether a series of pulsed FUS “pre-treatment”
regimens could a) enhance dispersion of directly injected reporter gene vectors that were densely
PEGylated to facilitate rapid penetration (i.e. brain-penetrating nanoparticles; BPNs) through U87 glioma
tissue and b) improve uptake/expression of BPNs in U87 gliomas after BPN delivery across the
blood-brain/blood tumor barrier (BBB/BTB) via activation of intravascular MBs with FUS.
METHODS U87-mg tumor cells stably expressing mCherry were implanted into the striata of athymic
nude mice. In the first set of experiments, roughly 2 weeks following implantation, FUS pre-treatment
was applied to tumors, with or without intravascular MBs, followed by an infusion of ZsGreen-BPNs via
convection enhanced delivery (CED). Transfection volume was assessed at day two by fluorescence
imaging of ZsGreen reporter gene expression in serial brain tissue sections. In the second set of
experiments, we tested whether FUS pre-treatment enhances BPN uptake/gene expression after
FUS+MB-mediated delivery across the BBB/BTB. Tumor-bearing mice were coupled to an
MR-compatible FUS transducer and pre-treatment was applied (1.5 or 2MPa; 2.25% duty cycle, 10 mins)
to the tumor. MBs and luciferase-BPNs were intravenously injected, followed by BBB/BTB opening
throughout the tumor. Bioluminescence imaging was performed to assess gene expression.
RESULTS Pre-treatment with pulsed FUS, both with and without MBs, led to a roughly two-fold increase
in transfection volume after CED administration of ZsGreen-BPN (Figure 1). Tumors pre-treated with
pulsed MRgFUS before FUS+MB-mediated BBB/BTB opening showed a trend towards increased ex vivo
bioluminescence compared to tumors receiving FUS+MB-mediated BBB/BTB opening alone (Figure 2).
CONCLUSIONS FUS+MB-mediated BBB/BTB opening is an established approach for delivery of
therapeutic agents to intracranial tumors; however, the tissue ECM hinders therapeutic nanoparticle
transport, limiting efficacy. While previous studies have shown that FUS can expand extracellular and
perivascular spaces within the brain, the method has not been utilized in conjunction with brain tumor
gene therapy. Here, we have shown that FUS pre-treatment of U87 gliomas prior to CED administration
of non-viral gene vectors yields a two-fold enhancement of tumor transfection volume. Additionally, we
observed a trend towards increased gene expression in tumors pre-treated with FUS prior to the
subsequent delivery of gene-bearing BPNs. While additional experiments are in progress to confirm this
observation, these results suggest that this “FUS pre-conditioning” effect will be useful for optimizing
brain tumor transfection. Thus, FUS pre-treatment to enhance non-invasive delivery approaches for gene
therapies is a promising approach that warrants further exploration.
References:
[1] Mead, et. al. J. Control. Release, 2016.
[2] Mead, et. al. Nano Lett., 2017.

Figure 1. A) Representative images of ZsGreen expression in U87-mCherry tumors 48 hours following
either FUS+MB pre-treatment only (negative control for ZsGreen fluorescence), CED injection only, FUS
pre-treatment + CED, or FUS+MB pre-treatment + CED. B) Volume of distribution of ZsGreen expression
in U87 glioma xenografts 48 hours after FUS and/or CED injection of reporter gene BPNs was greater in
mice receiving either of the tested FUS pre-treatment protocols. *p< 0.05 vs FUS+MB control and
CED-only control groups.

Figure 2. Quantification of total flux from ex vivo bioluminescence images of U87 tumors receiving FUS
pre-treatment and/or FUS + MB BBB/BTB opening for delivery of luciferase gene-bearing BPNs.
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SONOCLOUD: AN IMPLANTABLE ULTRASOUND DEVICE FOR REPEATED BLOOD-BRAIN
BARRIER DISRUPTION
Michael Canney1 , Antonin Drean3,1 , Guillaume BOUCHOUX1 , Bruno Law-Ye2 , Delphine Leclercq2 , Lisa
Belin4 , Anne Bissery4 , Marc Sanson5 , Khe Hoang-Xuan5 , Caroline Dehais5 , Caroline Houillier5 ,
Florence Laigle-Donadey5 , Jean-Yves Delattre5 , Ahmed Idbaih5 , Alexandre Carpentier6
1. CarThera, Paris, France.
2. Neuroradiology, Hôpital Pitié Salpêtrière, Paris, France.
3. ICM, Hôpital Pitié Salpêtrière, Paris, France.
4. Clinical Research Unit, Pitié-Salpêtrière Hospital, Paris, France.
5. Neuro-oncology, Pitié-Salpêtrière Hospital, Paris, France.
6. Neurosurgery, Pitié-Salpêtrière Hospital, Paris, France.
OBJECTIVES The blood-brain barrier (BBB) limits most drugs from reaching therapeutic concentrations
in the brain. Low intensity pulsed ultrasound (LIPU) in combination with injection of micron-sized
microbubbles can transiently disrupt the BBB to increase the passage of drugs to brain tissue. In this
work, an implantable 1 MHz unfocused ultrasound emitter, SonoCloud, was used to repeatedly disrupt
the BBB in patients with recurrent glioblastoma (GBM) prior to carboplatin chemotherapy. Recent
pre-clinical work on carboplatin activity in glioma models as well as an update on the current clinical
development will be presented.
METHODS Carboplatin chemotherapy distribution after BBB disruption was first measured in a primate
model after BBB disruption. Then, efficacy of carboplatin associated with SonoCloud treatments was
assessed on immunocompromised mice bearing orthotopic human GBM xenografts. A first-in-man
clinical trial at the University Hospital Pitié Salpêtrière, APHP, Paris, France was performed from
2014-2018. GBM patients with tumor recurrence were implanted with SonoCloud devices in burr holes.
The device was activated monthly in a <10-minute procedure to transiently disrupt the BBB before IV
administration of carboplatin (AUC4-6). BBB disruption was visualized using T1w contrast-enhanced
MRI and patients were monitored clinically.
RESULTS Carboplatin concentrations were shown to be significantly enhanced in animal models after
BBB disruption, and an increase in survival in GBM mouse models was demonstrated. Twenty-five
patients were implanted and >80 sonications were performed with the SonoCloud device. BBB
disruption was visible on post-sonication T1w MRI and was ultrasound pressure dependent. Only a few
transient and manageable severe related adverse events were observed and included: a partial sensitive
seizure, two cases of transient edema and one transient facial palsy. No carboplatin-related neurotoxicity
was observed.
CONCLUSIONS LIPU with the SonoCloud device was well tolerated and may increase the effectiveness
of drug therapies in the brain. The sonication of larger volumes of brain in recurrent GBM will be
investigated in a future trial and may further enhance the effectiveness of this treatment modality. Clinical
trial information: NCT02253212.
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PARAMETERS INFLUENCING BLOOD-BRAIN BARRIER (BBB) OPENING USING NANOBUBBLES
AND REAL-TIME ACOUSTIC FEEDBACK CONTROL
Bingbing Cheng1 , Chenchen Bing1 , Debra Szczespanski1 , Rajiv Chopra1
1. Radiology, UT Southwestern Medical Center, Dallas, Texas, United States.
OBJECTIVES Real-time acoustic feedback control based on harmonic emissions of stimulated
microbubbles may be a way to achieve reliable blood-brain barrier (BBB) opening in the brain. Previously,
we demonstrated BBB opening was possible using sub-micron bubbles and produced comparable
results to commercialized microbubbles (Optison , Definity , etc). However, the harmonic emissions
and acoustic control was more consistent using sub-micron bubbles. This study further evaluates BBB
opening using a custom-made nanobubble (200-300 nm) under different conditions, including:
nanobubble concentration, feedback control threshold, and/or treatment duration.
METHODS Nanobubbles were synthesized by dissolving lipids
1,2-dibehenoyl-sn-glycero-3-phosphocholine (DBPC), 1,2 Dipalmitoyl-sn-Glycero-3-Phosphate (DPPA),
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE), and
1,2-distearoyl-snglycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (mPEG-DSPE)
in chloroform at a mass ratio of 6:1:2:1. Following solvent evaporation, the lipids were hydrated in a
solution containing 50 µl of glycerol and 1 mL of phosphate buffered saline (PBS) containing Pluronic
L10 (0.6 mg/mL) at 80 C for 30 minutes. Once hydrated, the air inside of the vial was replaced with
octafluoropropane (C3F8) gas. The vial was then agitated using a Vialmix shaker (Bristol-Meyers Squibb
Medical Imaging, N. Billerica, MA) for 45 s.
A custom-built focused ultrasound transducer with a resonant frequency of f0 = 0.5MHz was attached to
a stereotactic system and used to deliver ultrasound energy into the target brain region. A
piezocomposite hydrophone with a resonant frequency of 0.75MHz was built to capture the acoustic
signals emitted from stimulated nanobubbles. A feedback control algorithm was implemented in
LabVIEW to quantify the area under curve (AUC) within ultra-harmonic bands (0.75±0.05MHz) during
the ultrasound exposure and to adjust the focal pressure accordingly based on the difference between
current AUC and a desired threshold. Initial in vitro tests were performed in which nanobubbles with
different concentrations (1:1, 1:2, 1:10, 1:100, 1:500) were infused into a single tube (0.15 ml/min, tubing
I.D. = 1mm), and the AUC was quantified at 1.5f0 as a function of focal pressure. An in-vivo study was
performed in a rat model to evaluate the acoustic emissions at different nanobubble concentrations as a
function of focal pressure. A continuous infusion at a rate of 0.3 ml/min was used for the in vivo studies.
Finally, the feedback control at different AUC target levels was performed to evaluate the BBB opening
effect with 1:100 nanobubble samples. Evans blue dye was used as an indicator of BBB opening.
RESULTS Nanobubbles with an average diameter of 280 nm and a concentration on the order of 1011
particles/mL were successfully synthesized (Figure 1). In vitro AUC response from nanobubbles during
focused ultrasound exposures decreased along with the serial dilution as expected (Figure 2a).
Interestingly, in rats, acoustic emissions from nanobubbles were similar at bubble concentrations from
1:1 to 1:100 (Figure 2b), which indicates 100 times lower concentration of injected bubble agents might
be sufficient to generate a similar BBB opening effect compared with our previous study. Lastly,
successful maintenance of the AUC at different target levels was achieved in vivo at multiple locations in
the brain at this reduced concentration, and BBB opening was confirmed by the leakage of Evans Blue at
the target locations (Figure 3).
CONCLUSIONS In this study, a nano-sized bubble was synthesized and applied for the BBB disruption.
Acoustic emissions during focused ultrasound exposures were compared among nanobubbles with
different concentrations both in vitro and in vivo. A hundred times lower concentration of the nanobubbles
compared with our previous report could achieve similar BBB opening effect. BBB disruption with
real-time feedback control under different thresholds were evaluated in a rat model and Evans Blue dye
leakage confirmed the reliable and successful BBB disruption.

Figure 1. Size distribution of the synthesized nanobubbles measured using qNano instrument.

Figure 2. AUC response of nanobubbles as a function of ultrasound focal pressure. (a) In vitro AUC
response measured under different nanobubble concentrations (1:1, 1:2, 1:10, 1:100, and 1:500); (b) In
vivo AUC response measured under two nanobubble concentrations (1:1 and 1:100) at 6 different
locations (3 targets for each concentration).

Figure 3. Successful BBB opening with in vivo feedback control based on the AUC responses with three
different control thresholds. (a)-(c) show the AUC as a function of time during a feedback control
exposure with a target threshold of 2500, 5000, and 7500, respectively; (d) white light dissection photo
after the brain was harvested and perfused depicting localized Evans blue leakage where the BBB was
open (bar = 5 mm).
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FOCUSED ULTRASOUND-MEDIATED TRANSFECTION OF CEREBRAL VASCULATURE
INDEPENDENT OF BLOOD-BRAIN BARRIER OPENING
Catherine M Gorick1 , Ji Song1 , Alexander L Klibanov1 , Richard J Price1
1. Biomedical Engineering, University of Virginia, Charlottesville, Virginia, United States.
OBJECTIVES Approximately 15 million people worldwide suffer from strokes each year. Gene therapy
approaches to revascularization and tissue regeneration of ischemic brain after stroke could benefit from
endothelial cell-selective transfection. Such a strategy could, for example, permit specific modulation of
the vasculature to promote angiogenesis, release endothelial cell-secreted factors to stimulate nerve
regrowth, and/or recruit neural stem cells without affecting the blood-brain barrier (BBB). Our group has
previously demonstrated targeted transfection of brain structures using focused ultrasound (FUS) and
gas-filled microbubbles [1,2]. Here, we develop a novel gene therapy approach for FUS-targeted
endothelial-selective transfection in the brain.
METHODS The heads of C57BL/6 mice were shaved and depilated to permit coupling of a 1 MHz FUS
transducer to the skin, which was aligned to target the right striatum based on previously-defined
stereotaxic coordinates. Cationic lipid-shelled microbubbles (1-3 microns in diameter) were
electrostatically coupled with plasmid DNA bearing a reporter gene (either luciferase or mCherry) and
injected intravenously. A 2-minute FUS pulsing protocol with a 0.5% duty cycle began when the
microbubbles entered the bloodstream. Mice were treated with a pulsing sequence with a peak-negative
acoustic pressure of either 0.1, 0.2, 0.3, or 0.4 MPa (measured in water). Two days after treatment,
transfection was assessed by bioluminescence imaging (in vivo and ex vivo) or immunofluorescence. In
separate studies, C57BL/6 mice received plasmid-coupled microbubbles intravenously along with Evans
Blue dye in order to assess the extent of possible blood-brain barrier disruption. These mice were
treated with the same FUS pulsing protocol (2 minutes, 0.5% duty cycle), at either 0.1, 0.2, 0.3, or 0.4
MPa. The brains were harvested and analyzed 24 hours after treatment. The extent of Evans Blue
leakage from the vasculature in 5 mm2 areas within the treated and untreated contralateral regions was
assessed by converting color images to greyscale, calculating mean grayscale value, and determining
the fraction of pixels within those areas that had grayscale values lower (darker) than the median for the
full brain (“dark” pixels). These analyses were facilitated by the lower grayscale value of the blue dye
than normal brain tissue.
RESULTS Bioluminescent imaging demonstrated spatially-specific, targeted expression of the luciferase
transgene using FUS (Fig. 1A). Immunofluorescence analysis allowed for the quantification of the
overlap between mCherry-transfected cells and GSI lectin staining (marking endothelial cells). At each of
the pressures tested, mCherry expression was robust in the FUS-treated region, but virtually
undetectable in the contralateral side of the brain (Fig. 1B-I). At increasing pressures, there was
significantly more mCherry transfection of cells outside the vasculature (Fig. 1J). At 0.1 MPa, roughly
90% of the mCherry+ sites overlapped completely with GSI lectin staining, indicating highly
endothelial-selective transfection. Despite the increase in selectivity, we did not observe a decrease in
the number or area of vessels transfected (Fig. 1K), suggesting that we can modulate the selectivity of
transfection without sacrificing transfection efficiency. Importantly, endothelial-selective transfection at
0.1 MPa was achieved without detectable BBB opening, as evidenced by the absence of intravenously
administered Evans Blue in the striatum after activation of microbubbles with FUS applied in this very low
peak-negative pressure range. In contrast, brains treated with higher pressures exhibited significant BBB
opening (Fig. 2A-D). These results are then quantified in Fig. 2E-F. While the sample sizes were too
small (n=2, 2, 4, or 5) to determine statistical significance, animals treated at 0.3 or 0.4 MPa displayed a
trend toward more extensive Evans Blue leakage due to blood-brain barrier disruption, while no such
leakage was observed in the brains treated at 0.1 or 0.2 MPa.
CONCLUSIONS Our results indicate that endothelial-selective transfection of targeted regions of the
brain vasculature is possible with FUS and that the degree of selectivity can be modulated according to
the peak-negative pressure of the ultrasound waves (optimized to induce microbubble cavitation that

sonoporates endothelial cell membranes without breaking tight junctions between endothelial cells). This
platform provides possibilities for targeted gene therapy in the brain for stroke applications, wherein
potential risks may be associated with BBB disruption.
References:
1. Mead BP et al. (2016). J Control Release, 223 p109-117.
2. Mead BP et al. (2017). Nano Lett, 17(6) p3533-3542.

Figure 1. Targeted and endothelial-selective transfection in the brain with FUS and MBs. A)
Bioluminescence imaging of luciferase expression in FUS-targeted striatum. B,C) Lectin staining for
blood vessels in FUS- and FUS+ regions. Bars: 100µm. D,E) mCherry reporter gene expression in FUSand FUS+ regions. F,G) Merged lectin and mCherry images showing endothelial-selective gene
expression in FUS+ region. H,I) Magnified images of the insets outlined in yellow in panels F and G,
respectively. J) Bar graph of endothelial vs. extravascular mCherry across FUS pressures. ***P<0.005,
****P< 0.001. K) Bar graph of the fraction of total vessel area positive for mCherry across FUS
pressures.

Figure 2. Pressure-dependent blood-brain barrier disruption with FUS and MBs. A,B,C,D) Evans
Blue extravasation from vasculature into surrounding brain tissue at peak-negative pressures of 0.1, 0.2,
0.3, and 0.4 MPa, respectively. White arrows indicate the region targeted with FUS. E) Bar graph of the
ratio of the mean grayscale value in a 5mm2 area of the FUS-treated vs. contralateral untreated region
across FUS pressures. F) Bar graph of the ratio of the fraction of pixels within the previously described
5mm2 areas with lower grayscale values than the median for the whole brain across FUS pressures.

Monday, May 14, 2018
4:09 PM

Ballroom A

Scientific SessionsBlood-Brain Barrier

FOCUSED ULTRASOUND PRE-TREATMENT AUGMENTS BRAIN-PENETRATING
NANOPARTICLE-MEDIATED CNS TRANSFECTION VIA MECHANOSENSITIVE TRPA1 CHANNEL
ACTIVATION
Brian Mead1 , Colleen Curley1 , Namho Kim2 , Ji Song1 , Wilson Miller1 , William Garrison1 , James W.
Mandell1 , Alexander L Klibanov1 , Jung Soo Suk2 , Justin Hanes2 , Richard J Price1
1. University of Virginia, Charlottesville, Virginia, United States.
2. Johns Hopkins University, Baltimore, Maryland, United States.
OBJECTIVES Microbubble (MB) activation with focused ultrasound (FUS) is uniquely capable of
facilitating the noninvasive, MR image-guided, and spatially targeted delivery of systemically
administered brain-penetrating nanoparticle (BPN) gene vectors across the blood-brain barrier (BBB) to
the central nervous system (CNS). Here, we tested the hypothesis that pre-treating CNS tissue with
pulsed FUS may be used to further (i) enhance BPN dispersion in the CNS via activation of
mechanosensitive TrpA1 and/or TrpV1 channels and (ii) augment BPN-mediated transfection of CNS
tissue.
METHODS Pulsed FUS pre-treatment, with or without intravascular MBs, was applied to the left striatum
of Sprague-Dawley rats or C57Bl6, TrpV1-/- or TrpA1-/- mice, followed by convection enhanced delivery
(CED) of ZsGreen plasmid bearing-BPN (ZsGreen-BPN). Transfection volume was assessed at day two
by fluorescence imaging of the ZsGreen reporter in serial brain tissue sections. Next, in order to test
whether FUS pre-treatment enhances BPN uptake or transgene expression after delivery across the
BBB with FUS and MBs, rats were coupled to an MR-compatible FUS transducer and pre-treatment was
applied (2 or 4 MPa; 2.25% duty cycle, 10 mins) to either the left or right striatum. MBs and
luciferase-BPNs were then intravenously injected, followed by BBB opening in both the left and right
striata with FUS and MBs (0.6 MPa, 0.5% duty cycle, 2 mins, 1x105 MB/g). Luciferase reporter
transgene expression was assessed with in vivo and ex vivo bioluminescence imaging.
RESULTS Pre-treatment with pulsed FUS, both with and without MBs, led to significant increases in
transfection volume (>76% in both mouse and rat brain tissue) after CED administration of
ZsGreen-BPN (Figure 1). Importantly, the increase in transfection volume mediated by FUS or FUS +
MB pre-treatment was completely blocked in TrpA1 knockout mice. In contrast, TrpV1 deletion had no
effect on transfection volume. In rats, unilateral FUS pre-treatment at either 4 MPa or 2 MPa (2.25% duty
cycle, 10 mins) prior to bilateral BBB opening and delivery of luciferase-BPN with FUS and MBs
generated a 5-fold or 2-fold increase, respectively, in magnitude of transgene expression (Figure 2).
Detailed histological analyses confirmed that FUS pre-treatment was not associated with ischemic injury,
astrogliosis, microgliosis, or neural damage.
CONCLUSIONS It is now well established that FUS and MBs may be used to temporarily disrupt the
BBB, allowing localized delivery of therapeutic agents into the CNS. Previous studies have shown that
FUS can expand extracellular and perivascular spaces within the brain; however, the molecular
mechanism(s) of this response are poorly understood and utilization of this phenomenon to enhance
non-invasive delivery has been limited. In this study, we demonstrate that applying pulsed FUS
pre-treatment prior to infusion of gene vector BPN increases transfection volume in CNS tissue via
activation of TrpA1 channels, but not TrpV1 channels. Moreover, FUS pre-treatment of CNS tissue is
capable of markedly augmenting nanoparticle-mediated transfection when applied prior to BPN delivery
across the BBB with FUS and MBs.

Figure 1. Enhancement of ZsGreen-BPN volume of distribution with FUS pre-treatment is completely
abrogated in TrpA1-/- mice, but not in TrpV1-/- mice. Graph shows volume of distribution as a fold change
over CED-only control group for C57BL/6, TrpA1-/- and TrpV1-/- mice. *p<0.05; ‡p<0.05 vs. all groups in
same genotype; Yp<0.05 vs. FUS + MB + CED in same genotype.

Figure 2. Pre-exposure of rat brain to 4 MPa or 2 MPa FUS (2.25% duty cycle, 10 mins) without MBs
increases bioluminescence after delivery of Luc-BPN with FUS compared to non-pre-treated controls.
(A) Representative in vivo (top) and ex vivo (bottom) bioluminescence images taken two days after
application of FUS + MB treatment. The right striatum was pre-treated. (B) Bar graph shows in vivo
bioluminescence ratio on the pre-treated side compared to the contralateral. *p < 0.05
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DUAL FREQUENCY ARRAY FOR INTEGRATED FOCUSED ULTRASOUND THERAPY AND
REAL-TIME PASSIVE ACOUSTIC MAPPING
Josquin Foiret1 , Hua Zhang1 , Tali Ilovitsh1 , Lisa M Mahakian1 , Sarah M Tam1 , Katherine W Ferrara1
1. Biomedical Engineering, University of California, Davis, Davis, California, United States.
OBJECTIVES Focused ultrasound (FUS) therapies utilizing microbubbles (MBs) have shown great
potential for targeted delivery of therapeutic agents; several clinical trials are now underway. For clinical
FUS+MB therapies, image-guidance is generally accomplished with magnetic resonance imaging.
However, monitoring and real-time control for optimized and safe therapy (i.e. monitoring of MB
cavitation) is still under development and relies on the detection of characteristic acoustic signatures
from MB. US-guided systems have the potential to facilitate the integration of image-guidance, FUS
therapy and real-time monitoring. Our goal was to develop an integrated system optimized for small
animal studies and capable of steering the FUS beam while detecting and localizing cavitation events.
Here, we sought to interface the imaging and therapeutic arrays to a programmable ultrasound system
(Verasonics) and test the ability of the system to localize and analyze the acoustic signature from MB in
the FUS beam in real-time.
METHODS Focused ultrasound is applied with a 1.5-MHz 128-element therapeutic array (Imasonic)
designed for small animal studies and allowing 3D steering (focus size 2.7⇥0.7⇥0.4 mm3 ) [1]. Imaging is
performed with a L12-5 linear array (Philips/ATL) positioned in a void at the center of the FUS array (Fig.
1(a)). Both arrays are interfaced on a Vantage 256 system (Verasonics) for real-time targeting and
monitoring of the treatment and an in-house matching network is used with the therapeutic array. When
FUS is applied, real-time passive acoustic mapping is used to monitor the treatment based on the
angular spectrum method [2]. The system was tested with MBs flowing through a 200-µm cellulose fiber.
The flow rate was set at 10 mm/s in the fiber with a dilution of ⇠5⇥107 MB/mL of in-house lipid-shelled
MBs (median size: 1.6 µm). The FUS beam was electronically steered along the fiber with pressures
ranging from 130 kPa to 770 kPa (as measured with a calibrated needle hydrophone) while passive
acoustic mapping and spectral analysis were performed in real-time with the L12-5 for each of the focal
positions.
RESULTS The bandwidth of the L12-5 was sufficient to record 6 harmonics of the transmission
frequency (4.5, 6, 7.5, 9, 10.5 and 12 MHz). Received spectra for the different pressures (Fig. 1(b))
indicated: 1) discrete harmonics at low pressure (<200 kPa) linked with stable cavitation, 2) harmonics
and ultra-harmonics at higher pressures (300-500 kPa), and 3) a broadband echo at high pressure
(>600 kPa) indicating strong inertial cavitation. Passive acoustic mapping from identified frequency
bands (harmonics/broadband) showed precise localization of cavitation events along the fiber with
discrimination between stable and inertial regimes (Fig. 1(c)). The localization procedure accurately
mapped the location of the therapeutic focus.
CONCLUSIONS The therapeutic array, designed for small animal therapy, offers a combination of a
small focus and electronic steering which allows for precise targeting for MB studies. The integration of
the array with a programmable ultrasound system offers great perspective for real-time control of FUS
therapy relying on stable MB cavitation. This system is currently applied for blood-brain barrier disruption
and tumor transfection studies.
[1] Liu et al., Phys. in Med. and Biol., 61, 2016.
[2] Arvanitis et al., IEEE Trans. on Med. Imag., 36, 2017.
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UNILATERAL FOCUSED ULTRASOUND-INDUCED BLOOD-BRAIN BARRIER OPENING ALTERS
THE PATHOLOGICAL PROFILE OF THE 3XTG ALZHEIMER’S MOUSE MODEL
Maria Eleni Karakatsani1 , Tara Kugelman1 , Karen Duff2,3 , Elisa Konofagou1,4
1. Biomedical Engineering, Columbia University, New York, New York, United States.
2. Taub Institute for Research on Alzheimer’s Disease and the Aging Brain, Columbia University, New
York, New York, United States.
3. Pathology and Cell Biology, Columbia University, New York, New York, United States.
4. Radiology, Columbia University, New York, New York, United States.
OBJECTIVES Focused Ultrasound (FUS) has been shown to interact with the neuropathological
hallmarks of Alzheimer’s disease, the amyloid-b plaques and the neurofibrillary tangles. Extensive
research has shown up to 52% elimination of the amyloid plaque load after the application of focused
ultrasound. The interaction of FUS with tau pathology, although less studied, has shown reduction of the
misfolded protein both from the entorhinal cortex and the axonal compartment of the hippocampus in
different mouse models. Since the effect of ultrasound has been proven beneficial when studying the AD
pathologies separately, it is essential to investigate the effect of focused ultrasound when applied in a
brain bearing simultaneously both pathologies. With the current study we investigate, for the first time,
the interaction of focused ultrasound-induced blood-brain barrier opening in the presence of both
amyloid-b and tau. Moreover, the unilateral sonication of the transgenic brain provides a unique
opportunity to explore potential bilateral effects.
METHODS For this study the initial cohort included 9 mice of the 3xTg line (11 months old), four of which
were randomly assigned to the control group that did not receive any sonication and five to the treatment
group. The treatment group received a double sonication covering almost the entire hippocampal region
once per week for 4 consecutive weeks. The day following the last sonication the mice were sacrificed.
The brains were sectioned and counterstained for tau protein (AT8), amyloid-b (Ab42 -specific antibody)
as well as microglia activation (CD68). The images were acquired by means of confocal microscopy over
a z-series to account for depth differences and enabling co-visualization of the two proteins and microglia
distribution. A customized algorithm was constructed to quantify the number of plaques, cells and the
axonal distribution of the tau-marker. Background noise was automatically removed by color-based
segmentation using k-means clustering and the cells were detected by the Hough transform. The axons
were quantified based on their length marked by the tau protein. The same brain slices were utilized to
quantify the hippocampal density of the CD68 marker by intensity-based quantification.
RESULTS Figure 1 shows a representative example of the treatment group. Following the hippocampal
formation of the contralateral side (not sonicated), the phosphorylated tau is shown to be present in both
the somatodendritic and the axonal compartment (red). In particular the tau marker engulfs the cell
bodies and the entire in-plane length of the axons can be detected. Although the cell bodies affected by
tau protein are also evident in the ipsilateral side (sonicated), the axonal tau is less pronounced, as fewer
axons can be detected. Despite the stronger colocalization of the amyloid b with tau in the contralateral
side, higher magnification images are required to visualize and quantify the plaques to determine their
response profile to the sonication.
CONCLUSIONS Focused ultrasound-induced blood-brain barrier opening alters the distribution of both
pathological biomarkers of Alzheimer’s disease. Elaborate quantification of the tau and amyloid b
proteins is undergoing to establish their spatial profile after sonication. This study is pivotal in translating
this technique to the clinic as is the first one investigating the interaction of focused-ultrasound with
amyloid b and tau present in the same brain. Despite the intra-brain differences in tau and amyloid b
distribution, a comparison against the control brains is necessary to assess any bilateral effect as seen
previously. Quantification of the proteins distribution and density are currently ongoing as well as their
colocalization with phagocytic microglia.

Figure 1: Hippocampal formation counterstained for tau protein with AT8 (red), amyloid b protein with the
Ab42 -specific antibody (green) and cell integrity with DAPI (blue). The first row corresponds to the
contralateral side of a sonicated brain with the corresponding magnified region and the second row
corresponds to the ipsilateral side.
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DEPENDENCE OF INERTIAL CAVITATION ACTIVITY ON THE HIGH INTENSITY FOCUSED
ULTRASOUND TRANSDUCER F-NUMBER
Tatiana Khokhlova1 , Christopher Bawiec1 , Christopher Hunter2 , Wayne Kreider2 , Adam Maxwell3 , Vera
Khokhlova2,4 , Oleg Sapozhnikov2,4
1. Department of Medicine, University of Washington, Seattle, Washington, United States.
2. Applied Physics Lab, University of Washington, Seattle, Washington, United States.
3. Department of Urology, University of Washington, Seattle, Washington, United States.
4. Physics Faculty, M.V. Lomonosov Moscow State University, Moscow, Russian Federation.
OBJECTIVES Cavitation induced in tumors by pulsed high intensity focused ultrasound (pHIFU) without
ultrasound contrast agents was shown to significantly enhance chemotherapeutic drug uptake. Such de
novo cavitation is commonly assumed to require relatively high rarefactional pressures. However, in a
number of recent studies an inverse correlation of inertial cavitation threshold with the HIFU transducer
F -number was noted. Moreover, a positive correlation of inertial cavitation activity and chemotherapeutic
drug uptake with the formation of shocks in the focal waveform was also observed. The shock amplitude
and corresponding peak negative pressure (p- ) at the focus are primarily determined by the transducer
F -number with less focused transducers producing shocks at lower p- . Here, the dependence of inertial
cavitation activity on the transducer F -number, frequency, and pulse duration was investigated in
agarose gel phantoms and ex vivo tissue samples using passive cavitation detection (PCD).
METHODS HIFU transducers with the same aperture but different F -number (0.77, 1.02, and 1.52) and
operable at two driving frequencies (1 MHz and 1.5 MHz) were fabricated and characterized through
hydrophone and acoustic radiation force balance measurements. All transducers had a central opening
that incorporated a coaxially aligned focused PCD transducer. Agarose gel phantoms of varying
concentration and freshly collected ex vivo porcine liver and kidney samples were used as test media. All
pHIFU exposures consisted of 60 pulses delivered at a pulse repetition frequency of 1 Hz, with each
pulse lasting 10 µs, 100 µs, or 1 ms and p- varying within the range of 1-17 MPa. Signals recorded by
PCD were processed by a combination of band-pass and notch filters to eliminate backscattered HIFU
harmonics so that only broadband noise emissions from cavitation bubbles remained. Filtered signals
from multiple focal sites in the test media were processed to obtain several cavitation metrics: the mean
noise level, cavitation probability, and mean cavitation persistence for each p- level. Cavitation probability
was defined as the percentage of focus positions at which at least one cavitation event was observed.
Cavitation persistence was defined as the percentage of the HIFU pulses that induced a cavitation event
among all pulses delivered at a single treatment position.
RESULTS
Both the output acoustic power and p- corresponding to shock-forming conditions at the focus were
substantially lower for less focused transducers with higher F -number for both operating frequencies, 1
MHz and 1.5 MHz (Figure 1a). In particular, at 1.5 MHz the shock fronts formed at p- of 5 MPa, 9 MPa,
and 17 MPa for the transducers with the F-numbers of 1.52, 1.02, and 0.77, respectively (Figure 1b). In
all test media, higher cavitation probability and persistence were observed for transducers with higher
F-numbers at the same p- levels (Figure 1c,d). All inertial cavitation metrics at 1 MHz substantially
exceeded those at 1.5 MHz. There was no significant difference between cavitation metrics collected at
100 µs and 1 ms, but the metrics collected at 10 µs were substantially lower.
CONCLUSIONS These results demonstrate that the inertial cavitation metrics, as observed by PCD
measurements, depend strongly on the F -number of HIFU transducer, given the same frequency and p-.
The hypothesized reason for this effect is enhancement of bubble nucleation, growth, and activity by
nonlinear distortion of the focal waveform and shock formation, which are largely determined by the
transducer F -number. Another contributing mechanism may be the increase in the focal area size with
F -number, which enhances the probability of encountering a suitable nucleus. To clarify the relative
contributions of the two mechanisms, direct observations and numerical modeling of shock wave

interaction with cavitation nuclei and associated bubble dynamics are needed and are currently ongoing.
We believe that the conclusions from this effort will have important implications in the field of
cavitation-aided drug delivery. Specifically, the use of less focused and smaller-footprint transducers
appears to be beneficial for achieving desired cavitation activity levels at lower in situ pressures. Work
supported by NIH R01EB023910, K01DK104854, R01EB007643, and RFBR 17-54-33034.

Figure 1. (a) Dependence of peak positive and negative focal pressures on the output acoustic power for
the transducers with the F-numbers of 0.77 (blue), 1.02 (red), and 1.52 (black) at 1.5 MHz frequency.
Dashed lines indicate the output levels corresponding to the formation of developed shock in the focal
waveform. (b) Focal waveforms recorded in water for the three transducers at the output levels
corresponding to shock-forming conditions. (c) Cavitation probability and (d) mean persistence
measured in agarose gel phantoms for the three transducers at 1.5 MHz at different peak negative
pressures.
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EFFECT OF STANDING WAVE SUPPRESSION SEQUENCE ON CAVITATION BUBBLES IN
PRE-FOCAL REGION FOR REDUCTION OF POTENTIAL SIDE EFFECTS IN
CAVITATION-ENHANCED ULTRASONIC TREATMENT
Shin Yoshizawa1 , Kazuhiro Sakamoto1 , Yui Tanaka1 , Ryo Takagi2 , Shin-ichiro Umemura1
1. Tohoku University, Sendai, Japan.
2. National Institute of Advanced Industrial Science and Technology, Tsukuba, Japan.
OBJECTIVES It is known that cavitation bubbles can accelerate high-intensity focused ultrasound
(HIFU) treatments. It is important to localize the cavitation generation region in a focal region for the
safety and efficacy. The objective of this study is to develop a HIFU exposure method to reduce the
probability of side effects caused by cavitation bubbles generated in a pre-focal region, such as a skin
burn.
The exposure of a very short pulse at an extremely high intensity used in histotripsy is desirable for the
localized generation of cavitation bubbles. In our previous studies, “trigger HIFU sequence” which
consists of a short pulse at an extremely high intensity followed by a relatively long burst at an intensity
similar to that in conventional HIFU treatments has been proposed for cavitation-enhanced ultrasonic
heating. In this study, the cavitation regions by three different methods of the long burst exposure was
observed and compared by ultrasonic imaging and high-speed photography.
METHODS To reduce the standing wave components, a partitioned HIFU transducer was employed.
The transducer was partitioned into 6 sectors by compromising simplicity and the focal pattern. Figure
1(a) shows a conventional trigger HIFU sequence, consisting of trigger pulses for 0.1 ms at a total
acoustic power (TAP) of 1.0 kW and heating bursts for 75 ms at a TAP of 210 W. After the heating burst
exposure, 25 ms intermission was reserved for ultrasonic imaging. The driving frequency was 1.1 MHz.
Figure 1(b) shows the proposed exposure sequence for the standing wave reduction, consisting of the
same trigger pulses used in Fig. 1(a) and heating bursts alternating the firing the 3 sectors once every
0.05 ms for 75 ms. The 3 sectors were driven so as to produce the same acoustic power of the heating
bursts used in Fig 1(a). Figure 2(c) shows the intermittent sequence, consisting of the same trigger
pulses and intermittent heating bursts at an instantaneous and time-average TAP of 420 W and 210 W,
respectively, with pausing the firing for 0.05 ms once every 0.1 ms for 75 ms.
Figure 2 shows a schematic of the experimental setup for the tissue coagulation with ultrasound imaging.
A transducer with an aperture diameter of 100 mm and F number of 0.85 was used. It was covered with
a water bag (Civco M035060) containing degassed water (DO:20-30%) at approximately 18 C. An
excised chicken breast muscle tissue was used as a target tissue and placed in degassed water (DO:
20-30%). The focal position was set 10 mm deep from the surface of the sample. Water temperature in
the tank was kept at approximately 35 C. The chicken tissue was soaked in degassed saline for 3 h. A
sector probe (Aloka UST-52105) was inserted into the central hole of the transducer, connected an
ultrasound system (Verasonics Vantage 256) to monitor cavitation bubbles on the surface and inside of
the tissue by pulse inversion (PI) images during HIFU exposure. The chicken tissue was exposed for 10
s to check the potential thermal damage on the surface. For the high-speed photographs of cavitation
bubbles, a sapphire glass instead of the tissue was placed in the water tank at a room temperature. The
glass surface was located at 5 mm above of the focal point and cavitation bubbles on the glass was taken
with a high-speed camera.
RESULTS The temporal variance of brightness in PI images was calculated to emphasize the region of
cavitation bubbles. Figure 3 shows the variance in the region of interest (length: 2 mm, width: 20 mm) on
the surface of the chicken tissue. The mean value of the variance was reduced by the proposed method
compared with that by the conventional method by more than 5 times. Figure 4 shows high-speed
photographs of cavitation bubbles generated on the sapphire glass. There was not so much change in
the amount of cavitation bubbles induced by the conventional method during the heating burst exposure.
Almost of all cavitation bubbles disappeared in the high-speed image at only 2-ms after the trigger pulse
exposure in the proposed sequence. On the other hand, the cavitation region was gradually increased by

the intermittent exposure of heating bursts. The results showed that the suppression of standing wave
components by the proposed method has a potential to reduce the effect of cavitation bubbles outside
the target region.
CONCLUSIONS In this study, the sequence to suppress standing wave components was proposed
using a HIFU transducer with 6 sectors. The ultrasound and high-speed camera images showed less
cavitation bubbles in the pre-focal region by the proposed method than by the conventional and
intermittent methods, which indicates that the proposed method would reduce the side effects caused by
cavitation bubbles outside a HIFU focal region.

Figure 1 Schematic of HIFU exposure sequences. Conventional trigger HIFU sequence (a), proposed
exposure sequence (b), and intermittent sequence (c).

Figure 2 Schematic of experimental setup for tissue coagulation

Figure 3 Temporal brightness variance of PI images in surface region of tissue.

Figure 4 High-speed photographs of cavitation bubbles on sapphire glass.
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TRANSURETHRAL ULTRASOUND TREATMENT OF THE PROSTATE IN THE PRESENCE OF
CALCIFICATIONS AND CYSTS
Visa Suomi1 , Bradley Treeby2 , Jiri Jaros3 , Jani Saunavaara4 , Aida Kiviniemi1 , Mikael Anttinen1 , Pietari
Makela1 , Teija Sainio4 , Roberto Blanco1
1. Department of Radiology, Turku University Hospital, Turku, Finland.
2. Department of Medical Physics and Biomedical Engineering, University College London, London,
United Kingdom.
3. Centre of Excellence IT4Innovation, Faculty of Information Technology, Brno University of Technology,
Brno, Czechia.
4. Department of Medical Physics, Turku University Hospital, Turku, Finland.
OBJECTIVES Therapeutic ultrasound is an established treatment method which can be used for
minimally invasive therapy of the prostate. However, abnormalities in the prostate, such as calcifications
and cysts, can interfere with the therapeutic ultrasound beam and thus reduce its efficacy. Calcifications
are mechanically more dense than prostate tissue, which may cause strong reflections of acoustic
energy. Cysts, containing mainly fluids and water, have very low acoustic attenuation which can mitigate
the heating rate of the ultrasound field. Furthermore, refraction effects between the prostate tissue and
cysts could potentially cause deformations to the ultrasound field which could further reduce the efficacy
of the heating.
All the effects discussed above can diminish the therapeutic efficacy of ultrasound in the prostate. For
the patient, this would mean either longer therapy times, or in the worst case, the whole treatment would
have to be stopped. The aim of this study was to examine how the efficacy of ultrasound therapy in the
prostate is affected by the scenarios above. The results can be applied to the clinical treatment planning
stage in order to improve the therapeutic outcome.
METHODS Whilst it is difficult, if not impossible, to measure the described effects in vivo in the prostate,
it is possible to replicate all the scenarios using three-dimensional clinical image data from patients
together with suitable computational models. Hence, the research was carried out using nonlinear
acoustic and thermal simulation models (using the open-source k-Wave toolbox) with segmented image
data from the patient treatments. These patient data were acquired during the actual ultrasound
treatments at the Turku University Hospital, Finland, using a transurethral clinical ultrasound therapy
system. The results from the real treatment and computational model were then compared to draw
conclusions and suggest guidelines to the current ultrasound therapy protocol.
The simulation geometries were derived using three-dimensional computed tomography (CT) and
magnetic resonance (MR) image datasets of six different patients. Thresholds were used to
automatically segment the image data into bone, fat and muscle tissue after which the prostates were
segmented manually. The calcifications and cysts inside the prostates were also identified and
segmented manually. The therapeutic transducer was modelled on the clinical Tulsa-Pro system
(Profound Medical, Mississauga, Canada) which has 10 rectangular unfocused elements with an
element size of 4.5 mm x 5.0 mm and a total transmitting surface area of 4.5 mm x 50.0 mm. The
transducer was operated at a frequency of 4 MHz and the grid supported harmonic frequencies up to 16
MHz (i.e., four harmonics). The transducer was positioned in urethra in the middle of the prostate so that
it could be rotated a full circle in order to sonicate different volumes of the prostate.
RESULTS Calcifications were seen to have a blocking effect on the ultrasound field. High pressure
regions were formed in front of the calcifications, which were caused by the two-fold acoustic impedance
differences between the prostate and calcifications (1.63 MRayl vs. 3.20 MRayl). Due to the reflection of
the ultrasound beams, heating behind the calcifications was significantly reduced. On the contrary, the
tissue volumes surrounding calcifications showed increased heating. This was due to the rapid heating
of the calcifications which have relatively low specific heat capacity.
Reflections were not seen in front of the cysts and the ultrasound beams were able to propagate through
them with negligible reduction in intensity. This was due to their similar acoustic impedance with prostate

tissue (1.63 MRayl vs. 1.52 MRayl). The heating rate inside the cysts was reduced to a fraction of the
original value due to low attenuation. This in turn resulted in a slow temperature rise inside the cysts and
surrounding tissue regions.
CONCLUSIONS Large calcifications inside the prostate can obstruct the propagating ultrasound field by
causing strong reflections and high-pressure regions in front of them. This in turn results in degraded
heating efficacy behind the calcifications and high heating rate in front of the calcifications. Cysts do not
cause major reflections to the ultrasound beam due to similar acoustic impedance, but heating efficacy
inside the cysts is diminished. This leads to degraded heating efficacy in the neighbourhood of cysts.
The results suggest that the presence of large calcifications the close proximity of the transducer should
be avoided.

Segmented computed tomography (CT) slice of half of the prostate (grey) with calcifications (white). The
tissue areas surrounding the prostate were segmented as fat (black) and muscle (light grey). The
ultrasound probe was positioned along the urethra in the middle of the prostate (the white area on top of
the image is the transducer).

Simulated ultrasound pressure field in the prostate thresholded at -30 dB.

Simulated temperature field in the prostate after 20-second sonication.

Simulated 240 cumulative equivalent minutes (CEM) thermal dose in the prostate after 20-second
sonication.
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DESIGN OF A TRANSRECTAL PROBE FOR BOILING HISTOTRIPSY ABLATION OF PROSTATE
Vera Khokhlova3,2 , Pavel Rosnitskiy1 , Petr Yuldashev1 , Tatiana Khokhlova5,2 , Oleg Sapozhnikov3,2 ,
Leonid Gavrilov6 , Maria Karzova1 , George R Schade4,2
1. Physics Faculty, Moscow State University, Moscow, Russian Federation.
2. Center for Industrial and Medical Ultrasound, Applied Physics Laboratory, University of Washington,
Seattle, Washington, United States.
3. Department of Acoustics, Physics Faculty, Moscow State University, Moscow, Russian Federation.
4. Department of Urology, University of Washington, Seattle, Washington, United States.
5. Department of Gastroenterology, University of Washington, Seattle, Washington, United States.
6. N.N. Andreyev Acoustics Institute, Moscow, Russian Federation.
OBJECTIVES Thermal ablation of prostate tissue with high intensity focused ultrasound (HIFU) has
recently received FDA approval as a non-invasive treatment alternative to first-line prostate cancer
treatment options. However, current clinical transrectal HIFU systems have several limitations including
the potential for collateral damage due to heat diffusion and minimal real-time ability to monitor treatment
efficacy. These limitations are potentially ameliorated by our HIFU boiling histotripsy (BH) approach,
which delivers milliseconds duration HIFU pulses with shock fronts to the focus. Interaction between the
shocks and the ensuing vapor bubble produces precise mechanical tissue ablation. The presence of
hyperechoic bubbles generated by BH and the resulting hypoechogenicity of fractionated tissue allow for
reliable real-time targeting and monitoring the treatment with B-mode ultrasound. Owing to the rapidity of
tissue bioeffects (milliseconds) and the mechanical mode of action, BH minimizes heat-sink effects and
thermal spread that complicate thermal treatments. Current clinically available transrectal HIFU
transducers have stringent anatomic requirements to their size and shape. The goal of this study was to
demonstrate the ability of transducers with such small form-factor and technical limitations on the
intensity levels at their surface to achieve acoustic pressures necessary for BH treatment at clinically
relevant depths in tissue.
METHODS Multi-parametric numerical simulations of nonlinear HIFU fields generated by probes of
different frequencies and geometries were conducted to design a transducer capable of operating in
shock-forming conditions relevant to BH. Parameters of an FDA-approved HIFU device (e.g. Ablatherm)
were used as a starting point to meet clinical constraints for transrectal use. Two sets of simulation
approaches were employed. First, a less computationally intensive approach based on the equivalent
source method and axially symmetric KZK equation was used to determine a range of possible design
specifications. While the feasibility of reaching BH exposure parameters was shown within the frequency
range of 2 – 3 MHz, the lowest value of 2 MHz was chosen for the initial transducer design to enable
larger lesions in tissue and to minimize nearfield-heating effects. Second, more computationally
intensive simulations of a full 3D acoustic field were conducted for this frequency based on the
Westervelt equation to determine the most appropriate parameters for fabricating a pre-clinical prototype
of a transrectal BH transducer. Simulations were performed in water at increasing power outputs
assuming that shock-forming conditions necessary for BH should be reached at the focus at the source
intensity of less than 10 W/cm2 . This limitation was chosen based on the current limitations of about 40
W/cm2 for the safety of the transducer, approximate four fold power losses in tissue at 2 MHz with
attenuation of 1 dB/cm/MHz, and focusing at up to 3 cm depth in tissue relevant to the conditions of
future pre-clinical studies in dogs.
RESULTS A sketch of the proposed preliminary design of a 2 MHz BH probe is shown in Fig. 1 and its
linear field pattern is illustrated in Fig. 2. The transducer has 50 mm length, 35 mm width, 20 mm
diameter of the central opening, and 40 mm focal distance. Simulated pressure waveforms at the focus
at increasing transducer output are presented in Fig.3a. Corresponding shock amplitudes, peak positive,
and peak negative pressures in the focal waveform are shown in red color in Fig. 3b. The results
demonstrate that shock amplitude of 110 MPa is achieved at the focus for the transducer intensity of 10
W/cm2 . Such shock amplitude is compatible with BH bubble activity confirming the feasibility of using the

probe for pre-clinical BH studies. If the width of the probe is decreased by 5 mm (results shown in blue
color in Fig. 3b), the shock amplitude generated at 10 W/cm2 transducer intensity, would be 95 MPa,
which is still acceptable for BH. However, a wider form factor leading to higher shock amplitudes would
allow more rapid tisue boiling and shorter pulse duration.
CONCLUSIONS In this simulation study, we demonstrated that BH exposure parameters could be
reached at the focus of a miniature transducer with dimensions not exceeding those currently used
clinically for transrectal thermal HIFU treatments. It was shown that shock amplitudes up to 100 MPa in
the focal waveform sufficient for BH are achievable at up to 3 cm focal depth in tissue at 2 MHz HIFU
frequency assuming attenuation in tissue of 1 dB/cm/MHz and intensity limitation at the transducer
surface of 40 W/cm2 . Further minimization of the transducer form-factor may still be possible while
maintaining clinically relevant shock generation conditions at the focus. Work supported by RFBR
17-54-33034, NIH R21CA219793, and RO1EB007643.

Figure1. Preliminary design of a HIFU transrectal transducer proposed for treating prostate tissue using
boiling histotripsy (BH) method. A central opening is to hold a diagnostic array for targeting and real-time
imaging of the treatment.

Figure 2. Distribution of the pressure magnitude (axial (a, b) and in the focal plane (c)) simulated linearly
in water for a 2 MHz transducer with 50 mm length, 35 mm width, 40 mm radius of curvature, and 20 mm
diameter of the central opening.

Figure 3. Focal waveforms generated at increasing intensity level at the surface of the transducer with 35
mm width (a). Peak pressures and shock amplitudes simulated at the focus in water using the Westervelt
equation for the proposed transducers of 35 mm and 30 mm width (b).
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ELECTROPHYSIOLOGICAL RESPONSES OF LIVE CELLS EVOKED BY ULTRASOUND-INDUCED
LORENTZ FORCES
Yancheng Wang1,2 , Yaxin Hu1,2 , Xin Chen1,2 , Siping Chen1,2
1. Biomedical Engineering, Shenzhen University, Shenzhen, Guangdong, China.
2. National-Regional Key Technology Engineering Laboratory for Medical Ultrasound, Shenzhen, China.
OBJECTIVES It is known that ion movement inside the static magnetic field generates Lorentz force
and ions of different electrical charges will separate from each other since their Lorentz forces are in
opposite directions. In particular, if the ion movement is driven by ultrasound wave, an oscillating
electrical field will be generated due to the separation of positive and negative ions. Although this
electrical field has been measured in both physiological buffers and ex vivo animal tissues, the question
of whether this electrical field could be evoked in live cells has not been answered. This work will provide
direct evidences to this question by examining cellular electrophysiological responses during the
stimulation of ultrasound-induced Lorentz forces.
METHODS To generate static magnetic field, two Nd-Fe-B magnets were employed and the measured
magnetic intensity was 680 mT. To produce ultrasound field, electrical waveform was edited in a function
generator, amplified by 50-dB broadband amplifier, and transformed into acoustic waves by a
high-intensity focused transducer. Pulsed ultrasound waves (1.1 MHz, 50 cycles per pulse, 500 Hz pulse
repetition frequency) with two acoustic pressure settings (1.1 MPa and 2.2 MPa, respectively) were
employed for stimulation of live cells. To monitor cellular electrophysiological responses, the plasma
membrane potential was fluorescently labeled by the DiBac4(3) dye and the mitochondria membrane
potential was fluorescently indicated by the TMRE dye. To examine the ion movement across the plasma
membrane barrier, the intracellular concentration of calcium ion was monitored by the loading of Fluo-4
dye.
RESULTS We found that the combined ultrasonic and magnetic stimulation resulted in hyperpolarization
of the cell plasma membrane (Figure A). In particular, an ultrasound wave of higher peak negative
pressure induced a greater degree of membrane hyperpolarization. The feasibility of this new method
was confirmed in different cell types, including fibroblast cell (MRC5), tumor cells (Neuro2a) and
dendritic cells (DC2.4) (Figure B). Furthermore, calcium influx into the cytoplasm was recorded during
the stimulation, confirming the presence of ion movement induced by Lorentz force (Figure C). More
interestingly, a decrease of mitochondria membrane potential was recorded, indicating that the
membrane potential of intracellular organelle could also be affected by the proposed stimulation method
(Figure D).
CONCLUSIONS This study directly demonstrated the feasibility of employing ultrasonic and magnetic
field for electrophysiological stimulation of live cells. Since membrane potentials play important roles in
cell signaling and functioning, our work contribute to provide a new strategy for biophysical intervention
of live cells.
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HIGH-SPEED OPTICAL OBSERVATIONS AND THEORETICAL PREDICTIONS FOR MICROBUBBLE
OSCILLATION AT 250 KHZ
Tali Ilovitsh1 , Asaf Ilovitsh1 , Josquin Foiret1 , Charles Caskey2,3 , Jiro Kusunose2,3 , Shengping Qin1 ,
Katherine W Ferrara1
1. Biomedical Engineering, University of California, Davis, Sacramento, California, United States.
2. Institute of Imaging Science, Vanderbilt University, Nashville, Tennessee, United States.
3. Department of Radiology, Vanderbilt University, Nashville, Tennessee, United States.
OBJECTIVES The aim of this study is to characterize the dynamics of microbubbles (MBs) following
transmission of an ultrasound pulse with a center frequency of 250 kHz, which is desirable since the
penetration depth is greater and beam steering is enhanced. Characterization of MB dynamics was
performed through theoretical predictions and high speed optical observation of single oscillating MBs.
We evaluate the range of pressure that yields an expansion between 1.1 and 3.5 fold, in order to
consider parameters that result in an observable echo, yet remain below an expansion previously
associated with cavitation. The resulting parameters can be used in therapeutic applications of blood
brain barrier disruption and tumor transfection.
METHODS The modified Rayleigh–Plesset equation, as described in S. Qin, and K.W. Ferrara. ”A
model for the dynamics of ultrasound contrast agents in vivo”. The Journal of the Acoustical Society of
America 1511-1521 (2010), was solved to estimate MB radial oscillations while taking into account the
effect of liquid compressibility, the MB shell and the surrounding tissue. Parameters include a 3-cycle
transmission waveform with a center frequency of 250 kHz and MB diameters of ⇠1.5 and ⇠3 µm,
selected to approximate the diameter of Definity and Optison. Due to the large expansion and the
resulting gas/water interface, the MBs are modeled as unshelled bubbles. Experimental validation was
accomplished through observations of single MBs insonified with an acoustic pulse using a high-speed
camera, for peak negative pressures ranging from 0 to 450 kPa.
RESULTS Images of ⇠300 single oscillating MBs were captured and processed. Fig. 1 presents high
speed camera streak images as a function of time, at various peak negative pressures for MBs with
diameter of 1.5 µm (Fig. 1a-d) and 3 µm (Fig. 1e-h). The experimental results indicate that the onset of
expansion is ⇠60 kPa for MBs with a diameter of 1.5 and 3 µm. Expansion increases rapidly as a
function of pressure and reaches 35 and 17-fold at 450 kPa for the two MBs sizes, respectively. By
comparison, at a frequency of 1 MHz, the modified Rayleigh-Plesset equation yields smaller expansion
ratios of 2.7 and 3.5-fold at 450 kPa for the two MBs sizes, respectively. At 250 kHz, the range of
pressure for which MB expansion is between 1.1 and 3.5-fold is ⇠60 to 170 kPa, whereas at 1 MHz this
window is wider and equals ⇠260 to 480 kPa for 1.5 µm diameter MBs and ⇠110-450 kPa for 3 µm
diameter MBs.
CONCLUSIONS High-speed optical observation of contrast agent MBs provides the ability to quantify
MB expansion. The experimental results, in conjunction with the modified Rayleigh–Plesset equation
model results, suggest that at this frequency the effect of the shell is negligible. At 250 kHz, MB
expansion increases non-linearly as a function of pressure, hence the range of pressure for which MB
expansion is between 1.1 and 3.5-fold is narrow (110 kPa). At 1 MHz, MB expansion the range of
pressure for which MB expansion is between 1.1 and 3.5-fold is wider (220 kPa for 1.5 µm diameter MBs
and 340 kPa for 3 µm diameter MBs). Safety of therapeutic ultrasound for 250 kHz should therefore be
carefully evaluated in future work.
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THE RELATIONSHIP BETWEEN HOUNSFIELD UNITS AND ACOUSTIC VELOCITY IN TWO HUMAN
SKULLS
Taylor Webb1 , Steven A Leung3 , Pejman Ghanouni2 , Jeremy Dahl2 , Norbert Pelc2,3 , Kim Butts-Pauly2,3
1. Electrical Engineering, Stanford University, Stanford, California, United States.
2. Radiology, Stanford University, Stanford, California, United States.
3. Bioengineering, Stanford University, Stanford, California, United States.
OBJECTIVES The objective of this study is to improve transcranial focusing by examining how the
relationship between acoustic velocity and CT Hounsfield Units changes between two human skulls.
METHODS Sample Preparation Two ex-vivo dried human skulls (60 year old male and 61 year old
female) were acquired from Skulls Unlimited. Samples were generated by removing 0.5 inch bores at
various locations with a hole saw. The inner and outer tables were separated from the diploe and the
samples were sanded in order to achieve flat and parallel interfaces. In order to more closely
approximate in-vivo conditions, all fragments were degassed until bubbles could no longer be seen
escaping from the samples before measurements were performed.
Imaging CT images were obtained with a clinical Discovery CT750 [GE , Waukesha, WI]. Scans were
acquired with a bone reconstruction kernel at photon energies of 80, 100, 120, and 140 kVp. In order to
explore the possibility of using bone mineral density reconstructions [1] to estimate velocity, a dual
energy scan was also acquired. Monoenergetic images were reconstructed at 60 and 140 keV. In each
CT image fragments were individually segmented and a region of interest within the fragment was used
to compute the average Hounsfield Unit (HU). The region of interest for each fragment was selected to
be smaller than the fragment itself in order to avoid partial voluming effects.
Acoustic Velocity Measurements The speed of sound was estimated by measuring the arrival time of a
short pulse with and without the bone fragment present. Figure 1 shows the experimental setup. An
aluminum frame was constructed to hold the bone at the focal spot of the transducer. An acoustic pulse
was generated by a single element Olympus transducer operating at 500 kHz. The transducer was
driven for a single cycle by a function generator connected to an RF amplifier. The focal distance and
aperture of the transducer were 1.5 inches and 1 inch respectively. A hydrophone [Precision Acoustics]
was placed just beyond the focal spot of the transducer to capture the transmitted signal. Each
measurement was repeated three times.
Linear Fits Linear fits were generated between average HU and the measured acoustic velocity. The
linear fits were achieved using a least squares approach.
RESULTS Figure 2 shows sample images of fragments from the inner and outer tables and the diploe.
A BMD reconstruction using the dual energy data is shown for the same fragments.
Figure 3 shows results from the conventional CT scan. Three different linear fits between HU and
acoustic velocity are presented. The black dotted line shows the linear regression obtained with all data
simultaneously and the other two lines show the regression obtained considering only one skull at a time.
The performance of the global regression can be evaluated for each skull individually. Using the global
regression model and data points from skull 1, the r-squared value is 0.25. Performing the same
evaluation with data points from skull 2, the r-squared value is 0.34.
Figure 4a shows the same information as Figure 3 for the HU measured with the dual energy images
(averaging the two energies). Figure 4b shows these results for a BMD reconstruction. When evaluating
the HU regressions with individual skulls, the r-squared values are -0.04 and 0.62 for skulls 1 and 2
respectively. For the BMD reconstruction these r-squared values are 0.02 and 0.65.
CONCLUSIONS The linear fit obtained when using HU data from both skulls simultaneously does not
accurately predict the velocity in the skulls individually. The BMD data give a similar result. These data
suggest that a patient specific relationship between HU and velocity is necessary in order to accurately
predict the acoustic velocity in human skull bone.

Figure 1: Experimental setup for measuring the acoustic velocity. An aluminum frame holds the
transducer, fragment, and hydrophone in place. Measurements of a transmitted pulse are acquired with
and without the fragment present and the velocity is estimated from the difference in arrival time.

Figure 2: Sample CT images of fragments from the inner and outer tables and the diploe. Monoenergetic
images were reconstructed at 60 and 140 keV using a dual energy (DE) scan. A conventional CT scan
(C) with a peak tube voltage of 140 kVp was also acquired and reconstructed using a bone kernel. BMD
reconstructions using the two monoenergetic images are also shown.

Figure 3: Linear regressions between HU and acoustic velocity. The average HU from the conventional
scan and the measured acoustic velocity for each fragment is shown for both skulls. The dotted black
line shows the linear fit that results from considering all data simultaneously. Individual fits were also
performed for each skull.

Figure 4: Linear regressions between acoustic velocity and other measurements. For each fragment, the
measured velocity is plotted vs a) the average HU from the two dual energy reconstructions and b) the
average density as measured using a BMD reconstruction. In both plots the dotted black line shows the
linear fit that results from considering all data simultaneously. Individual fits were also performed for each
skull.
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PREDICTION OF TRANSCRANIAL FOCUSED ULTRASOUND FOCAL SPOTS USING RAPID BEAM
SIMULATIONS
Steven A Leung1 , Taylor Webb1 , Rachelle R Bitton1 , Pejman Ghanouni1 , Kim Butts-Pauly1
1. Stanford, Stanford, California, United States.
OBJECTIVES Transcranial focused ultrasound is a non-invasive therapeutic modality that can be used
to treat essential tremor. Beams of energy are focused into a small spot in the thalamus, resulting in
tissue heating and ablation. Targeting and safety of this application depends on accurate measurement
of temperature in vivo, which currently depends on magnetic resonance proton resonance frequency
shift thermometry (MR thermometry) performed during each sonication.
Because the focal spot position is unknown prior to treatment, multiple measurements may be needed
for iterative calibration of the focal spot. Within this process, there exists an opportunity to pre-operatively
characterize the focal spot to enhance targeting and safety of treatment. For blood brain barrier opening
and neuromodulation applications, there is no temperature rise to be measured. For these applications,
an alternative method is needed to perform focal spot characterization.
Here, we report on a 3D numeric simulation framework that can be used to predict focal spot
characteristics, allowing for patient screening, pre-treatment planning, and decision support. The
framework can also be extended for use in applications of blood brain barrier opening and
neuromodulation.
METHODS The hybrid angular spectrum (HAS) method [1] was used to simulate focal spot position,
temperature, and shape. Simulation data were compared with MR thermometry data, which were
acquired during treatment of patients with essential tremor. 73 total sonications from ten patients were
simulated.
The MR thermometry images had dimensions of 256 x 256 pixels, with the pixel size being 1.094 x 2.188
mm. The phase encode direction had larger pixel size because only 128 lines in the center of k-space
were acquired. The images were reconstructed with a single baseline, followed by reference-less
constant and linear phase term corrections [2]. The thermal coefficient used was -0.00909 ppm/ C.
We used the 3rd MR thermometry image (timepoint 3) for comparison with simulation because it was the
latest timepoint at which the ultrasound was on for all sonications. Compared to timepoints 1 and 2,
timepoint 3 had the highest SNR. Images that had phase encoding in the superior-inferior direction were
excluded to avoid potential artifacts that obscured the focal spot.
Position error was calculated as the distance between MR thermometry and simulation focal spot
positions. Individual values were calculated for the frequency and phase encode directions to separate
the effects of off-resonance shift. Linear regression was performed on MR thermometry and simulation
peak temperatures at timepoint 3. Shape was evaluated using major and minor axis lengths, which were
calculated using full width half maximum (FWHM) binary masks of the focal spots. Linear regression was
performed on MR thermometry and simulation shape metrics.
[1] Vyas, U. et al. (2012). Ultrasound beam simulations in inhomogeneous tissue geometries using the
hybrid angular spectrum method.
[2] Grissom, W. A. et al. (2010). Hybrid referenceless and multibaseline subtraction MR thermometry
for monitoring thermal therapies in moving organs.
RESULTS Figure 1 shows an example of MR thermometry and simulation focal spots for a single
sonication.
The mean position error across patients was 0.989 mm (1 pixel) and 1.154 mm (1/2 pixel) in the
frequency and phase encode directions, respectively (Figure 2). Between single echo and multi echo
results, there was no significant difference (p = 0.195) for the frequency encode direction and a
significant difference (p = 0.012) for the phase encode direction.
Per patient, the simulation temperature predicted the MR thermometry temperature significantly well (p <
0.05) (Figure 3); the sample data were better fitted by models with nonzero slope than by models with
zero slope. Patient G was the only exception (p = 0.052).

Qualitatively, sonications 4, 9, and 13 from patient I had MR thermometry and simulation focal spots with
comparable shape (Figure 4). The simulation major axis length predicted the MR thermometry major
axis length significantly well (p = 0.041), though simulation minor axis length did not predict MR
thermometry minor axis length significantly well (p = 0.391).
Simulations took three minutes to compute.
CONCLUSIONS For transcranial focused ultrasound applications, the HAS framework can be used to
predict focal spot position, temperature, and shape.

Figure 1. MR thermometry and simulation focal spots for a single sonication. The temperature time
curve was plotted using the peak temperature at each timepoint.

Figure 2. Performance of HAS simulations based on the position metric. The average position error per
patient is shown. Standard error bars are included. Single echo (SE) and multi echo (ME) thermometry
data are denoted by distinct colors. Axial, coronal, and sagittal images were analyzed, except for images
that had phase encoding in the superior-inferior direction. The number of sonications per patient is
indicated at the bottom of each bar.

Figure 3. Performance of HAS simulations based on the temperature metric. The MR thermometry and
simulation peak temperatures at timepoint 3 are plotted. Each patient is denoted by a different marker
and the unity line is in gray. Single echo (SE) thermometry data are denoted by hollow markers, whereas
multi echo (ME) thermometry data are denoted by filled markers. The upper and lower triangles
delineated by the unity line contain simulations that underestimate and overestimate MR thermometry
temperature, respectively. Axial, coronal, and sagittal images were analyzed, except for images that had
phase encoding in the superior-inferior direction. The r2 value, standard error of regression (S), and
p-value for each linear regression are reported.

Figure 4. Patient I had one instance of an elliptical focal spot. MR thermometry and simulation show
circular focal spots for sonications 4 & 13 and an elliptical focal spot for sonication 9. The bottom left
inset shows an enlarged portion of the image and the bottom right inset shows the focal spot thresholded
at FWHM. For sonication 9, elements to the patient’s right were given higher amplitudes than the rest of
the elements, resulting in the elliptical focal spot.
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HIFU THERMAL ABLATION IN ELASTIC AND MOBILE ORGANS: A NEW SIMULATION METHOD
Paul Greillier1 , Raphaël Loyet1 , Francoise Chavrier1 , Jean-Louis Dillenseger2 , Cyril Lafon1
1. LabTau - INSERM U1032, Lyon, France.
2. LTSI, Rennes, France.
OBJECTIVES
Prostate and brain are currently the main organs treated clinically by High Intensity Focused Ultrasound
(HIFU). While challenging to reach acoustically (trans rectal or trans cranial routes), motion of these
organs is marginal and does not affect significantly treatment results. Modeling of pressure and
associated temperature rise during treatments in prostate and brain is not modified by motion of the
organs . The design of new ultrasonic devices for ablating elastic and mobile targets like the heart
requires numerical modeling that takes in account the movement, It is indeed obvious that deformations
and motions of targeted tissues impact significantly their heating. Only few examples of numerical
methods explored motions and deformation aspects and focused of the breathing effects on the thermal
ablation in the liver [1][2].
In this work, we propose a new method to simulate a thermal procedure by HIFU in elastic and mobile
organs. The model is applied to estimate the temperature rise produced in the walls of a beating heart by
a HIFU transesophageal transducer.
METHODS The simulation of the HIFU fields uses Rayleigh integral equations with a point-by-point
estimation of the heterogeneous attenuations in the tissues. To simulate the temperature map, the
developed computational model is based on the Bio Heat Transfer Equation (BHTE) [3]. Using the finite
volume method, BHTE was discretized considering a smooth, non-orthogonal and collocated grid
composed of hexahedral cells. The spatial terms of the diffusion terms were discretized using curvilinear
coordinates system fitted to the simulation grid. Transient, perfusion and source term were considered at
the cell centroids. Ultrasound heat contribution as a source term is linearly interpolated at the centroid
points from the previously computed fields (cf. Figure 1). Both propagation and BHTE algorithms were
respectively parallelized on GPU and CPU in order to speed up the computation.
The beating heart model was obtained from healthy human subject with 4D CT-scans acquisitions
representing 20 phases of a beat cycle (0.3125 x 0.3125 x 0.3125 mm3 ). Deformation fields were
obtained by non-rigid image registration between initial and each phases CT-scan acquisition in order to
take complex compressions, dilatations and distortions of the myocardium. Tissues were segmented by
a semi-automatic method. HIFU were produced by a truncated spherical transducer operating at a
frequency of 3 MHz with a 3 cm2 area[4].
RESULTS Auriculo-ventricular node (AV node) zone were targeted with 10 s continuous sonication at a
32 W.cm-2 acoustic intensity on the transducer surface. Moving and non-moving configurations were
tested. The new algorithm demonstrated the influence of the motion and deformation on the thermal
treatment: In the targeted area, the mean temperature in the focal area dropped by 30% in the AV node.
Moreover, temperature maps topologies in moving model were modified compared to non-moving
simulations. Heated volume spread by 66% in the AV node case. Also, heated zones were deformed and
were no longer representing a rice-like shape as depicted in Figure 2 . It is important to note that the
temperature reached without movement taken in account is 100 C whereas it only reaches 69 C with
motion after 10 s shooting. Thus, the thermal ablation process should be adapted in order to produce
thermal lesions in ex vivo or in vivo studies.
CONCLUSIONS The new method described here allowed to consider the influence of dynamic
deformation on HIFU treatment. It is believed that this new algorithm would help to better understand
effects of deformations in the HIFU thermal treatments and design more efficient heating strategies.
Work supported by ANR-11-TECSAN-004-02-CardioUSgHIFU and ANR-15-CE19-0016-SATURN. The
author would like to acknowledge the CEA-LIST institute for their developments on CIVA Healthcare
platform.
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Figure 1: Curvilinear grid used for BHTE computation and orthogonal pressure field grid.

Figure 2: Static and moving simulations of hyperthermia on AV node.
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NUMERICAL MODELING OF ULTRASOUND PROPAGATION IN HETEROGENEOUS MEDIA USING
A MIXED DOMAIN METHOD
Juanjuan Gu1 , Yun Jing1
1. Mechanical Engineering, NC State University, Raleigh, North Carolina, United States.
OBJECTIVES High intensity focused ultrasound (HIFU) has been applied to treating a variety of
diseases. Numerical acoustic wave propagation models can be utilized as an alternative or adjunctive
approach to study the safety and effectiveness of HIFU device. This paper presents a mixed domain
method (MDM) for modeling linear/nonlinear wave propagation in dissipative, heterogeneous media. The
method is based on solving a Westervelt-like equation and it utilizes an implicit analytical solution derived
by Jing et al [1]. The implicit analytical solution calculates results in the frequency domain and can model
one-way wave propagation in soft tissue.
METHODS A Westervelt-like equation satisfying the Kramers-Kronig dispersion relation is employed to
describe the one-way wave propagation. All material parameters are spatially varying functions. By
applying a normalized wave field, the first-order derivative can be eliminated. By performing the Fourier
transform with respect to x, y and t, the wave equation can be transformed to the mixed domain (real
physical domain and the wave-vector domain). For forward one-way propagation, the solution to the
mixed-domain equation can be derived from the one-dimensional Green’s funciton in an integral form [1].
The ingetration can be numerically solved with a Simpson-like integral [2], which is implemented in this
study.
RESULTS A clinically realistic medium (Fig. 1) with focused ultrasound beam is studied. The power law
exponent is 1.1 for the whole domain. Simulation results obtained from toolbox k-Wave [3] are used as
the benchmark. A Gaussian modulated pulse is used. Pressure magnitude is 1 Pa for linear simulation
and is increased to 2 MPa for nonlinear case. The center frequency is 1 MHz. The geometrical focus is
around 21 mm and the aperture size is 22 mm. Spatial step sizes in k-Wave are 1/27l (l is the
wavelength in fat and it is 1.48 mm at 1 MHz), time step size is 4.6x10-4 µs. We investigate the accuracy
of the MDM by varying the spatial step size. The temporal resolution dt is fixed at 0.037 µs.
We first compare the results with speed and density variations in lossless (Fig. 2(a)) and lossy (Fig. 2(b))
medium. Afterwards, nonlinearity is added (Fig. 3). Normalized RMS errors evaluated at the geometrical
focus at different spatial step size are shown below: for the lossless medium, the errors are 0.0109,
0.0041 and 0.0040 for the spatial step size 1/3l, 1/9l and 1/27l, respectively; for the lossy medium, the
errors are 0.0111, 0.0052 and 0.0036; for the lossy medium with nonlinearity, the errors are 0.0133,
0.0073 and 0.0062. The normalized acoustic pressure fields are shown in Fig. 4. Figs. 4(e) and (f) show
the differences for the fundamental and second-harmonic components between the MDM and k-Wave in
the focal region in unit dB. Normalized RMS errors in the focal region are 0.0280 for the fundamental
frequency field and 0.0149 for the second-harmonic field at the spatial resolution of 1/27l.
CONCLUSIONS From the normalized RMS errors listed above, it is found that more accurate results
can be obtained when the spatial resolution is finer. This is because a smaller step size (dx and dz) will
reduce the error from stair-stepped surfaces caused by discrete meshes. For the linear case, the MDM
with spatial step size 1/3l takes 0.013 s to obtain the frequency domain result. With the same spatial
step size and computational domain and a CFL number of 0.11, the k-Wave simulation needs 8.81s,
indicating a 677-fold computation speed difference. This study shows that the MDM is an efficient and
accurate algorithm for modeling medical ultrasound propagating in soft tissue.
References
[1] Y. Jing, M. Tao, and G. T. Clement, ”Evaluation of a wave-vector-frequency-domain method for
nonlinear wave propagation,” J. Acoust. Soc. Am., vol. 129, pp. 32-46, 2011.
[2] Y. Jing, M. Tao, and J. Cannata, ”An improved wave-vector frequency-domain method for nonlinear
wave modeling,” IEEE Trans. Ultrason., Ferroelectr., Freq. Control, vol. 61, pp. 515-524, 201
[3] B. E. Treeby and B. T. Cox, ”k-Wave: MATLAB toolbox for the simulation and reconstruction of

photoacoustic wave fields,” J. Biomed. Opt., vol. 15, pp. 021314-021314-12, 2010.

Fig. 1. Geometry of the 2D case. The computational domain shown here is cropped from the original
domain for illustration purposes. The light blue part is water; dark blue part represents the fat; three
cylinders represent the tumors. The red line on the left indicates the array position. The red dot is the
geometrical focus

Fig. 2. Comparison between the MDM and k-Wave simulation results in the 2D linear inhomogeneous
medium with speed and density variations and (a) without attenuation and dispersion; and (b) with
attenuation and dispersion.

Fig. 3. Comparison between the MDM and k-Wave in a 2D nonlinear lossy medium with speed and
density variations in the (a) time domain and (b) frequency domain.

Fig. 4. Pressure for the (a) fundamental and (b) second-harmonic field simulated by the MDM. Pressure
for the (c) fundamental and (d) second-harmonic field simulated by k-Wave. Difference from the
fundamental and second-harmonic components between the two methods around the transducer focal
region are shown in (e) and (f). The MDM results shown here are with the spatial step size of 1/27l.
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MR IMAGE-GUIDED FOCUSED ULTRASOUND IMMUNE MODULATION FOR GLIOMA THERAPY
Natasha Diba Sheybani1 , Alexandra R Witter2 , Timothy N Bullock2 , Richard J Price1
1. Biomedical Engineering, University of Virginia, Charlottesville, Virginia, United States.
2. Pathology, University of Virginia, Charlottesville, Virginia, United States.
OBJECTIVES Glioblastoma (GB) is the most common and malignant brain tumor. Despite standard
treatment with surgery, radiation and chemotherapy, its diffuse nature and proclivity for recurrence
renders it largely intractable. Immunotherapy (ITx) approaches (e.g. anti-PD1) may hold promise for
treating GB; however, the blood-brain (BBB) and blood-tumor (BTB) barriers hinder delivery of
systemically administered ITx drugs. A potential approach to enhancing ITx delivery is MRI-guided
focused ultrasound (FUS), a non-invasive technique that, when combined with concomitant systemic
injection of microbubbles (MB), can transiently disrupt the BBB/BTB and mechanically perturb the tumor
microenvironment. Here, we investigate whether localized BBB/BTB disruption with FUS+MB enhances
anti-tumor immune responses and inhibits tumor growth, as a prelude to eventual combination with
immune checkpoint blockade.
METHODS In an orthotopic murine glioma model, GL261 cells stably transfected with luciferase
(GL261-luc2) were intracranially implanted into the right striatum of 6-10 week female albino C57BL/6
mice. At 14 weeks following tumor implantation, anesthetized mice were ultrasonically coupled to a 1.1
MHz small animal MR image-guided FUS system in the Siemens 3T Trio MRI. Tumors were identified
and targeted by contrast-enhanced T1-weighted MR imaging. In animals bearing MRI-visible tumors,
albumin-shelled microbubbles (MB) (2e5/g) were injected intravenously and a 4-spot grid of sonications
was applied to the tumor-bearing region immediately following (0.4-0.6 MPa peak negative pressure,
0.5% duty cycle, 120s period). BBB/BTB disruption was confirmed by post-treatment MR imaging.
Tumor outgrowth was monitored serially by IVIS imaging. One week following treatment, whole brains
and peripheral lymphoid organs (including tumor draining cervical lymph nodes) were harvested for flow
cytometry.
RESULTS GL261-luc2 tumors treated at the stated parameters underwent successful BBB/BTB
disruption as revealed by contrast-enhanced MR imaging (Fig.1a). Seven days following BBB/BTB
disruption with FUS+MB at 0.6 MPa, CD86 mean fluorescence intensity on dendritic cells (DC)
increased ⇠3-fold in deep cervical lymph nodes, and this corresponded with a trend towards increased
intratumoral CD86+ DC (Fig1b,c). At the same time point, intratumoral CD4+ T cells doubled and
intratumoral CD8+ T cells increased by ⇠17%. Within the intratumoral CD8+ T cell population, a
significant increase in CD44+ PD1+ CD8+ T cells was observed as a function of FUS+MB treatment at
0.6 MPa (Fig.1d). Bioluminescence imaging revealed significant reduction in total photon flux as early as
6 days following FUS+MB at 0.6 MPa, indicating early tumor growth inhibition (Fig.1e). No significant
differences in intratumoral immune representation or tumor outgrowth were observed as a function of
BBB/BTB disruption at 0.4 MPa.
CONCLUSIONS These results support the conclusion that BBB/BTB disruption with FUS+MB at 0.6
MPa in GL261-luc2 tumors can promote DC maturity within the tumor and draining cervical lymph nodes,
as well as increased intratumoral CD4+ and CD8+ T cell representation. Moreover, a significantly greater
proportion of CD8+ T cells in the tumor following BBB/BTB disruption at 0.6 MPa appear to be
antigen-experienced and upregulating PD1 expression, suggesting the potential for response to anti-PD1
therapy. Moreover, BBB/BTB disruption at this peak negative pressure confers significant growth control
as early as 6 days following treatment. These findings suggest that BBB/BTB disruption with FUS+MB
can potentiate adaptive immunity against glioma, independent of drug delivery. Ongoing studies entail
combining FUS+MB with checkpoint inhibitor delivery to evaluate whether an allied treatment approach
can promote an even more robust anti-glioma response.

Figure 1. (A) Representative axial contrast-enhanced T1-weighted MRI images demonstrating BBB/BTB
disruption in GL261-luc2 tumors by FUS+MB at 0.4 and 0.6 MPa peak negative pressures at two weeks
post-tumor implantation. (B) Mean fluorescent intensity of CD86 on CD11c+ dendritic cells residing in
the deep cervical lymph node one week following FUS+MB treatment (groups: naı̈ve brain, untreated
GL261-luc2 tumor-bearing brain, GL261-luc2 tumor-bearing brain exposed to 0.4 MPa FUS, GL261-luc2
tumor-bearing brain exposed to 0.6 MPa FUS). (C) Normalized intratumoral CD86+ dendritic cells one
week following FUS+MB treatment. (D) Absolute CD8+CD44+PD1+ T cell numbers in GL261-luc2
tumors one week following FUS+MB treatment. (E) Serial bioluminescence imaging quantification
demonstrating early GL261-luc2 tumor growth inhibition conferred by 0.6 MPa FUS treatment.
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VASCULAR OCCLUSION BY HIFU FOR TREATING VENOUS INSUFFICIENCY: FEASIBILITY
STUDY IN RABBITS
Nesrine Barnat1,2 , Anthony Grisey2 , Benoit Lecuelle3 , Jérémie Anquez2 , Sylvain Yon2 , Jean-François
Aubry1
1. Institut Langevin, CNRS UMR 7587, Inserm U979, ESPCI Paris, PSL Research University, Paris,
France.
2. Theraclion, Malakoff, France.
3. Ecole nationale vétérinaire d’Alfort, CRBM, Maisons-Alfort, France.
OBJECTIVES Venous insufficiency is a medical condition resulting from excessive hemodynamic
pressure in the veins of the lower limbs. All leg veins including deep, superficial and perforating veins
may be involved in the development of chronic venous insufficiency. Treatment options include
endovenous thermal methods such as radiofrequency or laser. However, these methods using catheters
are not suited to all types of veins. Moreover, they can be technically challenging for the physician and
traumatic for the patient (for example, cannulation). We propose here to use high-intensity focused
ultrasound (HIFU) to occlude incompetent veins non-invasively. We investigated several sonication
strategies numerically and experimentally in an in vivo rabbit model.
METHODS Numerical simulations using the k-Wave toolbox were performed to identify sonication
parameters ensuring the exposure of the entire diameter of the vein.
Collagen denaturation (above 62 C) is associated with thermal venous occlusion. Temperature
distributions were computed by solving the Pennes bioheat equation with Matlab (Mathworks, Natick,
USA). Thermal damages to the vein wall were computed based on a dedicated Arrhenius law. The
chosen sonication parameters were 4 seconds pulses in continuous wave mode. Two types of exposures
were considered: fix pulses and moving pulses at constant speed (0.75 mm/s) along a line across the
vein diameter. The same ultrasound exposures were evaluated in vivo on rabbit veins. The mean vein
diameter was 2 ± 0.6 mm. Experiments were performed with the Echopulse
HIFU device (Theraclion,
Malakoff, France). This system encompasses a therapy transducer operating at 3 MHz and a confocal
ultrasound imaging probe for treatment monitoring. The transducer is fitted with a silicon balloon filled
with degassed liquid, which ensures acoustic coupling between the target and the transducer. The fluid
was cooled to prevent skin burns.
Twenty-nine veins were sonicated in fifteen rabbits (weighing 2.7 to 4.5 kg). Animals were under
anesthesia during the procedure. Rabbits were followed for up to 19 days to evaluate long-term
occlusion. The protocol was approved by the French National Comity for animal trials C.N.R.E.E.A.
(Comité national de réflexion éthique sur l’expérimentation animale).
21 veins were treated with fix pulses and 8 veins were treated with moving pulses. Veins that were
treated with moving pulses were compressed during exposure to stop blood flow and minimize the heat
sink effect. The target veins were evaluated after treatment and after the follow up time by color Doppler
ultrasound. After the animals were euthanized, the samples were excised and assessed by histologic
examination. The veins were dissected and stained with hematoxylin and eosin. HIFU effects on
samples were graded from 0 to 4 according to their severity and distribution. Only samples with the vein
within the HIFU lesion were considered for the result section.
RESULTS Sonications layout was determined by simulations in order to adequately sonicate a 2 mm
diameter vein : spacing between subsequent sonications was respectively set to 1.5 mm or 0.5 mm for
fix pulses or moving pulses, and the acoustic power was adjusted to 85 W. Simulated temperature
distribution for both types of sonication are displayed in figure 1.
For a single fix and moving pulse respectively, the area exceeding 62 C is 2.4 x 4.4 (figure 1a) and 4 x
4.4 mm2 (figure1b) in the transverse plane relative to the vein.
Simulation results show that regardless the trajectory followed by the focal point, 85W ultrasound pulses
are likely to induce significant damages to a 2 mm diameter vein.
In vivo, both sonication types have been able to achieve rabbit veins occlusion, with a 83% success rate,

as assessed by histology 19 days after the treatment. Acute vascular occlusion was seen after treatment
(Figure 2).
Histological examinations of occluded samples revealed irreversible thrombo-vasculitis.
CONCLUSIONS These results demonstrate the feasibility of inducing vascular occlusion in large
diameter veins (2 mm) using HIFU. This result favorably compares with existing literature since, to the
best of our knowledge, durable occlusion (3 weeks) has not been demonstrated on veins of similar size
without injection of additional products such as pro-inflammatory agents. Occlusion was 100%
successful when compression of the vein was applied during exposures. Further work is needed to
assess the potential to occlude larger veins thermally with HIFU.

Figure 1: Temperature distribution in the cross section of the vein for the two types of pulses: a) single fix
pulse, b) single moving pulse

Figure 2: Blood flow interruption is depicted by the region indicated by the white dashed rectangle
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PHASE SHIFT NANOEMULSIONS FACILITATED FOCUSED ULTRASOUND NONTHERMAL
ABLATION IN MICE BRAIN
Chenguang Peng1,2 , Tao Sun2 , Natalia Vykhodtseva2 , Chanikarn Power2 , Yong-Zhi Zhang2 , Tyrone
Porter1 , Nathan Mcdannold2
1. Biomedical Engineering, Boston University, Boston, Massachusetts, United States.
2. Radiology, Brigham and Women Hospital, Boston, Massachusetts, United States.
OBJECTIVES High intensity focused ultrasound (HIFU) ablation is an emerging technique for
noninvasive transcranial surgery. One of the major issues of traditional transcranial HIFU ablation is that
the pressure and time-averaged power required to generate a lesion is relatively high. Artificial nuclei like
microbubbles or phase shift nanoemulsions (PSNE) have been shown to reduce the acoustic pressure
required to generate lesions through inertial cavitation. Unlike micron-sized commercial microbubble
contrast agent, PSNE can be manufactured at a much smaller size (<200 nm) that can extravasate
through the leaky tumor vasculature and accumulate. PSNE also can circulate longer than microbubbles.
In addition, PSNE will only be vaporized at focus of ultrasound, reducing the risk of damage along the
ultrasound path, making it a potentially better choice for transcranial ablation of deep targets.
Dodecafluoropentane (DDFP) PSNE have been previously reported to accumulate within a tumor after
i.v. injection and subsequently activated via ultrasound exposure. However, the pressure used to activate
PSNE in that study was relatively high, and the acoustic frequency was higher than is used for
transcranial HIFU. In this study, we were therefore investigating PSNE made from perfluorobutane (PFB)
— a more volatile perfluorocarbon — that could facilitate mechanical ablation in the brain by acoustic
droplet vaporization at much lower pressure. The success of this project would provide a useful tool to
enhance transcranial ablation.
METHODS The nanoparticles were firstly characterized to quantify their size distribution and
concentration using qNano. Broadband emissions from vaporizations of the droplets were recorded in
vivo in the brain in CD-1 mice (N=3) using a passive acoustic detector. Sonication was performed using
a HIFU transducer operating at 740 kHz with a passive cavitation detector with a center frequency of 400
kHz. For each animal, sonications were targeted on the hippocampus on both hemispheres (left
hemisphere: sonication without PSNE; right hemisphere; sonication 1 min after i.v. PSNE injection
through the tail vein followed by a saline flush). In each sonication, we started with a ramping pressure
pulse (pressure ranging from 1 to 1.8 MPa) followed by a steady pressure pulse (1.8 MPa) for 10 mins.
The pulse length was 15 ms, and the pulse repetition frequency was 1 Hz. Animals were euthanized 24
hours after experiments. The brains were harvested after cardiac perfusion, and tissue damage was
confirmed with H&E staining.
RESULTS Vaporization was confirmed by subharmonic (370 kHz) and broadband emission. The onset
of the broadband emission occurred at 1.3⇠1.6 MPa. Its amplitude then elevated steeply as the
exposure level increased and then saturated. In comparison, the second harmonic signal did not go up
as significantly as the subharmonic or broadband emission. The histology results showed evidence of
nonthermal ablation. A well-defined region was found consisting of neuron karyopyknosis. The cortex
remained intact and a clear boundary between normal and damage tissue was observed. Under 4x
Magnification we could see a clear outline of the lesion. Red blood cell extravasation was obvious
around large blood vessels, presumably the result of droplet vaporization and subsequent inertial
cavitation. Spongy tissue indicating homogenization was also evident.
CONCLUSIONS The results suggested that we could successfully induce PFB PSNE vaporization in
the brain with tolerable pressure using a single focused ultrasound transducer system. The
corresponding damage was confined and had a clear boundary which provided us with a promising way
to precisely ablate brain tissue using HIFU. Future work will examine these agents in brain tumor models
and in larger animal models.

Broadband emission enhancement of subharmonic signal vs 2nd harmonic. Subharmonic and 2nd
harmonic signal remain similar at lower pressure and subharmonic broadband emission goes up at
around 1.3⇠1.5 MPa.

A well defined region was found consisting of neurons karyopyknosis. Left: The Cortex remain intact in
this slides and a clear boundary between normal and damage tissue formed. Right: 4x Magnification of
box in left showing the clear boundary of lesion. Red blood cell extravasation was obvious around large
blood vessel which could likely because of droplet inertial cavitation.

Tuesday, May 15, 2018
11:00 AM

Ballroom A & B
Student Oral Award Finalist

Scientific SessionsStudent Oral Awards

TRANSURETHRAL INSONATION OF SILICA-SHELLED PHASE SHIFT EMULSIONS UNDER MR
GUIDANCE IN THE PROSTATE IN VIVO
Gregory J Anthony1 , Kenneth B Bader1 , James Wang2 , Marta Zamora1 , Allison Ostdiek1 , Tatjana Antic1 ,
Sascha Kruger3 , Steffen Weiss3 , William C Trogler2 , Sarah L Blair2 , Andrew C Kummel2 , Steffen
Sammet1
1. The University of Chicago, Chicago, Illinois, United States.
2. The University of California San Diego, San Diego, California, United States.
3. Philips Research Labs, Hamburg, Germany.
OBJECTIVES Prostate cancer (PCa) is the second most common cause of cancer-related death in
men, with over 180,000 cases per year in the United States. While aggressive treatments are standard
clinical procedure, there is a growing consensus that localized treatment of the focal lesion can retain
therapeutic efficacy while reducing the potential for off-target effects. Transurethral ultrasound ablation
(TULSA) has been utilized under magnetic resonance imaging (MRI) guidance for whole gland ablation.
Clinical trials with TULSA devices indicate that residual cancer is still found in 31% of treated patients.
Ultrasound-triggered phase-shift emulsions (UPEs) can be acoustically transitioned into bubbles to
enhance therapeutic heating. However, this process will induce mechanical activity that is not traceable
by MR imaging, and which may also disrupt MR thermometry measurements through local susceptibility
changes. The goal of this study is to ascertain the ability of MR imaging modalities to quantify the
TULSA ablation zone in the presence of silica-shelled UPEs (sUPEs), and to evaluate the effect of sUPE
insonation on TULSA treatment efficacy.
METHODS Insonation of sUPEs with a TULSA device was tested in a canine prostate model in vivo.
The TULSA device was positioned in the prostatic urethra in a 3T MR system (Achieva dStream, Philips
Healthcare, Best, The Netherlands). A 1-mL solution of either saline (sham), sUPEs (1.2 to 3.9 mg/mL),
or sUPEs and Optison (10 mL/mL, GE Healthcare, Marlborough, MA) was injected directly into the
prostate under MR guidance. For each injection, a 3.75-MHz insonation of 3.7-4.2 W acoustic power
(2.5-2.8 MPa peak negative pressure, spatial peak temporal peak) was performed over the course of 5
min, and monitored with MR thermometry on the 3T scanner. Changes in tissue structure were
evaluated with T1 - and T2 -weighted imaging, diffusion-weighted imaging (DWI), and contrast-enhanced
imaging (CEI) post insonation. The prostates were extracted and fixed in 10% buffered formalin (Fisher
Scientific, Hampton, NH), and MR images of the ex vivo tissue were acquired at 9.4T (Bruker Biospin,
Billerica, MA). After acquisition of the ex vivo images, the tissue samples were embedded in paraffin and
stained with hematoxylin and eosin (H&E). Slides of the whole mount prostate sections were then
imaged with a high-resolution desktop scanner and reviewed by a board-certified pathologist. Lesion
areas were correlated with two MR imaging metrics utilized clinically (non-perfused areas on CEI, and
areas of 240 cumulative equivalent minutes at 43 C (CEM43 ) dose or greater computed from MR
thermometry). Lesion areas, temperatures, and MR imaging features in vivo and ex vivo were also
compared between different lesion morphologies.
RESULTS A significant correlation was observed between the lesion area, the 240 CEM43 area, and the
non-perfused area for treatment arms containing sUPEs (p < 0.05), but not for the sham arm (p > 0.05).
No significant differences in lesion size were observed between any of the treatment arms (p > 0.05).
Within any given arm, no significant differences were observed between histological lesion areas, 240
CEM43 dose boundaries, and non-perfused areas (p > 0.05). Treatment arms containing sUPEs
exhibited ring-shaped lesions for 6 of 9 cases. The ring-shaped lesions are indicative of rapid thermal
fixation of tissues, indicating an increased heating rate in prostate tissue for TULSA insonation of sUPEs.
Rapid thermal fixation was not apparent in the sham arm (0 of 5 cases). Significantly larger areas (p =
0.001), higher temperatures (p = 0.001), hypointensity on in vivo T2 -weighted imaging (p = 0.003), and
restricted diffusion on ex vivo DWI (p = 0.026) were apparent in lesions with thermal fixation.
CONCLUSIONS Delineation of TULSA prostate ablation with MR imaging parameters is significantly

improved for insonation of sUPEs. Although there was no significant difference in the spatial extent of the
ablation zone between arms with and without sUPEs, the lesion morphology in the former was consistent
with rapid thermal fixation and could be predicted by MR imaging. These studies suggest the addition of
sUPEs will improve both treatment efficacy and assessment of treatment outcome in TULSA procedures.

Figure 1: 3T in vivo post-treatment imaging and histology for evaluation of therapy. (A)
Contrast-enhanced image: Region of non-perfusion is noted via a red arrow. Enhancing rim surrounding
the lesion is noted via a yellow arrow. (B) Apparent diffusion coefficient (ADC) map (scale 0 - 3
mm2 /ms): Restricted diffusion is marked by a yellow arrow. (C) H&E stained prostate section: Area of
thermal fixation at center of lesion with normal stained appearance is indicated by a red arrow. Lesion
periphery characterized by a pale color and exhibiting epithelial cell sloughing and death is indicated by a
yellow arrow. (D) Thermal dose map (scale 0 - 240 CEM43 ): Dark red corresponds to a dose of 240
CEM43 or greater. Treatment arm is sUPEs only.

Figure 2: 9.4T ex vivo MRI images of canine prostate after in vivo treatment. (A) T2 W
TURBO-rapid acquisition with refocused echoes (RARE) image, (B) T2 map (scale 0 – 120 ms), (C)
ADC-map (scale 0 - 2 mm2 /ms), (D) T1 W fast low-angle shot (FLASH) image, (E) T1 map (scale 0 2,500 ms), and (F) H&E stained histological slide of the same axial prostate section. The three lesions
are located roughly at the 5 o’clock (sUPE with Optison injection), 7 o’clock (sUPE injection), and 11
o’clock (saline sham injection) positions in the prostate, indicated by the yellow arrows in panel F.

Figure 3: H&E stained histologic slides from central slices of (A) subject 5 and (B) subject 6.
Areas of epithelial sloughing and cell death (outlined with dashed marker) were apparent as pale regions
that were sometimes ring-shaped, in which case no sloughing or cell death was apparent in the centers
of lesions. Varying degrees of cell death and coagulative necrosis were visible in these pale areas. A
hemorrhagic area is also visible as a magenta-stained region (yellow arrow).

Figure 4: Correlation of measured ablative areas from histology and 3T in vivo MR imaging
estimates. (A) Areas of lesions measured on histological slides as a function of area of thermal dose
240 CEM43 . (B) Areas of lesions measured on histological slides as a function of non-perfused areas on
CEI. (C) Areas of non-perfusion on CEI as a function of area of thermal dose 240 CEM43 . Slopes of
linear fits are given as the fitted slope and 95% confidence interval (in brackets). No DCE images of
canine one were acquired, and lesions were not apparent on histology for canine one, so this animal was
excluded.
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COALESCENCE AND EXTINCTION OF RESIDUAL CAVITATION NUCLEI BY MEANS OF THE
SECONDARY ACOUSTIC FIELD WHILE PERFORMING HISTOTRIPSY WITH ELECTRONIC FOCAL
STEERING
Jonathan Lundt1 , Timothy Hall1 , Akshay Rao2 , Jonathan Macoskey1 , Charles Cain1 , Zhen Xu1
1. Biomedical Engineering, University of Michigan, Ann Arbor, Michigan, United States.
2. Computer Engineering, University of Michigan, Ann Arbor, Michigan, United States.
OBJECTIVES Following the collapse of a cavitation bubble cloud, residual microbubbles can persist for
up to seconds and function as nuclei for subsequent cavitation events in a phenomenon known as the
cavitation memory effect. The cavitation memory effect can hinder tissue fractionation efficiency and
homogeneity during histotripsy treatment. One strategy for mitigating the cavitation memory effect is to
allow sufficient time between pulses at a given location such that residual nuclei dissolve under the
Laplace pressure. Another, as Duryea et al. have demonstrated, is an active strategy termed “bubble
coalescence” (BC) whereby ⇠1 MPa, ⇠1000-cycle pulses are applied to drive residual nuclei together
using the secondary Bjerknes force. Histotripsy combined with BC can significantly improve ablation
efficiency. Previously, BC has been performed using separate acoustic sequences for high-amplitude
therapy pulses and low-amplitude BC pulses. The present study demonstrates that by using electronic
focal steering (EFS) to direct the therapy focus throughout a trajectory consisting of many discrete spatial
positions, it is possible to use the acoustic secondary field to accomplish BC during EFS without any
additional pulse sequence. The authors define the acoustic secondary field to be regions of low, but
nonzero, gain outside the main lobe and side lobes.
METHODS Histotripsy pulses with approximately 1.5 cycles and 50 MPa P- were generated by a 250
kHz , 256-element hemispherical array with a 15 cm focal distance. All experiments were performed in
agarose hydrogel degassed to approximately 15% O2 saturation. First, the size and passive dissolution
behavior of residual nuclei were monitored over time by a high-resolution optical camera. Cavitation
bubble clouds were generated at a position 3 mm offset in the lateral direction from the geometric focus,
(0, 3, 0), with 5 s pulse repetition period to allow time for residual nuclei to dissolve between pulses. This
focal location was selected so that high-amplitude signals emitted by the cavitation bubble cloud, which
are reflected and refocused by the surface of the transducer, would be refocused to a position mirrored
about the acoustic axis, (0, -3, 0), thereby reducing the influence of these signals on the residual nuclei
population at (0, 3, 0). Second, to demonstrate proof of principal regarding BC using the secondary
acoustic field during EFS, a special 50-point steering sequence was constructed such that the first
position in the EFS sequence lay at (0, 3, 0). The remaining 49 EFS positions were distributed in a plane
12 mm beyond the geometric focus with a minimum of 5 mm of separation. As a result, the first EFS
position experienced P+ = 0.9 ± 0.2 MPa and P- = 0.7 ± 0.1 MPa (mean ± s.d.) over the course of the
remaining 49 EFS pulses. The PRF of the 50-pulse EFS sequence was varied between 50 Hz to 5 kHz
with a burst repetition period of 5 s. A high speed optical camera was used to monitor the activity of
residual nuclei at the first EFS position.
RESULTS For the passive dissolution experiment, the mean and maximum radii of residual nuclei at 10
ms following the histotripsy pulse were found to be 4.5 ± 0.3 and 11.6 ± 1.9 µm, respectively. The
largest residual nucleus for each pulse required 0.4-2.3 s to dissolve passively below the ⇠2 µm
detection limit of the camera (fig. 1). For the second experiment, all residual nuclei were coalesced into a
single bubble or dense bubble cluster no more than 0.8 mm across with 100% efficacy for PRF  1 kHz
and ⇠99% for PRF > 1 kHz (fig. 4a). BC was achieved within 3.9 ± 1.6 pulses at 50 Hz PRF (79 ± 32
ms) and within 19.9 ± 5.9 pulses (4 ± 1 ms) at 5 kHz PRF, the number of pulses required to achieve BC
increasing with the PRF of the EFS sequence. In some cases, after consolidating residual nuclei into a
single bubble, the bubble was observed to disappear entirely from subsequent frames. This sudden
extinction of the bubble (fig. 3) was observed commonly for PRF  1 kHz and uncommonly for PRF > 1
kHz (fig. 4a). In the cases where extinction of residual bubbles was observed during BC using the
secondary field, the time-scale was up to ⇠100X faster than that of passive dissolution.

CONCLUSIONS Using BC pulses separate from therapy pulses has been shown to increase the
histotripsy ablation rate dramatically but at the expense of increased deposition of acoustic energy. The
results from this study show that histotripsy with EFS can achieve the same BC effect without employing
a separate BC pulse sequence. Thus, this technique has the potential to accelerate histotripsy ablation
of volume tissue while minimizing energy deposition. Additionally, the rapid coalescence observed here
with a small number of pulses also suggests that only a limited EFS range and an array with a modest
number of elements would be required.

Figure 1. a) Characteristic images of passively dissolving residual nuclei, the largest of which persist for
up to seconds after cavitation collapse. Time of image capture after expansion of cavitation cloud
appears in upper left corner. Scale bar = 100 microns. b) Theoretical (blue) and experimentally observed
(grey) dissolution curves. Experimental data show the radius of the largest residual nucleus for each
pulse (N=100).

Figure 2. Representative “secondary field”: averaged acoustic waveform (N=2000) measured by fiber
optic probe hydrophone (FOPH) at first focus in EFS sequence while exciting cavitation in a plane 12 mm
beyond the geometric focus, at a position 14.3 mm from the first focus in the sequence.

Figure 3. High speed images of cavitation activity at the primary focus throughout the EFS sequence
(last 10 frames omitted for brevity). The first frame shows bubble cloud expansion at the first EFS
position. Frames 2-40 show activity of residual nuclei at EFS position (0, 3, 0) throughout EFS pulses
2-40 with frame-capture timed to coincide approximately with the maximum radius of re-excited residual
nuclei. All frames were captured 113 µs after firing earliest phased element and used a 10 µs exposure.
Time-stamp appears in the lower left corner of each frame and corresponds to time following the first
pulse in the EFS sequence. Global PRF is 1 kHz. Scale bar = 1 mm.

Figure 4. a) Success fraction of bubble coalescence to single bubble or small, dense bubble cluster 
0.8 mm across (blue squares) and complete extinction (red circles). N=10 samples and 70
cycles/sample for each PRF. b) Number of secondary field pulses required to achieve coalescence of
residual bubbles into a single bubble or dense bubble cluster no more than 0.8 mm across (blue
squares). Number of pulses required to achieve complete extinction of residual bubbles (red circles).
Error bars represent standard deviation of successful samples.
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SPATIOTEMPORAL DYNAMICS OF CAVITATION FIELDS INDUCED BY FOCUSED
ULTRASOUND-ACTIVATION OF MICROBUBBLES THROUGH AN EX VIVO HUMAN SKULL
Yaoheng Yang1 , Shanshan Xu1 , Dezhuang Ye2 , Yimei Yue1 , Leighton Wan1 , Hong Chen1,3
1. Biomedical Engineering, Washington University in st louis, St Louis, Missouri, United States.
2. Department of Mechanical Engineering and Materials Science, Washington University in St. Louis, ST
LOUIS, Missouri, United States.
3. Department of Radiation Oncology, Washington University in St. Louis, ST LOUIS, Missouri, United
States.
OBJECTIVES Focused ultrasound (FUS) has become an emerging therapeutic modality for the
treatment of neurologic diseases. Techniques that combine FUS with microbubbles have been used for
applications, such as blood-brain barrier disruption and nonthermal tumor ablation. The main physical
mechanism for FUS therapies involving microbubbles is cavitation. However, there is a lack of
understanding about the spatiotemporal dynamics of microbubble cavitation in the brain, which is
essential to the development and clinical translation of these techniques. Although previous studies
using passive cavitation detection (PCD) with a single-element transducer provided useful temporal
information of cavitation, the important spatial dynamics of cavitation was missing. Recently, passive
cavitation imaging (PCI) using an ultrasound array has been developed for monitoring the cavitation
activity in 2D, providing an powerful tool to investigate microbubble cavitation behavior. The objective of
this study was to use PCI for the investigation of the spatiotemporal dynamics of microbubble cavitation
induced by FUS through an ex vivo human skull.
METHODS Microbubbles were injected into a vessel phantom and insonified by a FUS transducer
through a piece of ex vivo human skull. The FUS transducer (frequency = 0.5 MHz, aperture = 7.5 cm
and focal depth = 6 cm) was positioned with its focus aligned at the center of the vessel phantom made
of a latex rubber tube (inner diameter = 2 mm, outer diameter = 4 mm). Microbubbles comprised of a
lipid shell and perfluorobutan gas core were manufactured in house and injected into the tube using a
pump at a constant speed. A 128-element linear ultrasound imaging array (center frequency = 5 MHz,
bandwidth = 3-8 MHz) was placed perpendicular to the FUS transducer and confocally aligned with it.
The imaging array was controlled by a software programmable ultrasound imaging system. During each
experiment, the FUS transducer sent out ultrasound pulses with the following parameters: frequency =
0.5 MHz, pulse length = 500 cycles, pulse repetition frequency = 10 Hz, and sonication duration = 5 s.
The imaging probe was synchronized with FUS transducer. It was operated at the passive mode to
“listen” to the cavitation emissions from the microbubbles. RF channel data of the imaging array were
acquired during the sonication of each FUS pulse at a frame rate of 5000 frames/s and saved for off-line
post-processing. The acquired RF data were processed using a frequency-domain delay, sum, and
integration algorithm to generate stable cavitation (SC) maps based on harmonics and super harmonics
and inertial cavitation (IC) maps based on broadband signals. The spatial dynamics of the recorded
cavitation activity was quantified using spatial average intensity within the tube and the full width at the
half maximum (FWHM) of the IC and SC fields in the lateral direction of the imaging probe (along the
tube). The temporal dynamics of the cavitation activity were quantified by the temporally integrated IC
and SC maps. Control experiment was performed without the skull.
RESULTS The IC and SC maps showed that the presence of the skull distorted the cavitation fields
compared with those obtained without skull. The FWHM of the IC and SC fields in the lateral direction
increased with acoustic pressures in studies both with and without skull (Fig.1A). The spatial average SC
intensity reached a plateaus at pressures above 0.3 MPa (Fig.1B), while the spatial average IC intensity
did not show a clear plateaus (Fig.1C). It suggested that for techniques relied on SC, while avoiding IC to
minimize tissue damage (e.g., BBB opening), increasing pressures above a certain threshold (0.3 MPa in
this study) would not improve the efficacy of SC-mediated therapies but increase the chance of vascular
damage by IC. It was also found that the temporally integrated cavitation fields shifted laterally to the
position of the side lobe of the FUS transducer as the acoustic pressures increased to above 0.3 MPa

and 0.75 MPa for with and without skull conditions, respectively (Fig.1D). It implied that spatiotemporal
monitoring of cavitation was necessary to ensure precise spatial targeting of the FUS treatment as the
cavitation fields may shift.
CONCLUSIONS The spatiotemporal dynamics of the FUS-activated microbubbles were found to be
dependent on the acoustic pressure and the presence of the skull. This study demonstrated that PCI is a
useful tool to monitor the spatiotemporal dynamics of microbubble cavitation in transcranial FUS fields.

Figure 1. A: FWHM of IC peak intensity as the function of acoustic pressure with and without skull.
(B&C) Spatial average IC and SC intensity as the function of acoustic pressure with and without skull.
(D) Inertial cavitation maps summed over the duration of exposures with and without skull under 0.15
MPa and 0. 75 MPa insonification.
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3D ULTRASOUND BASED MOTION TRACKING WITH MR-THERMOMETRY
Pierre Bour1,4 , Valery Ozenne1,4 , Fabrice Marquet1,4 , Baudouin Denis de Senneville2 , Erik Dumont3 ,
Bruno Quesson1,4
1. IHU Liryc, Electrophysiology and Heart Modeling Institute, Pessac, France.
2. Institute of Mathematics of Bordeaux, Talence, France.
3. Image Guided Therapy, Pessac, France.
4. Univ. Bordeaux, Centre de recherche Cardio-Thoracique de Bordeaux, U1045, Bordeaux, France.
OBJECTIVES MRI-guided High Intensity Focused Ultrasound (MR-HIFU) treatment of mobile organs
(heart, liver, kidney) remains challenging since it requires compensation of motion on MRI thermometry
and real-time update of HIFU beam position to track the targeted region. As of now, motion corrections in
MRI have been proposed using a MRI echo navigator, image registration or using external sensors.
However, the aforementioned methods either slave the motion correction on MR-acquisition or lack in 3D
correction. To overcome these limitations, we proposed to use a 3D, ultrasound-based motion correction
using some elements of the HIFU probe in transmit-receive mode. This method does not require any
additional device inside the magnet and do not require compromises on MR-thermometry. A validation
was performed on agar gel under controlled motion and a proof in vivo in the liver of pig.
METHODS 3D motion tracking was implemented using ultrasonic speckle-tracking on four
sub-apertures of the HIFU transducer. Estimation of the displacement was performed at 10 Hz update
rate, based on the cross-correlation of backscattered signals between consecutive HIFU shots of 2 ms
duration followed by a triangulation algorithm.
The computed displacement was exploited in real-time to steer the HIFU beam to track the target.
MR-temperature imaging (proton resonance frequency shift method) was preformed simultaneously
using a fast echo planar imaging sequence, as previously published. During in vitro experiments, three
slices were acquired in coronal orientation with the following parameters: FOV = 180x168 mm2 ,
TR/TE/FA = 166 ms/14 ms/32 , voxel size = 2x2x5 mm3 , partial Fourier 6/8, with a bandwidth of 1650
Hz per pixel. For in vivo experiments in the liver of pig, five slices were acquired: FOV = 224x224 mm2 ,
TR/TE/FA = 140 ms/14 ms/45 , voxel size = 2x2x5 mm2 , partial Fourier 6/8, with a bandwidth of 1860
Hz per pixel. The method was evaluated on an agar gel positioned on a mobile platform allowing an
oscillating translation in the head-feet direction with a controlled amplitude and frequency. Then, the
method was evaluated in vivo in the liver of two pigs under general anaesthesia and assisted ventilation.
RESULTS
On an Agar gel, displacement estimations on y axis were in agreement with a 1D navigator echo
readings, positioned in the head-feet direction (amplitude error < 1%). The maximum displacement and
velocity measured were 12 mm and 11 mm/s-1 , respectively. Ablation was performed with a sonication
duty cycle of 63 % during 60s at 150 W acoustic power. The maximum temperature increase was
18±1.2 C and 26±1.2 C without and with focus correction, respectively. On the same slice, the peak
width at half maximum of the temperature distribution at the end of the sonication were 18 mm and 6 mm
without and with correction, respectively. Displacement estimations in vivo on y axis, were in good
agreement with the echo navigator signal positioned at the liver-lung interface. The maximum
displacement and velocity measured were 10 mm and 11 mm/s-1 , respectively. Ablation was performed
in vivo during 40 s at 450 W acoustic power. The maximum temperature increase was 18±0.9 C and
27.0±0.9 C without and with focus correction, respectively. The peak width at half maximum of the
temperature distribution at the end of the sonication were 12 and 8 mm without and with correction,
respectively.
CONCLUSIONS Motion correction and online HIFU beam steering were successfully performed in vitro
and in vivo with a 10Hz update in position. In vitro and in vivo, efficient target locking was confirmed by
temperature evolution and displayed a complete compensation on the motion artifact observed when
motion correction was disabled. After focus position correction the heating effectiveness was improved

by approximately 35 % in vitro and in vivo. Further hardware and software optimization may provide
higher frame rate for 3D motion determination and compensation.

Schematic of the 3D ultrasound-based motion estimation system. The 256 elements HIFU transducer is
represented in gray. The pipeline of 3D displacement estimation is presented underneath. TOF: Time Of
Flight for ultrasound to reach the depth of interest; motion correction (MOCO): computing time for the
displacement estimation, UPDATE: transducer phase law update (see material and methods section for
details). HIFU: additional ultrasound sonication to induce temperature increase of the tissue. Refresh
rate is given by durations of TOF (150 µs for typical distance of 12 cm) + MOCO (18 ms) + UPDATE (19
ms) + HIFU (adjustable depending on desired update rate).

Displacement validation in phantom
a: MR-navigator signal positioned along the y-axis acquired during 21 s.
b: Representative displacement estimations in ( obtained in vitro using our experimental settings. The
blue and green curves represent the displacement estimations and the corresponding instantaneous
speed computed from estimated positions, respectively. The bottom graph displays the normalized
cross-correlations between two successive US acquisitions along time, for each sub-apertures. Black
arrows depict lower normalized cross-correlation coefficients during peak velocities. On the bottom
graph, the red curve represents the mean correlation between current measurement and the first
acquisition taken as reference. The black dashed line represents the threshold above which absolute
displacement estimations is performed to reset the position.

Representative results in phantom
a: Shows temperature images overlaid to magnitude images, taken at the end of HIFU sonication,
without (top) and with (bottom) 3D focus position update.
b: Shows the temperature temporal evolution of the pixel experiencing the maximum temperature
increase, for both conditions. The 50 first dynamic acquisitions (gray box) corresponded to the learning
step in the thermometry pipeline and were used for correction of motion and associated susceptibility
artifacts of temperature images.
c: shows the temperature profiles along the y-axis crossing the pixel with maximal temperature increase,
at the end of sonication, for both conditions.

Representative in vivo results
a: Shows temperature images overlaid to magnitude images, taken at the end of HIFU sonication,
without (top) and with (bottom) 3D focus position update.
b: Shows the temperature temporal evolution of the pixel experiencing the maximum temperature
increase, for both conditions. The 50 first dynamic acquisitions (gray box) corresponded to the learning
step in the thermometry pipeline and were used for correction of motion and associated susceptibility
artifacts of temperature images.
c: shows the temperature profiles along the y-axis crossing the pixel with maximal temperature increase,
at the end of sonication, for both conditions.
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STUDY OF THE CAUSALITY BETWEEN A PULSED ULTRASOUND EXPOSURE AND THE
SUBSEQUENT NERVOUS REPONSE OF A SIMPLE NERVOUS MODEL
Jérémy Vion-Bailly1 , W. Apoutou N’Djin1 , Jean-Louis Mestas1 , Alexandre Carpentier2 , Jean-Yves
Chapelon1
1. UMR 1032, INSERM, Lyon, France.
2. Department of Neurosurgery, Assistance Publique–Hôpitaux de Paris, Pitié-Salpêtrière Hospital,
Paris, France.
OBJECTIVES Low-Intensity Focused Ultrasound (LIFUS) could provide a new neurostimulation
modality, overcoming limitations of current techniques in terms of invasiveness (Deep Brain Stimulation),
deep-tissue access and spatial resolution (Transcranial Direct-Current Stimulation and Transcranial
Magnetic Stimulation). Although several experimental results have already proven the feasibility of
LIFUS-induced stimulation and modulation of the neuronal activity at the systemic level, no complete
agreement has been reached regarding the biophysical mechanisms underlying this phenomenon. The
main objective of the present study was to investigate the causality between the structure of a sequence
of pulsed ultrasound (US) and the structure of the subsequent neurobiological effects. Complementarily,
we intended to test the hypothesis of a correlation between cavitation occurrence (outside or within the
lipid bilayer) and neurostimulation, through the recording and post-analysis of the acoustic signature
associated with every US pulse.
METHODS In order to pursue these objectives, we used a simple in vivo nervous model as a framework
of investigation: the ventral nerve cord of the common earthworm (lumbricus terrestris). Mechanical and
electrical stimulations were performed preliminary to every trial, allowing us to compare the nervous
response to LIFUS with the respective responses to a physiological and a non-physiological modality of
neurostimulation. Amongst the 129 animals tested, 91% of the nerves were responsive to electrical
stimulation and hence considered as functional. These functional nerves were exposed to various pulsed
ultrasound sequences. The focal area was situated in the median region of the animal which, unlike the
posterior and anterior ends, does not present mechanosensors. Instant conduction velocities of the
action potentials (APs) were calculated, allowing us to deduce the time of propagation and date of
generation of each AP of the response. Therefore, it was possible to estimate the correlation between
the dates of AP generation and the US events.
RESULTS Positive responses to LIFUS were observed in 33% of the nerves exposed to US. A typical
response to a train of US pulses was constituted of a serial of action potentials associated to the lateral
giant fibers (LGF), as illustrated by Figure 1b. No systematic correlation was found between the date of
occurrence of an US pulse and a subsequent AP. However, an obvious causality exists between a train of
US pulse and the subsequent serial of APs. Markers of stable cavitation were found in the acoustic
signatures of virtually every pulse of every US sequence used throughout the trials.
CONCLUSIONS Our results allow us to conclude that, unlike the nervous response to a short electrical
pulse, there is no simple causal relationship between an US pulse and the generation of an AP.
Therefore, the analysis of the acoustic signatures associated with every US pulse is not sufficient to
discriminate “stimulating US pulse” from “non-stimulating US pulse”. The US-induced serial of APs
should be consider as a whole neurophysiological event, triggered and probably maintained by the US
exposure, but whose characteristic parameters (numbers of APs, distribution of time lapses between two
following APs) are largely independent from the acoustic parameters of the US exposure. In extreme
cases, we observed nervous responses keeping on going long after the end of the US exposure
(relatively to the time scale of the considered effects of US on the neural membrane), which tends to
indicate that the nervous response to an US exposure is closer in nature to a physiological response
than to a non-physiological one.
Further investigations will be focused on a comparative study between the effects of two different US
sequences on this nervous model: the current one, which induces both cavitation and radiation force in

the medium, and a new one designed to induce the same level of radiation force on the biological tissue
without inducing cavitation.
This project was supported by the French National Research Agency (ANR 2016, N
ANR-16-TERC-0017) and the Laboratory of Excellence (LabEx) DevWeCan.

Fig. 1. Example of the structure of an US sequence and its associated nervous response. Different time
scales are displayed, in a decreasing order: the scale of a whole sequence of US trains (a), the scale of
a train of US pulses (b), the scale of the period of repetition of US pulses (c) and the scale of a single US
pulse (d). In this example, the peak negative acoustic pressure was 14.8 MPa.
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EXPLORING THE ANGIOGENIC RESPONSE OF HIPPOCAMPAL VASCULATURE TO FOCUSED
ULTRASOUND-MEDIATED INCREASES IN BLOOD-BRAIN BARRIER PERMEABILITY
Dallan McMahon1,2 , Kullervo Hynynen1,2
1. Medical Biophysics, University of Toronto, York, Ontario, Canada.
2. Sunnybrook Research Institute, Toronto, Ontario, Canada.
OBJECTIVES Focused ultrasound (FUS), in conjunction with circulating microbubbles (MBs), can be
used to induce a targeted and transient increase in blood-brain barrier (BBB) permeability [1], providing a
unique approach for the delivery of drugs from the systemic circulation into the brain. While preclinical
research has demonstrated the utility of FUS, leading to the initiation of several clinical trials, there
remains a gap in our knowledge regarding the long term response of brain vasculature to this
intervention. Previous work has shown that there are transcriptional changes in rat hippocampal
microvessels 24 hrs following sonication that are indicative of the initiation of angiogenic processes [2].
Moreover, significant blood vessel growth has been reported in skeletal and cardiac muscle following
application of FUS and MBs [3,4]. This work aims to explore the impact of increased BBB permeability
on vascular density, newborn endothelial cell density, and vascular endothelial growth factor (Vegf)
immunoreactivity.
METHODS Experiments were performed on male Sprague Dawley rats (200-300g). Animals were
exposed to unilateral sonication of the dorsal hippocampus with a spherically focused transducer (focal
number = 0.8; frequency = 551 KHz; pulse repetition frequency = 1 Hz; pulse length = 10 ms; exposure
duration = 120 s; 0.02 ml/kg Definity iv). Peak negative pressure (209 ± 18 kPa estimated in situ) was
calibrated based on acoustic emissions at the first and second ultraharmonic [5]. Increased BBB
permeability was confirmed directly following FUS by contrast enhanced T1w MRI. Starting 24 hrs after
sonication, bromodeoxyuridine (BrdU) was administered daily (50 mg/kg; ip). Animals were sacrificed by
transcardial perfusion with saline, followed by 4% paraformaldehyde, at 7, 14, and 21 days post-FUS (n =
8/ time point). Immunofluorescent staining of glucose transporter 1 (Glut1; a marker of cerebrovascular
endothelial cells), BrdU, and Vegf was performed and sections were imaged with confocal microscopy
(20x objective). To assess vessel density, image stacks were collected in the three major subfields of the
hippocampus (CA1, CA3, and DG) and run through an ImageJ pipeline to segment blood vessels and
calculate skeletonized density. Newborn endothelial cell density was determined by a manual count of
Glut1+/BrdU+ cells. These values were compared between the sonicated and non-sonicated
hemispheres. Finally, relative Vegf immunoreactivity was assessed by comparing mean pixel intensity
between hippocampi.
RESULTS Seven days after FUS, blood vessel density in the hippocampus was increased by 21.4 ±
9.1% (p < 0.01) relative to the contralateral hemisphere. Vascular density remained elevated at 14 days
following sonication (17.9 ± 4.3%; p < 0.01), but returned to baseline by 21 days (4.9 ± 3.1%; p > 0.05).
A similar pattern was seen in newborn endothelial cell density with significant differences between
sonicated and contralateral hippocampi detected at 7, 14, and 21 days post-FUS (74.2 ± 18.3%, 100.4
± 24.6%, and 100.9 ± 22.7%, respectively; p < 0.01 for all time points). Relative Vegf immunoreactivity
was significantly elevated in the sonicated hemisphere at 7 days following FUS (100.2 ± 29.8%; p =
0.032), but not at the later time points.
CONCLUSIONS This work indicates that FUS-mediated increases in BBB permeability lead to a
temporary increase in hippocampal blood vessel density, accompanied by increases in newborn
endothelial cell density and Vegf immunoreactivity. The time course of these changes correspond to
previous reports of glial cell activation [6] and neurogenesis [7]. Angiogenesis, Vegf expression,
neurogenesis, and glial cell activation all have links to inflammation; however, previous work has
demonstrated that transcription of Nf-KB-related genes, a pathway involved in acute inflammation, are
not significantly elevated 4 days post-FUS [8]. It is possible that a prolonged, low level of inflammation
follows sonication, driving the morphological changes that have been observed. These findings may

have little significance for the safety of single FUS treatments, given the magnitude of effect and results
of previous behavioural studies, but have relevance to the optimal frequency of repeated treatments.
While FUS as a method to increase BBB permeability remains a promising strategy for drug delivery to
the brain, this work emphasizes the importance of continuing to characterize the biological changes that
follow an increase in BBB permeability in order to tailor treatment strategies to specific disorders.
References
1. Hynynen et al. Radiology (2001)
2. McMahon et al. Sci Rep (2017)
3. Song et al. Circulation (2002)
4. Hanawa et al. PLoS One (2014)
5. O’Reilly and Hynynen. Radiology (2012)
6. Jordão et al. Exp Neurol (2013)
7. Scarcelli et al. Brain Stimul (2014)
8. McMahon and Hynynen. Theranostics (2017)
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CURRENT AND EMERGING BRAIN APPLICATIONS OF FOCUSED ULTRASOUND: SAFETY AND
CLINICAL EXPERIENCE
Nir Lipsman1
1. Neurosurgery, Sunnybrook Health Sciences Center, Toronto, Ontario, Canada.
OBJECTIVES MR-guided Focused Ultrasound (MRgFUS) is an emerging minimally invasive
neurosurgical procedure permitting anatomically precise access to key nodes in dysfunctional circuits
driving common and challenging brain conditions. Currently, both ablative and non-ablative applications
are in various stages of investigation. With the development of multiple trials, covering a broad range of
clinical indications, the advantages and challenges of MRgFUS as a potential treatment modality are
beginning to emerge.
METHODS This presentation will review our experience with current and emerging clinical applications
of MRgFUS in human populations, in three major domains: psychiatry, neuro-oncology and
neurodegenerative conditions.
RESULTS Ablative applications of MRgFUS obviate the need for open neurosurgical approaches,
offering distinct advantages to some patients, and enhancing the safety of lesional surgery. The relative
efficacy of MRgFUS vs. open lesional and other surgical approaches is under continued investigation,
and will influence the more widespread adoption of these techniques. Non-ablative BBB applications, in
early pilot trials, appear technically feasible and safe in human populations, including those with
demonstrated oncologic and neurodegenerative pathology. Additional, larger trials are now needed to
better characterize the brain’s response to BBB opening and to determine what effects this has on brain
pathology and clinical outcomes.
CONCLUSIONS MRgFUS is a promising tool in the clinical neurosciences, permitting safe access to
dysfunctional brain circuits across a broad range of conditions. Ablative applications have provided
proof-of-concept evidence of discrete, anatomically precise targeting, with BBB applications now
emerging as a potentially disruptive tool for the safe delivery of otherwise impassable therapeutic
compounds.
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EVALUATING THE VOLUME OF BLOOD BRAIN BARRIER OPENING IN HUMANS USING
CONTRAST ENHANCED MAGNETIC RESONANCE IMAGING
Nicolas ASQUIER1,2 , Guillaume BOUCHOUX1 , Michael Canney1 , Bruno Law-Ye4 , Delphine Leclercq4 ,
Jean-Yves Chapelon2 , Cyril Lafon2 , Alexandre Carpentier3,5
1. CarThera, Brain and Spine Institute, Paris, France.
2. LabTAU, INSERM, Centre Léon Bérard, Université Lyon 1, Univ Lyon, Lyon, France.
3. Neurosurgery Department, Assistance Publique–Hôpitaux de Paris (AP-HP), Hôpitaux Universitaires
La Pitié-Salpêtrière, Paris, France.
4. Neuroradiology Department, Assistance Publique–Hôpitaux de Paris (AP-HP), Hôpitaux Universitaires
La Pitié-Salpêtrière, Paris, France.
5. Sorbonne Université, Medical School, Paris, France.
OBJECTIVES The efficacy of chemotherapy for brain tumors such as glioblastoma (GBM) is reduced by
the blood brain barrier (BBB), which blocks the passage of the drug, preventing it from reaching brain
tissues. The use of ultrasound combined with the injection of micro-bubbles can temporarily disrupt the
BBB and facilitate the passage of systemic drugs into the central nervous system. The SonoCloud
device, an implantable and unfocused ultrasound transducer, was previously used to open the BBB in 15
GBM patients (Carpentier et al., 2016) (NCT02253212). The goal of our study was to develop and
validate a method to evaluate the volume of blood brain barrier opening after SonoCloud activation,
based on Magnetic Resonance Imaging (MRI).
METHODS T1-weighted MR images were acquired after injection of gadolinium (Dotarem), a contrast
agent that normally does not cross the BBB, 48h before and immediately after each SonoCloud
treatment, with a 3.0T GE Signa HDxt MRI System (General Electric Healthcare, Milwaukee, WI). The
two volumes were first normalized and registered for voxel-wise enhancement calculation. The grey and
white matter were segmented automatically for tissue-wise comparison. The BBB being already opened
in the tumor, gadolinium occasionally diffused in the surrounding tissues, labeled as fuzzy tumor margins
(FTM). A cylindrical region of interest (ROI) was centered manually around the acoustic axis of the
ultrasound transducer. The volume of opening was calculated with voxels that were identified as: 1) gray
or white matter, 2) in the ROI, 3) not in the FTM and 4) above a given enhancement threshold.
Parameters for the opening volume calculation included: threshold on the contrast enhancement,
thickness of the FTM and diameter of the ROI. In order to verify the validity of the method, the resulting
volumes of opening were compared to qualitative grades previously assigned by radiologists for 41
SonoCloud treatments, involving 15 patients (Carpentier et al., 2016). The set of parameters which
suited the grades the best was selected (ROC analysis). Finally, an estimated acoustic field was overlaid
on each MR image to correlate local pressure with the probability of opening.
RESULTS 71% of the manually assigned grades were correctly predicted by the algorithm using the
best set of fitted parameters. A linear relationship (r2 = 0.98) was found between the local acoustic
pressure and the probability of opening (probability of enhancement greater than 10%). The probability
of opening was higher for the grey matter than for the white matter.
CONCLUSIONS A semi-automatic algorithm for evaluating the volume of BBB opening based on
contrast enhanced MRI was developed and validated. This method is suitable for comparison of different
treatments within the same study, with fixed MRI acquisition parameters used on the same machine. It
will be used to analyze data from future clinical trials to better understand the regions of BBB disruption
with the SonoCloud device.
This study was supported by CarThera SAS.

BBB disruption after SonoCloud activation in a GBM patient. (A): Image pre-sonication. (B): Image
post-sonication. (C): The color-coded overlay is the T1 enhancement map (green: 10-25 %; yellow:
25-40%; orange: 40-55%; bright red: 55-70%; dark red: >70%). The magenta contour represents the
ROI, the cyan delimits the contour in which the acoustic pressure exceeds 0.2 MPa. (D): Histograms
showing the distribution of the volume of opening as a function of the level of enhancement. (Grey bars:
volume of opening in grey matter; white bars: volume of opening in white matter; colored bars: total
volume of opening).
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STEERING CAPABILITIES OF AN ACOUSTIC LENS FOR TRANSCRANIAL THERAPY: NUMERICAL
AND EXPERIMENTAL STUDY
Guillaume Maimbourg1,2 , Alexandre Houdouin1 , Thomas Deffieux1 , Mickaël Tanter1 , Jean-François
Aubry1
1. Institut Langevin, CNRS UMR 7587, Inserm U979, ESPCI Paris, PSL Research University, Paris,
France.
2. Univ Paris Diderot, Sorbonne Paris Cite, Paris, France.
OBJECTIVES It is possible to use an patient specific acoustic lens of controlled thickness attached to a
single element transducer, in order to focus high frequency ultrasound (1MHz) through a human skull [1].
It is a rupture technology, as opposed to using an increasing number of transducers in order to improve
transcranial phase compensation. Nevertheless, multi-element systems additionally have the ability to
steer electronically the ultrasonic beam in order to adjust the location of the target. The lens is a priori
shaped for one single target. In this work, we propose to take advantage of the isoplanatic angle of the
aberrating skull in order to steer the focus by mechanically moving the transducer/acoustic lens pair
around its initial focusing position, similarly to what is done in astronomy to compensate the aberrations
induced by the atmosphere.
METHODS The study was conducted on three human skulls. The skulls were harvested and cleaned at
the Institut d’Anatomie UFR Biomédicale des Saints-Pères (Paris Descartes University) for transcranial
ultrasound focusing studies. The donors gave their informed consent. A 3D numerical simulation based
on computed-tomography of the skulls was then performed with k-Wave [2] to estimate the phase shifts
induced by the skull at the surface of the single-element transducer (H101 MR, Sonic Concept, Bothell,
WA, USA) operated at 914 kHz. The thickness of the lens was adjusted to compensate the shifts by
casting silicone (Elite double 8, Zhermack, Badina Polesine, Italy) in a 3D-printed mold. The
acoustic-lens-covered transducer was mounted onto a linear stage (z-axis) and a rotary stage (y-axis) for
mechanical steering (Figure 1). Lastly, the skull was positioned in front of the transducer with a
stereotaxic frame. The quality of the focusing through the skull was then assessed using a 2D scan in
the transverse plane of the pressure field with a needle hydrophone (HNA-0400, Onda Corp., Sunnyvale,
CA, USA) for each steering positions.
RESULTS Figure 2.A shows the acoustic intensity map for a transducer mechanically steered along the
x-axis. The top row displays the results obtained through the skull with the lens-based correction. A
single focus was obtained in each case and the dispersion of the acoustic energy is significantly reduced,
as compared to without correction (bottom row). Without correction, multiple foci are always present.
Figure 2.B summarize the results obtained for the three skulls. The longitudinal and transverse errors in
the XY (transverse) plane, are presented. Averages and standard deviations are calculated for all three
skulls, with and without correction by the lens. With the correction provided by the acoustic lens, the
longitudinal and transverse errors are respectively lower than 2.0mm and 0.7mm for every steering
position on average for the three skulls (as compared 4.0mm and 2.6mm without correction).
CONCLUSIONS This study, conducted on three human skull samples, confirms that the lens-based
correction remains effective when mechanically steering the transducer with its lens. The transverse shift
of the focus was less than 0.7mm on average over three skulls for up to more than 11mm shifts
(compared to 2.6mm without correction). Steering along the x-axis only is shown in this abstract but
steering capabilities along the z-axis is ongoing work. This promising result is a step forward towards
translating the lens-based technology to clinical applications.
Ackowledgements
This work was supported by the Bettencourt Schueller Foundation and the Agence Nationale de la
Recherche (ANR-10-EQPX-15).
1. Maimbourg, G., et al., 3D-printed adaptive acoustic lens as a disruptive technology for transcranial

ultrasound therapy using single-element transducers. Physics in Medicine and Biology, 2017.
2. Treeby, B.E. and B.T. Cox, k-Wave: MATLAB toolbox for the simulation and reconstruction of
photoacoustic wave fields. Journal of biomedical optics, 2010. 15(2): p. 021314-021314-12.

Figure 1: Transducer is tilted around the y-axis to steer the focus along the x-axis from 0mm to 11,2mm
(see Table).

Figure 2: A. Transverse view of the acoustic intensity (normalized by the maximum obtained for the
position with correction by the acoustic lens) for skull A with lens-based correction (top row) and without
correction (bottom row). The black cursor represents the desired target. B. Average and standard
deviation for transverse error (top) and average and standard deviation for axial error (bottom), as a
function of steering along the x-axis.
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ANALYZING TREATMENT EFFICIENCY DURING MR-GUIDED FOCUSED ULTRASOUND
THALAMOTOMY FOR ESSENTIAL TREMOR
Alec Hughes1,2 , Yuexi Huang2 , Michael L Schwartz1 , Kullervo Hynynen1,2
1. University of Toronto, Toronto, Ontario, Canada.
2. Sunnybrook Research Institute, Toronto, Ontario, Canada.
OBJECTIVES With recent regulatory approval of MR-guided focused ultrasound for the treatment of
medication-refractory Essential Tremor following successful clinical trials, it remains an open problem to
analyze methods for the improvement of the therapy and optimize the delivery of thermal energy through
the skull. Here, we present clinical data where the high power sonications during many ET treatments do
not follow the expected linear relationship and the increase in temperature per Watt of applied power,
which we call here power-temperature efficiency, decreases over the course of the treatment. We
analyze this clinical data, seek to establish its relationship with the spatial distribution of the focal
temperature elevation, and explore its cause.
METHODS A retrospective observational study of patients (N = 19) treated between July 2015-August
2016 for Essential Tremor (ET) by FUS thalamotomy was performed. These data were analyzed to
compare the relationships between the applied power, the resultant peak temperature achieved in the
brain and the dispersion of the focal volume. Computer simulations, animal experiments, and clinical
system tests were performed to determine the effects of skull heating, changes in brain properties and
transducer acoustic output, respectively. MATLAB was used to perform statistical analysis.
RESULTS The reduction in the power-efficiency relationship during treatment correlates with the
increase in size of the focal volume at higher sonication powers. A linear relationship exists showing that
a decrease in treatment efficiency correlates positively with an increase in the focal size over the course
of treatment (P = 0.0005), supporting the hypothesis of transient skull and tissue heating causing
acoustic aberrations leading to a decrease in efficiency. Changes in thermal conductivity, perfusion,
absorption rates in the brain, as well as ultrasound transducer acoustic output levels were found to have
minimal effects on the observed reduction in efficiency.
CONCLUSIONS The reduction in power-temperature efficiency during high power FUS treatments
correlated with observed increases in the size of the focal volume and is likely caused by transient
changes in the tissue and skull during heating.

A comparison of clinical cases of low reduction in power-temperature efficiency (top row, Patient 1) and
high reduction in efficiency (bottom row, Patient 8). Axial MR thermometry images are presented for both
cases, with low and high power sonications examined. The purple squares in the power-efficiency plots
indicate the highlighted cases in the thermometry images. In Patient 1, there is minimal change in the
efficiency between low and high powers. In Patient 8, there is a 60% (0.06 – 0.02 / 0.06) decrease in the
efficiency between 150 and 600 W.

(a) The relationship between the power and the focal size for Patient 8 and (b) another illustration of the
expansion of the focal size across the focus between 150 (light gray) and 600 (black) Watts of applied
power.
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INVESTIGATING THE FEASIBILITY OF INSIGHTEC 220KHZ SYSTEM TARGETING AT CENTRAL
LATERAL NUCLEUS (CL) AND TEMPORAL LOBE
Sijia Guo1 , Jiachen Zhuo1 , Dheeraj Gandhi1 , Rao Gullapalli1
1. Center of Metabolic Imaging and Therapeutics, Department of Diagnostic Radiology, University of
Maryland Medical Center, Baltimore, Maryland, United States.
OBJECTIVES For tMRgFUS, the heat absorption of skull is proportional to the working frequency of
ultrasound, and the amount of heat is significant for the cases when the focal target is far from the center
of brain, e.g. temporal lobe. In this study, the treatment envelope of Insightec 220kHz tMRgFUS system
is investigated and compared with the 670kHz system, which has been clinically approved for treatment
of essential tremor by FDA. For the potential treated target of other diseases - CL (neuropathic pain) and
temporal lobe (epilepsy), acoustic and temperature simulation results are compared with VIM which has
been clinically verified effective for treatment of essential tremor.
METHODS CT head images were obtained on a 64-slice CT scanner (Philips Brilliance 64, Philips, WA)
prior to treatment. CT Skull imaging parameters included slice thickness of 1 mm with zero spacing, and
144 reconstructed slices with matrix size 512 x 512, resulting in a voxel size of 0.48 x 0.48 x1 mm. The
acoustic properties of skull are derived from image intensity distribution of CT images1 to simulate the
acoustic field. A non-linear acoustic model was employed to simulate the acoustic field by solving the full
Westervelt equation2 upon the1024-element ultrasound transducer. Temperature simulation was
estimated by solving the inhomogeneous Pennes equation of heat conduction3 . Simulated temperature
rise in brain and skull were compared at VIM, CL and temporal lobe with different durations. This model
is already validated with clinical results in our previous study4 , based on the MR thermometry images.
The treatment envelope of Insightec 220kHz tMRgFUS system will be presented regarding to the ratio of
temperature rise on skull and targeted brain tissue.
RESULTS The treatment location of essential tremor at VIM is shown in Fig. 1(a). The simulated
acoustic focal zones in coronal view for 670kHz and 220kHz are shown in Fig. 1(b). The focal area of
220kHz is bigger and blunter than that of 670kHz, but in order to achieve the same temperature rise,
670kHz creates more skull heating than 220kHz due to low absorption of 220kHz. Fig. 1(c) shows
medial-lateral acoustic intensity distribution (left), inferior-posterior acoustic intensity distribution (right)
for both frequencies.
In Fig. 2, sonication duration is maintained at 13 seconds for temperature simulation. Simulated acoustic
field and temperature field of 220kHz while targeted at VIM is shown in Fig. 2(a) and (b). Simulated
acoustic field and temperature field while targeted at CL is shown in Fig. 2(c) and (d). The corresponding
temperature and thermal is similar for VIM and CL, which means treating CL is feasible just like VIM.
The simulated temperature while targeted at temporal lobe is presented in Fig. 3. Fig 3(a) shows
simulated temperature field at 13s while the focal target is at VIM. Fig. 3(b) shows simulated temperature
field at 13s while the focal target is at temporal lobe with the same power. Fig. 3(c) shows simulated
temperature field at 30s while the focal target is at temporal lobe in order to achieve similar temperature
rise as VIM, which creates significant skull heating. Further effort need to be done to reduce the skull
heating. Summarizing simulation results at different locations across the whole brain, treatment envelop
regarding to peak temperature on skull over peak temperature on focal target is shown in Fig. 4.
CONCLUSIONS The study investigates the feasibility of 220kHz tMRgFUS on the treatment at CL
(neuropathic pain) and temporal lobe (epilepsy). The heat absorption of skull is lower for 220kHz
compared with 670kHz, especially for the cases when the focal target is far from the center of brain.
When targeted on CL, heat generation is slightly less efficient than VIM. When targeted on temporal
lobe, heat generation rate is significant decreased. In order to achieve similar temperature rise as VIM,
either longer duration or larger power is needed, which results significant skull heating. A treatment
envelop regarding to peak temperature on skull over peak temperature on focal target is presented,
which is a giddiness to treat different areas in the brain to avoid significant skull heating with determined

power/intensity.

Figure 1. (a) Treatment location of essential tremor at VIM. (b) Simulated acoustic focal zones for
670kHz and 220kHz in coronal view . In order to achieve the same temperature rise, 670kHz creates
more skull heating than 220kHz. (c) Medial-lateral acoustic intensity distribution (left), inferior-posterior
acoustic intensity distribution (right).

Figure 2. Simulated acoustic field (a) and temperature field (b) while the focal target is at VIM. Simulated
acoustic field (c) and temperature field (d) while the focal target is at CL. Sonication duration is always 13
seconds.

Figure 3. (a) Simulated temperature field at 13s while the focal target is at VIM. (b) Simulated
temperature field at 13s while the focal target is at temporal lobe with the same power. (c) Simulated
temperature field at 30s while the focal target is at temporal lobe in order to achieve similar temperature
rise as VIM, which creates significant skull heating.

Figure 4. Treatment envelop regarding to peak temperature on skull over peak temperature on focal
target.
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LYTIC EFFICACY OF 220 KHZ SONOTHROMBOLYSIS WITH RT-PA AND ECHOCONTRAST
AGENTS
Himanshu Shekhar1 , Robert T Kleven2 , P. Arunkumar1 , Tao Peng3 , Kunal B Karani1 , Shao-Ling Huang3 ,
David McPherson3 , Christy K Holland1,2
1. Internal Medicine, University of Cincinnati, Cincinnati, Ohio, United States.
2. Biomedical Engineering, University of Cincinnati, Cincinnati, Ohio, United States.
3. Internal Medicine, University of Texas Health Science Center at Houston, Houston, Texas, United
States.
OBJECTIVES Recombinant tissue-type plasminogen activator (rt-PA) is the only FDA approved drug for
treating ischemic stroke. However, rt-PA is ineffective in over 60% of treated patients, motivating the
development of adjuvant techniques to improve the therapeutic efficacy. Ultrasound (US) exposure of
contrast agents is under investigation as an adjuvant to enhance rt-PA thrombolysis. We have previously
reported an increase in thrombolysis in the presence of 120 kHz US and either echogenic liposomes
loaded with rt-PA and octafluoropropane gas (OFP t-ELIP), or rt-PA and Definity , an FDA approved
contrast agent [doi: 10.1016/j.ultrasmedbio.2014.08.018, doi: 10.1088/1361-6560/62/2/517]. However,
large microbubbles (up to 50 µm diameter) were observed from 120 kHz exposure, likely from growth
due to rectified diffusion and coalescence to resonant size [doi: 10.1109/ULTSYM.2002.1192681]. To
reduce the size of resonant microbubbles, the goal of this study was to test whether 220 kHz US in
combination with cavitation nuclei – either OFP t-ELIP, Definity , or rt-PA targeted OFP microbubbles
(OFP-tMB) enhance thrombolytic efficacy relative to treatment with rt-PA alone. A secondary goal was to
compare the lytic efficacy of OFP t-ELIP versus rt-PA combined with either Definity , or with OFP-tMB.
METHODS Echogenic liposomes loaded with rt-PA and octafluoropropane, OFP t-ELIP, gas were
prepared using previously reported methods [doi: 10.1016/j.ultrasmedbio.2014.08.018]. OFP-loaded
microbubbles with shells composed of DSPC (1, 2-distearoyl-sn-glycero-3-phosphocholine) and
PEG2000 PE (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]
in a molar ratio of 9:1 were prepared using a high-shear mixing method. A spectrophotometric method
was used to assess the concentration of enzymatically active rt-PA associated with OFP t-ELIP. Human
whole blood clots adherent to silk sutures were prepared using blood drawn from four donors following
an approved Institutional Review Board protocol. Clots were mounted in an in vitro flow system equipped
with time-lapse microscopy (Fig. 1). A constant plasma flow rate of 0.65 mL/min was used, which is
within the flow rates reported in an occluded middle cerebral artery. The rt-PA concentration employed in
this study was 3.15 µg/ml, consistent with the steady state rt-PA concentration in the bloodstream after
intravenous administration. A treatment time of 30 min was used, as reported previously [doi:
10.1016/j.ultrasmedbio.2014.08.018, doi: 10.1088/1361-6560/62/2/517]. Image analysis was used to
assess the fractional clot loss in response to 1) plasma alone, 2) rt-PA, 3) OFP t-ELIP, 4) rt-PA and US,
5) OFP-MB and US, 6) OFP t-ELIP and US, and 7) rt-PA, Definity , and US. OFP t-ELIP were used at a
particle concentration of 1.3 x 108 particles/ml, which resulted in an rt-PA dose of 3.15 µg/ml. The
concentration of Definity and OFP-tMB were 5 x 107 microbubbles/ml. An intermittent ultrasound
insonation scheme (50 s on, 30 s off) was employed (220 kHz frequency, and 0.44 MPa peak-to-peak
pressures) for the treatment duration. A total of 112 clots were tested in the study (n = 16 per group).
Radio frequency signals received from a passive cavitation detector (2.25 MHz center frequency) were
used to measure ultraharmonic emissions, which indicate stable cavitation activity.
RESULTS The results of the spectrophotometric assessment of OFP t-ELIP are shown in Table 1.
Sustained ultraharmonic activity was nucleated from all echocontrast agents when exposed to
ultrasound (Fig. 2). The adjuvant use of US with rt-PA and Definity produced a statistically significant
enhancement (p<0.05) in lytic efficacy (Fig. 3). However, the lytic enhancement achieved with US
combined with OFP t-ELIP or OFP-tMB did not reach statistical significance (p>0.05). Additionally, the
combination of US and OFP t-ELIP produced a statistically significant enhancement in lysis over OFP

t-ELIP alone (p<0.01). No significant difference was observed in the lytic efficacy of US combined with
rt-PA and Definity , OFP-tMB and tPA, or OFP t-ELIP (p > 0.05) without US exposure. Importantly,
analysis of time-lapse microscopy revealed no evidence of resonant microbubble formation (⇠ 25 µm).
Nonetheless, the fractional clot loss achieved in this study with US, rt-PA and Definity and OFP t-ELIP
and US was comparable to our previous studies at 120 kHz.
CONCLUSIONS The findings of this study demonstrate that ultrasound can enhance the thrombolytic
efficacy of rt-PA or OFP t-ELIP. Additionally, sustained stable cavitation was nucleated by each contrast
agent insonated at 220 kHz. The lytic efficacy achieved with rt-PA, US and Definity , rt-PA, US and
OFP-MB, and OFP t-ELIP and US was comparable. These results support the continued investigation of
ultrasound-mediated thrombolysis for the treatment of ischemic stroke.

Fig 1. A schematic of the experimental set-up used in the in vitro flow system. PCD = passive cavitation
detector, CCD = charged coupled device.

Fig. 2: The ultraharmonic dose obtained with plasma alone, OFP t-ELIP, Definity
and OFP-tMB in
response to intermittent ultrasound (n = 16 per group). The boxes represent the interquartile range, the
horizontal lines within the boxes represent the median values, and the whiskers represent 1.5 times the
interquartile range. Outliers are depicted using the ‘+’ sign. All groups were significant relative to
rt-PA+US (p<0.01). No significant differences were found between the ultraharmonic dose achieved
from OFP t-ELIP, Definity
and OFP-tMB.

Fig. 3: Fractional clot loss obtained with clots exposed to plasma alone, rt-PA, rt-PA + US, OFP t-ELIP,
OFP t-ELIP+US, rt-PA + OFP-tMB+US, rt-PA + Definity + US (n = 16 clots/group). The errorbars
represent ±1 standard deviation. Statistically significant differences in FCL (p<0.05) across treatments
are denoted by (*).

Table 1. Spectrophotometric assessment of OFP t-ELIP
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INVESTIGATING THE LIMITATIONS TO REACH SAME PEAK TEMPERATURE ON SUBSEQUENT
SONICATION DURING TMRGFUS TREATMENT
Sijia Guo1 , Jiachen Zhuo1 , Dheeraj Gandhi1 , Rao Gullapalli1
1. Center of Metabolic Imaging and Therapeutics, Department of Diagnostic Radiology, University of
Maryland Medical Center, Baltimore, Maryland, United States.
OBJECTIVES Based on our experience from the ET and Parkinson’s clinical trial using Transcranial
MRI-guided focused ultrasound (tMRgFUS), where the targets are ventral intermediate nucleus (VIM) or
the globus pallidus (GP) respectively, we have observed that once peak temperatures (around 60o C) are
attained for the first time at a target after sonication for 10-15s, this peak temperature cannot be achieved
at the same spot during subsequent sonication at the same energy level (see Fig. 1 for example), which
is especially important in cases where tremor is not improved sufficiently after the first lesion1 . In this
work, we examine the cause for this inability to reach the same peak temperature in subsequent
sonication using the same sonication parameters through simulations. Specifically, a theoretical model
based on bio-heat transfer equation that incorporated temperature-dependent acoustic attenuation was
developed and verified using the clinical results from 10 ET patients who successfully underwent
tMRgFUS.
METHODS Acoustic properties of the skull from image intensity distribution of CT images2 were used to
simulate the acoustic field in the brain. A non-linear acoustic model was employed to simulate the
acoustic field by solving the full Westervelt equation3 using the 1024-element Neuro-ExAblate 4000
ultrasound transducer from Insightec (Haifa, Israel). Temperature simulation was performed using the
inhomogeneous Pennes equation of heat conduction4 . We used experimental data previously
reported5,6 to create the temperature-dependent attenuation model. Results from these two studies were
combined to calculate attenuation coefficient of the tissue at 670 kHz. These values are appropriate for
tissue properties changes after a short sonication duration (10⇠16s, similar to what is used in our ET
treatments), where thermal lesions were made (around 60 C) with no coagulation. Once the model was
tested, it was validated using clinical results from 10 patients treated with tMRgFUS for ET.
RESULTS Fig. 2 shows the calculated acoustic attenuation as a function of temperature used in our
model. Fig. 3(a) is an example of simulated heating pattern during lesion formation with 10000 J
acoustic energy (similar to actual treatment), during which time the peak target temperature reached
60.39 C with the peak skull temperature being 46.23 C. The temperature increase with time is shown in
Fig. 3(b) by the red line for the first sonication. The blue line shows the simulation result for the
subsequent sonication using the same sonication parameters for the same location, in which
temperature rise decreased by 5 C presumably either due to irreversible or transient tissue property
change. This finding is verified from clinical observation (Fig. 1), where similar reduction in temperature
rise was observed. Further calculations revealed that in order to reach the same temperature (60o C) as
in the previous sonication, we needed 1.25 times more energy. However, it should be noted that these
theoretical calculations provided lower average increase in the energy level compared to the actual
energy used on the 10 clinical patients (1.43 vs 1.25) that were analyzed. Upon further investigation of
the mechanism behind the reduction in peak temperature achievable, we observed a strong correlation
(r=0.78; p=0.0077) between the energy amplification factor and the accumulated sonication numbers
(between the first sonication that reached 55-62o C at the target to the final sonication at the same
location) as shown in Fig. 4. The need for excessive acoustic energy in the clinical setting suggests that
the changes in the target tissue properties may not be the only reason for the inability to reach the peak
temperature previously achieved. It is quite possible that the heat induces changes in the acoustic
properties of the skull which may further contribute to the need for higher energy to reach the same
temperature at the target.
CONCLUSIONS In this study, the peak temperature reduction after the first lesion formation in
tMRgFUS treatment was investigated through the development theoretical model based on previously

reported experimental results. This model agrees with observed clinical results where we have observed
a reduction in the peak temperature at the same location on subsequent sonication using the same
treatment parameters. However, the theoretically calculated energy required for the second lesion was
smaller when compared to what was used in the clinic, which suggests that the heat generation
reduction may also be influenced by factors other than changes in the targeted tissue properties such as
protein denaturation. Further experimental studies are required to assess whether changes in the
acoustic properties of the skull contribute to the need to for additional energy which will lead to further
refinement of the model developed in this study.

Figure 1. Recorded peak temperature vs. acoustic energy for each sonication from a clinical treatment
on a ET patient. In the red frame, once peak temperatures (above 60oC) were attained for the first time
at a target after sonication for 10-15s, this peak temperature couldn’t be achieved at the same spot
during subsequent sonication at the same energy level. Significant amount of extra energy was need to
reach 60oC again.

Figure 2. Calculated attenuation coefficient of tissue at 670kHz based on values obtained from
Worthington and Sherar (Ultrasound in Med & Biol, 2001) and Kremkau, Barnes & McGraw (J Acoust.
Soc. Am, 1981 ) at 5 MHz & 1 MHz respectively demonstrates that significant decrease in attenuation
coefficient occurs at 60oC where irreversible changes occur to the tissue.

Figure 3. (a) An example of temperature simulation results during lesion formation under 10000 J
acoustic energy, in which the peak target temperature is raised to 60.39 C and the peak skull
temperature is 46.23 C. (b) The red line is temperature vs. time for the case shown in (a), and the blue
line represents the sonication right after the first lesion formation with the same energy, in which
temperature rise decreases by 5 C possibly due to irreversible tissue properties change. This simulation
confirms the observations made in the clinic as shown in Fig. 1 , where similar temperature rise
reduction was observed.

Figure 4. An interesting finding was the linear correlation between energy amplification factor and
accumulated sonication number (between the first and second lesion formation). The red line is the
linear regression (r = 0.78, P = 0.0077).
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PHASE ABERRATION CORRECTION IN NONLINEAR HIGH INTENSITY FOCUSED ULTRASOUND
FIELDS CONTAINING SHOCK FRONTS
Christopher Bawiec1 , Tatiana Khokhlova1 , Adam Maxwell2 , Oleg Sapozhnikov3,4 , Matthew O’Donnell5 ,
Barbrina Dunmire3 , Vera Khokhlova3,4
1. Department of Medicine, University of Washington, Seattle, Washington, United States.
2. Department of Urology, University of Washington, Seattle, Washington, United States.
3. Applied Physics Lab, University of Washington, Seattle, Washington, United States.
4. Faculty of Physics, M.V. Lomonosov Moscow State University, Moscow, Russian Federation.
5. Department of Bioengineering, University of Washington, Seattle, Washington, United States.
OBJECTIVES High intensity focused ultrasound (HIFU) therapies are often affected by aberrations
induced by soft tissue heterogeneities. This effect is especially detrimental for treatment regimes that rely
on shock front formation of certain amplitude at the focus, e.g. rapid thermal ablation, shock-scattering
histotripsy, and boiling histotripsy. Due to the extremely short duration of the shock front, irregular
changes in the speed of sound on the way from the transducer to the focus may cause incoherence in
wave front arrival time, splitting the shock front and reducing its amplitude. If the HIFU transducer is a
multi-element array, introducing phase corrections at different elements of the array could mitigate the
effect of aberration if a feedback mechanism is provided. In this work, an aberration correction method
based on backscattering of strongly nonlinear HIFU waves at the focus is proposed, validated through
hydrophone measurements, and tested in tissue-mimicking phantoms, and ex vivo tissue.
METHODS The HIFU transducer was a spherically focused 12-element sector array (aperture and
radius of curvature 75 mm) operating at 1.5 MHz, with a central opening (Fig.1). It was integrated with
either a coaxially aligned imaging probe (ATL P7-4, connected to Verasonics Ultrasound Engine) or a
single-element focused high-frequency transducer (Olympus Panametrics V309). In the first series of
experiments, a point scatterer – the tip of a fiber-optic probe hydrophone (FOPH-2000) - was placed at
the focus of the HIFU transducer, and an aberrating layer (a flat polyvinyl alcohol phantom or a freshly
harvested porcine body wall) was placed in front of the transducer. Each element of the HIFU array
emitted a short (3-4 cycles), high-amplitude pulse that was detected at the focus by the hydrophone. The
signal backscattered from the hydrophone tip was recorded by the imaging probe or the single-element
detector. The transmit time delay for each element required to restore the shock amplitude at the focus
for all-element excitation was calculated based on cross-correlation between the backscattered signals
corresponding to different sector elements. In the second series of experiments, the point scatterer, i.e.,
the fiber tip, was replaced by a random distribution of scatterers present in an gellan gum-based tissue
mimicking phantom (FDA TMM) or bovine liver tissue.
RESULTS Figure 2 shows examples of the focal waveforms recorded by the FOPH from different HIFU
array elements with an aberrating layer in place. Each sector element created a highly nonlinear
waveform at the focus at output levels relevant to boiling histotripsy exposures. The aberrating layer
introduced time shifts between the shock fronts of the waveforms corresponding to different sector
elements, ranging over 40-250 ns. This led to the decrease of the shock front amplitude when the
elements were activated simultaneously. Introduction of proper time delays at the array elements
resulted in restoration of the shock front to its unaberrated amplitude. The necessary time delays yielded
by cross-correlation of the backscattered signals recorded by the imaging probe coincided with those
yielded by direct measurements with FOPH. When the FOPH tip was replaced by tissue or TMP, the
presence of higher harmonics generated by separate elements only at the focus created a local “beacon”
for phase correction feedback (Figure 3) even in the absence of a single-point scatterer.
CONCLUSIONS The results of hydrophone measurements and ex vivo tissue experiments of this study
demonstrate the feasibility of the proposed approach for aberration correction in highly nonlinear HIFU
fields. This approach can be implemented using an arbitrary multi-element HIFU array, provided that its
elements can be grouped in a fashion that preserves circular symmetry and sufficient focal gain of each

group to produce a localized shock wave at the focus. Work supported by NIH R01GM122859,
R01EB007643, and RFBR 16- 02-00653.

Figure 1. Schematic of the experimental setup and the idea of the method for phase aberration
correction. Short, high amplitude pulses are emitted by each of the HIFU array sector elements, and
shock waves are formed only at the focal area. The higher harmonics of the HIFU wave, backscattered
from the focus, are detected by an imaging probe focused on receive or by a single-element focused
transducer. These signals serve as feedback for phase correction approach.

Figure 2. (a) Focal waveforms from two separate array elements measured by FOPH behind porcine
body wall and (b) from all elements activated simultaneously with and without phase correction.

Figure 3. (a) Short HIFU pulses from individual array elements backscattered from porcine liver sample
and recorded by the central element of the ultrasound imaging probe. (b) Recorded signals
corresponding to all elements turned on simultaneously, with (black line) and without (green line) phase
correction.
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LIFUP-SYSTEM FOR NON-INVASIVE TRANSCRANIAL NEUROMODULATION
Steffen H. Tretbar1,3 , Jorge Oevermann1 , Anette Jakob1 , Holger Hewener1 , Marc Fournelle1 , Till
Nierhaus2 , Andreas Melzer3 , Arno Villringer2
1. Ultrasound, Fraunhofer IBMT, St. Ingbert, Germany.
2. Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany.
3. Innovation Center Computer Assisted Surgery (ICCAS), Leipzig, Germany.
OBJECTIVES Deep brain stimulation is an established method for therapy of brain-related neurological
disorders such as Parkinson disease or essential tremor. It consist in inserting an electrode designed for
delivering an electrical stimulus into the brain. However, placing the electrode involves brain surgery with
related risks such as brain haemorrhage or infections. There is increasing evidence that ultrasound can
be a non-invasive alternative to these surgical methods. While therapy based on high intensity ultrasound
(HIFU) will permanently damage brain tissue associate to tremor by coagulation, LIFUP (low-intensity
focused ultrasound pulsation) therapy is based on an acoustic stimulus having a neuromodulating or
–supressing effect while being in the energy range of diagnostic ultrasound. In both cases, a successful
therapy requires the precise application of spatially confined acoustic energy though the skull.
METHODS Due to its shape, the differences in acoustic impedance and speed of sound compared with
the surrounding tissues, the skull leads to a reshaping of sound fields in comparison to fields in
acoustically homogeneous tissues. Accordingly, precise and locally confined stimulation requires
sophisticated methods for defining transmit delays. We compared different methods for predicting
accurate delays allowing to focus the acoustic waves on a defined location through acoustically
anisotropic media. A cranial bone geometry gained from a previous performed common computed
tomography scan was used as input data. For a given combination of array transducer position and focal
point, the delays were calculated using a point source synthesis approach in consideration of the
differences in thickness and geometry of the skull. As an alternative, ray tracing approaches were
considered as well as FEM simulations. For experimental validation, we developed an 11 x 11 element
matrix array transducer with a pitch of 2.8 mm and a centre frequency of 600 kHz. The array was driven
by our freely programmable multichannel ultrasound beamformer (DiPhAS, Fraunhofer IBMT).
RESULTS For experimental validation of our approach, we measured acoustic sound field in a
homogeneous medium (water tank) and after propagation through a human skull (figure 1). The
experiments show how the focus position was shifted by several mm as a result of propagation through
the skull. When modifying the transmit delays and using delay settings as simulated by our point source
synthesis approach, the acoustic focus could be shifted back onto the initial position, despite propagating
through the skull. In view of a first use of our system in a clinical study on acoustic neuromodulation, it
was tested according to all safety standards defined by the European MDD 93/42/EEC (in particular
electrical safety, acoustic safety and electromagnetic compatibility). In particular, with respect to IEC
60601-2-37 (acoustic safety), we tested the system with its maximum power output (pulse duration of 50
µs, PRF of 750 Hz) and the corresponding ISPTA was measured to be between 7 and 260 mW/cm2
depending on the chosen transmit pattern and focus position (tests performed by notified body TÜV
Süd). In addition, we implemented a user friendly interface giving easy access to all transmit parameters
and allowing to freely define the focus position in the 3D space.
CONCLUSIONS We developed an LIFUP neurostimulation system (figure 2)based on a matrix array
transducer and a multichannel electronics platform and tested it according to all safety-relevant
standards defined by the european medical device directive MDD 93/42/EEC. Experimental studies were
performed on phantoms realistically mimicking relevant therapeutic settings in order to highlight the
distortion effects resulting of the propagation through anisotropic media. Furthermore, we could show
that a refocusing of the sound field of our 11 x 11 matrix array is possible when the skull geometry is
known and simulations based on acoustic point source synthesis performed a priori are used to adapt
the transmit delays. Ethics approval from the ethics board of the University of Leipzig has been granted

for up to 200 volunteers and experiments are ongoing at the Max Planck Institute in Leipzig to evaluate
the neuromodulating effect of our LIFUP system.
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EX VIVO TISSUE PRESERVATION SOLUTIONS FOR HIGH INTENSITY FOCUSED ULTRASOUND
STUDIES
Julianna C. Simon2,1 , Yak-Nam Wang2 , Wayne Kreider2 , Ziyue Liu3 , Michael Bailey2
1. Graduate Program in Acoustics, The Pennsylvania State University, University Park, Pennsylvania,
United States.
2. Center for Industrial and Medical Ultrasound, Applied Physics Laboratory, University of Washsington,
Seattle, Washington, United States.
3. Department of Biostatistics, Indiana University Schools of Public Health and Medicine, Indianapolis,
Indiana, United States.
OBJECTIVES In the development of new high intensity focused ultrasound (HIFU) protocols or
technologies, ex vivo tissue studies are usually performed; however, tissue viability is limited by the time
after harvesting and may influence the results. Human organs are routinely preserved for up to 30 hours
before transplant, yet research tissues are often unviable after only a few hours. Here, we investigate the
influence of different tissue preservation solutions on HIFU studies, specifically looking at effect on
ultrasonic atomization.
METHODS Ten ex vivo bovine livers were obtained from the local abattoir and maintained on ice.
Tissue samples were cut into 5x5x1.5-cm blocks and immediately submerged in phosphate-buffered
saline (PBSaline), phosphate-buffered sucrose (PBSucrose), phosphate-buffered raffinose
(PBRaffinose), or the University of Wisconsin ViaSpan
clinical organ transplantation solution; no
solution was also tested with samples wrapped in a saline-wetted towel to avoid complete desiccation.
Samples were randomly assigned to be used immediately (day 1) or after 24 hours (day 2); the effect of
degassing for at least 2 hours in a desiccant chamber was also investigated. For atomization studies,
samples were placed in a water tank, and the liver-air surface aligned with a 2 MHz HIFU transducer,
and exposed to 10, 30, 60, or 120, 10-ms pulses repeated at 1 Hz with peak pressures of 65 MPa and
-16 MPa. Tissue quality was assessed via sound speed and attenuation measurements, a Kelvin-Voigt
viscoelastic model fit of tissue displacement from high-speed videos, water content from measurements
before and after complete desiccation, and histological analysis. Quantifiable results were evaluated
statistically using a linear mixed effects model.
RESULTS Overall, no difference in tissue erosion volume was observed between solutions (Fig. 1). For
the same solution, the erosion volume was increased with the number of 10-ms pulses and the increases
were statistically significant (p=0.001). The effects of degassing and day were not separable; however,
the interaction between degassing and day significantly affected the tissue erosion volume (p=0.0003).
The percent water content in tissue ranged from 66-78%, with only tissue in the PBSaline solution
showing an increase in the water content after 24 hours (p=0.0013). Acoustic attenuation measurements
showed only tissues not submerged in solution but wrapped in the saline-wetted towel showed a
significant difference between days (p=0.0003). Sound speed measurements showed more variation for
the same solution between days and degassing with only the ViaSpan and PBSucrose solutions not
showing statistically significant differences. The viscoelastic relaxation constant only showed a statistical
difference between days for the no solution group (p=0.004). On day 2, visual analysis of the samples
showed a color change in tissues stored in the PBSaline solution compared to those stored in the
ViaSpan solution (Fig. 2); however, no morphological differences were observed histologically.
CONCLUSIONS Even though no effect was observed in the tissue erosion volume across solutions, as
ViaSpan and PBSurcrose were the only solutions without a significant difference in sound speed
measurements, the results suggest that PBSurcose is a low-cost alternative to the clinical ViaSpan
tissue preservation solution. The commonly-used PBSaline solution showed a significant uptake of water
by day 2 as well as a change in the sound speed that was not observed with the PBSucrose solution.
Further, results suggest that degassing tissue was more important the longer the sample was stored
before use, which is reasonable as tissues release gas as they decay. Therefore, this study recommends

degassing and submerging tissue samples in a PBSucrose solution for all samples not used immediately
after harvesting to maintain tissue viability as long as possible. [Work supported by NIH DK043881 and
EB017857; the authors would also like to thank ViaSpan for donating their solution for this study].

Fig 1: Photograph showing the typical erosion pattern on the liver surface. From left to right on each line
(final line is split into two lines), exposures were completed in the order 10 pulses, 30 pulses, 60 pulses,
and 120 pulses. The first exposure in the upper left hand corner was positioned over a vessel so was
excluded from the analysis.

Fig. 2: Photograph showing the visual difference in liver quality after a sample has been stored for 24
hours in PBSaline (left) and ViaSpan (right). The sample stored in PBSaline has a noticeable color
change about 1 cm from the edge whereas the sample stored in the ViaSpan solution has a consistent,
healthy color throughout.
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HIGH THROUGHPUT IN VITRO ULTRASOUND THERAPIE SYSTEM
Steffen H. Tretbar1,2 , Jorge Oevermann1 , Marc Fournelle1 , Lisa Landgraf2 , Xinrui Zhang2 , Andreas
Melzer2 , Franz Josef Becker1
1. Ultrasound, Fraunhofer IBMT, St. Ingbert, Germany.
2. Innovation Center Computer Assisted Surgery (ICCAS), Leipzig, Germany.
OBJECTIVES While HIFU is based on the delivery of high energy densities allowing ablation in
applications such as tumor therapy, ultrasound-hyperthermia (US-HT) produces a soft temperature
increase (40-45 C) leading to changes in blood flow, hypoxia and membrane integrity, resulting for
instance in a better drug uptake as well in a better response to radiation therapy. However, existing
setups for hyperthermia experiments in vitro do not comply with pharmaceutical standards where
parallelization is required in view of producing results with a high level of statistical significance. In
particular, at a research level, up to now most experiments are performed with single element US
transducers immersed together with cell culture plates in a water bath to ensure acoustic coupling and
moving the transducer from well to well, which results in long experiment durations and lack of
user-friendliness. In this study we investigated different versions of a high throughput in vitro US system
to generate HT and to reach comparability to the in vivo situation.
METHODS We developed a high throughput US cell therapy system optimized for 96 well µclear plates
(Greiner Bio-One GmbH) where a thin foil at the bottom acts as acoustical window. Each well can be
treated simultaneously and immersion of the plates is not required. The device is based on individual
transducers below each of the wells in a 3D printed housing adapted to the geometry of the well plates.
The system has been setup in different versions. Type 1 optimized for well count (set up in 4 different
frequencies): 96 disk shaped piezoelectric ultrasound transducers (500 kHz -1.5 MHz made of NCE55 /
Noliac, 2 MHz made from 3203HD / CTS, 500 kHz and 1.5 MHz transducers as 1-3-piezocomposite, the
others from bulk material) of 6.5 mm in diameter are positioned in a 8 x 12 matrix corresponding to the
layout of a 96-well plate. Type 2 focused on higher acoustic output: 1 MHz arc-shaped transducers (110
arc, radius of 13 mm, elevational width 8 mm) focusing the sound field into the well. 8 of the arc-shaped
transducers are aligned to address one column of the 96 well plate.
In both configurations, the well applicators were driven by two single channel amplifiers (AG10-16, TC
Power Conversion), so that the two parts of the well applicator can be addressed with different acoustic
settings. A custom user interface was programmed in C# allowing to set transmission parameters such
as the frequency, duration of the therapy, pulse duration or duty cycle.
RESULTS The acoustic output of the system was calculated by means of simulation models (PZFlex,
Cupertino) and assessed experimentally by means of hydrophone scans (MH 28-5, Force Technology).
Depending on the frequency, acoustic intensities up to 3,3 W/cm2 were achieved with the Type 1
applicator. In detail, maximum ISPTA values of 1.99 W/cm2 , 2.23 W/cm2 , 3.27 W/cm2 and 0.69 W/cm2
were measured for the 0.5 MHz, 1 MHz, 1.5 MHz and 2 MHz Type 1 applicators respectively.
Furthermore, the cross coupling between transducers was measured and mutual influence of
transducers below adjacent wells was excluded (damping of 35-40 dB to neighbouring element). This
was confirmed by hydrophone measurements, in which the lateral sound field of a single transducer was
assessed (e.g. -6dB sound field of 2.7 mm for a 1 MHz transducer, which is well below the well-to-well
distance).
For Type 2 applicator, our simulation models have shown that the cylindrical focusing behaviour allows to
increase acoustic intensities by a factor of up to 7 with respect to the output of the disk shaped
transducers from Type 1 applicator. In addition to the sound field measurements, we performed first HT
tests in which we demonstrated that water filled wells could be heated up to mild hyperthermia (< 45 C)
in less than 120 s after activation of the well applicator.
CONCLUSIONS We developed different types of ultrasound cell therapy systems optimized for US
penetrable 96 well cell culture plates. The devices allow to upscale cellular HT experiments and thereby

achieve statistical significance more easily while improving the user-friendliness and the reproducibility of
the procedure. For further investigation of the relationships between applied acoustic intensities and
generated cellular effects, a system allowing the variation of the applied acoustic output on the individual
well level would be of great benefit. For this purpose, the well applicator will be driven with a
multichannel ultrasound platform (DiPhAS, Fraunhofer IBMT) in the future. Up to now, this setup is only
available in the low intensity domain (< 1 W/cm2 ) but a multichannel power amplifier, that will allow to set
acoustic parameters on a single well level even in the high intensity regime (1-50 W/cm2 ) is currently
under development. Furthermore, incorporation of tissue mimicking materials at the cells and absorbers
for real in vivo situation are underway.
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A PORTABLE ULTRASOUND SYSTEM FOR NON-INVASIVE ULTRASONIC NEURO-STIMULATION
Weibao Qiu1 , Juan Zhou1 , Guofeng Li1 , Hairong Zheng1
1. Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences, Shenzhen, China.
OBJECTIVES Fundamental insights into the function of the neural circuits often follows from the
advances in methodologies and tools for neuroscience. Electrode- and optical- based stimulation
methods have been used widely for neuro-modulation with high resolution. However, they are suffering
from inherent invasive surgical procedure. Ultrasound has been proved as a promising technology for
neuro-stimulation in a non-invasive manner. However, no portable ultrasound system has been
developed particularly for neuro-stimulation. The utilities used currently are assembled by traditional
functional generator, power amplifier, and general transducer, therefore, resulting in lack of flexibility. This
paper presents a portable system to achieve ultrasonic neuro-stimulation to satisfy various studies.
METHODS The system incorporated a high voltage waveform generator and a matching circuit that
were optimized for neuro-stimulation. A new switching mode power amplifier was designed and
fabricated. The noise generated by the power amplifier was reduced (about 30 dB), and the size and
weight were smaller in contrast with commercial equipment. In addition, a miniaturized ultrasound
transducer was fabricated using PMN-PT 1-3 composite single crystal for the improved ultrasonic
performance. The spatial peak temporal average pressure was higher than 250 kPa in the range of 0.5-5
MHz. In vitro and in vivo studies were conducted to show the performance of the system.
RESULTS The prototype of the proposed system for the ultrasonic neuro-stimulation is shown in the
attachment. The length, width, and height of the system are about 34 cm, 26 cm, and 8 cm respectively.
All the major electronics were put into a portable box with membrane touch switches. The electrical
parameters were displayed on the LCD screen. The waveforms on 50 ohm load with the working
frequency from 0.5 MHz to 5 MHz. The amplitude of the waveforms is 60 Vpp. The frequency range
could cover most applications of the ultrasound neuro-stimulation. The recorded extracellular signals
from a retinal ganglion cell demonstrate the activities of the ganglion cell are changed in response to
repeated ultrasound stimuli. By plotting a raster plot and a peri-stimulus time histogram (PSTH) from the
recorded responses in 12 successive trials, it is indicated that the retinal ganglion cell is reliably excited
by both the onset and offset of each stimulus. The generated ultrasonic wave could successfully
stimulate ex vivo retina cells. The neural stimulating efficacy was evaluated by the EMG signals and
videos of motion responses evoked from a mouse by the proposed system in vivo. The synchronous
EMG signals were recorded from the tail muscle of a mouse, evoked by ultrasound stimulating bursts (1
MHz transducer). The targeted region was located -4.0 mm anteroposteriorally and 3.5 mm laterally from
the bregma. The video snapshots show the tail motion response of a mouse with and without ultrasound
stimulus, respectively. The tail flicked when the ultrasound stimulus was on, but kept still when the
stimulus was off. Both results of EMG signals and videos imply that ultrasound stimulation supplied by
the ultrasound system can efficiently achieve brain stimulation on mice in vivo.
CONCLUSIONS A portable ultrasound system particularly optimized for ultrasonic neuro-stimulation
was developed and evaluated in this paper. A new switching mode power amplifier was designed and
fabricated. A miniaturized ultrasound transducer was constructed using PMN-PT 1-3 composite single
crystal for neuro-stimulation. The ultrasonic parameters were programmable by the system such as
amplitude, frequency, and number of cycle. Ex vivo and in vivo experimental results show that the
proposed system is flexible and suitable for different applications for neuro-stimulation research.

Prototype of the portable ultrasound neuro-stimulation system.
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IMAGE MODEL AND ACQUISITION SOFTWARE FOR CONTINUOUS-WAVE BACKGROUND
ORIENTED SCHLIEREN IMAGING OF HIGH INTENSITY FOCUSED ULTRASOUND PRESSURE
FIELDS
Huiwen Luo1 , Jiro Kusunose2 , Gianmarco Pinton3 , Charles Caskey2 , William Grissom1
1. Biomedical Engineering, Vanderbilt University, Nashville, Tennessee, United States.
2. Radiology & Radiological Sciences, Vanderbilt University Medical Center, Nashville, Tennessee,
United States.
3. Joint Department of Biomedical Engineering, University of North Carolina, Chapel Hill, North Carolina,
United States.
OBJECTIVES Quantitative focused ultrasound pressure field mapping is essential for treatment safety,
quality assurance and research, but no current method provides quantitative spatially-resolved beam
maps at therapeutic pressure levels, and at the same time is inexpensive, simple to operate and
portable. Background-oriented schlieren (BOS) imaging is a technique that requires only a background
pattern and a camera, in which photographs of the background pattern taken with a non-uniform
refractive index (i.e. pressure) field in front of it can be related to the pressure distribution in water [1,2].
Here, we describe a numerical image model for BOS imaging based on non-linear acoustic simulations,
and a system for image acquisition comprising an SLR camera and iPad app.
METHODS Numerical Image Model Figure 1 shows a flowgraph of the image model. A modified angular
spectrum algorithm with frequency domain attenuation and dispersion, absorbing boundary layers, and
adaptive propagation step size are used to simulate high-intensity pressure fields. The resulting pressure
fields are projected in the line-of-sight dimension, and background image displacements at each image
location and time point are calculated by finite differencing. The displacements at each time point in one
ultrasound cycle are applied to an experimental photo of a background image acquired without focused
ultrasound sonication, and the final blurred image is the sum of the blurred images through time. The
algorithm was applied to calculate blurred images resulting from sonication with a 1.16 MHz Sonic
Concepts H101 transducer (Sonic Concepts, Bothell, WA, USA), which was driven to generate a peak
negative pressure of 6 MPa at its focus to match the experiments described below. The simulated field
was sampled with 0.16 mm and 0.32 mm resolution in the axial and depth dimensions, and a dwell time
of 5.39 ns. The calculated displacements were applied to a background image photo of uniformly spaced
pins with 1.5 mm spacing.
Image Display App and Experiments An iPad app was written in Pythonista (OMZ Software, Berlin,
Germany) to display background images on the iPad’s (326 pixels per inch) screen. The app comprises a
single Python script which calculates and displays desired background image patterns (random dots,
uniformly spaced pins, stripes, and RGB pins, with white or black backgrounds). The pattern type and
the spacing, width and offset of the pins or stripes can be controlled remotely via a TCP/IP connection.
The app was installed on a 10.5” iPad Pro (Apple Inc, Cupertino, CA, USA) which was attached to the
back of a 17 cm-wide glass water tank, opposite a Canon EOS 80D 24.2 megapixel DSLR camera
(Canon Inc, Tokyo, Japan) with a telescoping lens. The camera and water tank were mounted to an
optical table for stability. The H101 transducer was placed in the tank and driven by an E&I A-150
amplifier (E&I Ltd, Rochester, NY, USA), which was driven by a function generator that was switched on
and off via TCP/IP control in MATLAB (Mathworks, Natick, MA, USA). The transducer was driven to
produce a peak negative pressure of 6 MPa at its focus, which was confirmed using an optical
hydrophone. The tank and camera were covered with a black cloth to block ambient light.
RESULTS Figure 2 shows a screenshot of the iPad app, with a representative random dot pattern.
Figure 3 shows images acquired with different patterns using the same ultrasound parameters. The
direction of beam propagation (right to left) is readily visible in the pin images, since blurring is principally
diagonal away from the focus, and horizontal in the focus. The excess peak positive pressure can be
appreciated in the stripe images, which blur further in the positive direction (left) than in the negative
direction (right). The RGB images enable denser pin spacing without overlap, since the color channels

can be separated. Figure 4 compares experimental and simulated images. The images match well in
terms of size, shape and orientation of the displacements.
CONCLUSIONS We have described a forward numerical model for BOS imaging of focused ultrasound
pressure fields, and demonstrated it experimentally. The software including the Python iPad app script
can be downloaded at https://github.com/wgrissom/zebrography. This system and software will form the
basis for the development of tomographic BOS imaging for quantitative three-dimensional pressure field
mapping.
This work was supported by NIH R21 EB 024199.
References
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Figure 1: Flowgraph of the numerical image model calculation. The simulated pressure fields are
generated using a modified hybrid angular spectrum method. The fields are projected by numerical
integration along the line of sight dimension at each spatial location and time point. The background
image displacements in the two image dimensions at each time point are then calculated by finite
differencing the projected pressure fields. Finally, those displacements are applied to the background
image, and summed over one ultrasound cycle to obtain the continuous wave image.
In the displacement equations, p is the simulated pressure field, D is the distance from the middle of the
ultrasound focus to the background image, n0 is the refractive index of water, and r is the adiabatic
piezo-optic coefficient.

Figure 2: Screenshot of the iPad app for displaying background images. The app’s titlebar displays the
iPad’s IP address and port for remote control, and also lets the user select background images without a
remote connection. Here the app is displaying a random dot pattern.

Figure 3: BOS images measured with focused ultrasound on, with different backgrounds. All images
were cropped to an 18 x 10.5 mm2 W x H region around the focus, and ultrasound is propagating from
right to left. The top row shows images of uniformly spaced pins, with different pin widths, spacing
between pins, and black or white backgrounds. The second row shows images of stripe patterns with
different pattern offsets, as indicated by the arrow. The third row shows a random dot pattern, and the
fourth row shows an image of alternating red/green/blue pins which can be separated into its constituent
colors, enabling closer pin spacing since overlapping blurs can be separated if they come from
different-colored pins.

Figure 4: Experimental and simulated pin images during focused ultrasound sonication, where the
simulated displacements were applied within the red 6 x 7.5 mm2 W x H box. The acoustic beam is
propagating from right to left. The two images correspond very well in terms of displacement magnitudes
and orientations. The excess positive pressure can also be appreciated in both images, which manifests
as larger blurs to the left compared to the smaller but darker blurs to the right, which are due to the lower
negative pressure that comprises more of the pressure waveform period.
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PROTEUS: A SOFTWARE PLATFORM FOR MULTISITE DEVELOPMENT OF MRI-GUIDED
FOCUSED ULTRASOUND APPLICATIONS
Samuel Pichardo1,2 , Steven Engler3 , Matthew MacDonald3 , Jeremy Tan4,5 , Sam Raisbeck5 , Elizabeth
Morrow5 , Lior Lustgarten5 , Jak Loree-Spacek3 , Warren Foltz9,10 , Christine Allen6 , Thomas Looi5 , Laura
Curiel7 , James Drake8,5 , Adam Waspe5
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5. CIGITI, The Hospital for Sick Children, Toronto, Ontario, Canada.
6. Leslie Dan Faculty of Pharmacy, University of Toronto, Toronto, Ontario, Canada.
7. Electrical Engineering, University of Calgary, Calgary, Alberta, Canada.
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10. Radiation Oncology, University of Toronto, Toronto, Ontario, Canada.
OBJECTIVES The availability of robust, efficient and openly accessible software libraries facilitates the
development of new applications in focused ultrasound. Our team developed the tools MatMRI and
MatHIFU (J. Ther. Ultrasound, 2013, 1,1–12) that enable researchers to communicate, respectively, with
a Philips Healthcare-based Magnetic Resonance Imaging (MRI) system and the Sonalleve MRI-guided
High Intensity Focused Ultrasound (MRI-HIFU) device from Profound Medical. MatMRI encapsulates a
pre-existing communication protocol that ensures low-latency image transfer and control of MRI
acquisition parameters in near real-time. MatHIFU is used for the preparation, execution, and monitoring
of sonication protocols. Fine control of sonication parameters includes electronic steering, power control
and pulse duration on a per-element basis, and synchronization with external pulses. These tools have
been shared with multiple centers around the world to facilitate many types of pre-clinical exploration
including hyperthermia based on MRI-HIFU, brain blood barrier opening, acoustic radiation force
imaging, motion compensation, HIFU planning and simulation, and more.
In this communication, we present the software library Proteus, which is the next generation of a much
more sophisticated software infrastructure aiming to facilitate the development of new therapeutic
applications by providing a core of functionalities that are independent of MRI or MRI-HIFU vendors.
Proteus facilitates multi-site collaborations and enables the research community to directly translate
preclinical developments to new and innovative clinical directions.
METHODS Proteus is a series of libraries written in the Python language that includes updated versions
of MatMRI and MatHIFU. The development of Proteus initiated shortly after the publication of these tools
in 2013 and continues actively to this date. Proteus includes modules for specific tasks such as
treatment planning, real-time visualization and monitoring of MRI-HIFU delivery, cavitation detection,
sensor data collection, data analysis and storage management, advanced MRI-based thermometry,
proportional–integral–derivative (PID) controllers, and more. An extensive exploration and testing of
openly available libraries have translated into a curated software infrastructure that ensures precise
targeting, effective visualization and fast processing of MRI data, which are all factors critical to ensure
robust applications. In addition, new variants of MatMRI have been produced and are under
development to integrate communication for low-latency data collection with other MRI vendors including
Bruker, Siemens, and General Electric, which will cover most of the MRI infrastructure available for
researchers. Similarly, with MatHIFU, new variants are available to support other HIFU vendors such as
Image-guided Therapy (IGT) and FUS Instruments. By providing support to multiple hardware providers,
Proteus facilitates collaboration among centers with diverse infrastructure.
RESULTS A current example of successful multi-center research based on Proteus is our collaboration
between the University of Calgary, The Hospital for Sick Children (SickKids), and STTARR Facility

(University Health Network) to advance the use of MRI-HIFU for several pediatric cancers, including in
preclinical models. The University of Calgary (and previously with the Thunder Bay Regional Research
Institute) and SickKids have a long-standing collaboration to advance the use of MRI-HIFU and
MRI-guided interventions for multiple indications including treatment of benign tumours, epilepsy in
young children, intraventricular hemorrhage in neonatal patients, guidance of robotic biopsies and more.
The main application developed with Proteus under this collaboration is named HOPE (Hifu OPeration
for Pediatrics), which controls a new robotic arm built by SickKids aimed for MRI-HIFU interventions in
neonatal patients. Also, collaborators of both institutions are using Proteus to develop and test new
MRI-thermometry techniques with motion compensation. A very successful collaboration with
Sunnybrook Research Institute used Proteus to evaluate the use of MRI-HIFU for the treatment of head
and neck tumors. As the support for more hardware providers continues to grow, these collaborations will
continue to multiply. A main preclinical application combining Bruker and IGT technology at STTARR will
be for localized chemotherapy delivery combining hyperthermia with temperature-sensitive liposomes.
CONCLUSIONS Following the model initiated with the release of MatMRI and MatHIFU five years ago,
Proteus represents a significant step to build a compelling collaborative model where the expertise of
multiple centers is efficiently combined to overcome the numerous challenges involved in the
development of new MRI-HIFU applications.

Figure 1. Example of treatment planning in pig a model using the HOPE robotic HIFU arm. The robotic
arm is positioned to reach a target in the brain of a pig model using co-registered T1-weighted 3D scans
and fiber-tracking imaging.

Figure 2. Examples of online thermometry with phantoms obtained with a 9.4T MRI system at University
of Calgary (top) and a 7T system at STTARR (bottom). In this test, the drift corrector in the thermometry
functions in Proteus was disabled to evaluate the existing drift over time in each system.

Figure 3. Example of use of algorithms of motion compensation in the context of treatment of head and
neck treatments with hyperthermia based on MR-HIFU. The figure shows the uncorrected temperature
profile (top) of a hyperthermia treatment in a pig model and the profile with the motion compensation
activated (bottom).
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INERTIAL CAVITATION NUCLEATED BY GOLD NANOCONES
Xiaoqian Su1 , Umesh Sai Jonnalagadda1 , James Kwan1
1. School of Chemical and Biomedical Engineering, Nanyang Technological University, Singapore,
Singapore.
OBJECTIVES Ultrasound has been established to enhance drug and gene delivery in solid tissue and
cells through acoustic cavitation. Acoustic cavitation is the dynamic response of gas and/or vapor
bubbles within an acoustic wave and provides a multitude of mechanical effects including fluid jetting,
shockwaves, and microstreaming. Though the nucleation of cavitation using ultrasound alone is possible,
it requires large acoustic energies that may damage off target healthy tissue. Ultrasound-responsive
gas-stabilizing cavitation nucleation agents are often used to reduce the pressure amplitude for
cavitation. This enables a controlled and targeted treatment method. The conventionally used
microbubble, however, have disease specific limitations owing to their large size and rapid acoustic
destruction. To address this, researchers have proposed alternative gas-stabilized nanoparticles
including nanobubbles, hydrophobic mesoporous silica, and polymeric nanocups. Yet, these nanoparticle
systems also have limitations, such as relatively large cavitation threshold pressure amplitudes and short
duration of sustained cavitation. In this study, we investigated conical-shaped gold nanoparticles, i.e.,
gold nanocones (GNCs), as a candidate for a solid gas-stabilising cavitation nucleation agent and
observe their ability to be imbedded into a tissue mimicking material after exposure to high intensity
focused ultrasound.
METHODS GNCs were manufactured using a low frequency ultrasound bath sonication system. Briefly,
20 mM o-phenetidine in hexane was layered on top of 0.8 mM HAuCl4 aqueous solution and reacted
under bath sonication. Images of the GNCs were produced using transmission electron microscopy. The
size distribution was measured by dynamic light scattering (DLS). Polyethene glycol (PEG) functionalized
the surface of GNCs to prevent agglomeration due to steric hindrance, which enabled GNCs to be
lyophilized. The lyophilized GNC product was resuspended in deionized water allowing bubbles to be
trapped on the surface. Acoustic cavitation measurements were conducted using a conventional
methodology using a 2 % agarose gel phantom with a 4 mm diamter cavity to contain the GNC solution.
A 0.5 MHz center frequency high intensity focused ultrasound (HIFU) transducer (Sonic Concept H107)
was used for acoustic excitation co-axially aligned with a passive cavitation detector (PCD) with a center
frequency of 7.5 MHz. GNCs were exposed to bursts of 50,000 cycles at 5% duty cycle. Signals were
recorded and the probability of cavitation was determined as the percentage of bursts that recorded a
cavitation event out of 30 number of total bursts.
RESULTS Conical shell nanoparticles (i.e., GNCs) were successfully manufactured. From the top view
(Fig. 1b) and side view (Fig. 1c), GNCs shows well-defined hollow cavities and rough surfaces. Gas
stabilization on the GNCs (gs-GNCs) was successfully accomplished by drying the GNCs with PEG and
resuspending the powder in deionized water. DLS of the GNCs before and after lyophilization confirmed
that PEG-GNCs were uniformly suspended in water (Fig. 1d), with a mean hydrodynamic diameter of
342 nm.
GNCs and gs-GNCs were subjected to increasing peak negative pressures ranging from 0.1—2.5 MPa
(Fig. 2). GNCs without gas stabilization displayed minimal cavitation over the tested pressure range,
while gs-GNCs required 1.5 MPa to nucleate cavitation with some reliability. From the PSD curve, we
observed only broadband signals that indicate the presence of inertial cavitation. Water displayed no
acoustic response across all pressure amplitudes tested.
Once the pressure amplitude for inertial cavitation was confirmed, we measured the penetration of
gs-GNCs into an agarose phantom (i.e., a tissue mimicking model). The agarose chamber contained a
sample of the gs-GNCs and were exposed to 0.5 MHz ultrasound at a pressure of 2.5 MPa for 0, 5, 10,
and 15 min, respectively (Fig. 3) at a duty cycle of 5%. Cross-sectional images of the agarose chamber
indicated that gs-GNCs generated sufficient cavitation to propel neighboring gs-GNCs deep into
agarose. The penetration depth increased form 1.76 mm to 3.47 mm with increasing ultrasound

exposure durations with a propensity for penetration to occur in the direction of ultrasound propagation.
CONCLUSIONS We designed and manufactured a novel cone-shaped ultrasound-responsive
nanoparticles with a base diameter around 100 nm. The GNCs were capable of trapping gas bubbles,
enabling the nucleation of inertial cavitation at acoustic pressure amplitudes of 1.5 MPa peak negative
pressure. GNCs demonstrated enhanced distribution and penetration up to 3.57 mm in an agarose
tissue mimicking model. The present experimental results show potential for the nanosized gs-GNCs to
enhance the penetration and distribution of therapeutics into tissue.

Figure 1. TEM (a) images, top view (b), and side view (c) of GNCs. (d) DLS size measurements of
GNCs before and after lyophilization. Scale bars present 100 nm in (a–c).

Figure 2. Probability of cavitation of DI water, GNCs, and gs-GNCs with increasing peak negative
pressure amplitude.

Figure 3. Cross-section image of agarose chamber exposed to 2.5 MPa ultrasound for 0, 5, 10, and 15
min.
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EFFECT OF FOCUSED ULTRASOUND ON BIODISTRIBUTION, TUMOR UPTAKE AND
INTRATUMORAL MICRODISTRIBUTION OF ENZYME SENSITIVE LIPOSOMES IN HUMAN
PROSTATE CANCER XENOGRAFTS
Marieke Olsman1 , Viktoria Sereti2 , Sofie Snipstad1,3 , Annemieke van Wamel1 , Kristine Andreassen1 ,
Sigrid Berg1,4 , Andrew Urquhart2 , Thomas Lars Andresen2 , Catharina de Lange Davies1
1. Department of Physics, Norwegian University of Science and Technology, Trondheim, Norway.
2. Department of Micro- and Nanotechnology, Center for Nanomedicine and Theranostics, DTU
Nanotech, Technical University Denmark, Lyngby, Denmark.
3. Department of Biotechnology and Nanomedicine, SINTEF Industry, Trondheim, Norway.
4. Department of Health Research, SINTEF Technology and Society, Trondheim, Norway.
OBJECTIVES Nanoparticles (NPs) show great potential in improving cancer treatment due to the
enhanced permeability and retention (EPR) effect in cancerous tissue, which allows NPs to accumulate
more selectively in tumor tissue compared to normal tissue. Several types of NPs for delivery of drugs to
tumors have been developed including polymeric carriers, liposomes, and micelles. To increase the
circulation time and improve pharmacokinetics, NPs are coated with polyethyleneglycol (PEG) which
shields the NPs from the immune system. Despite of the great potential, the therapeutic effect has been
limited, partly by inadequate delivery of the NPs due to heterogeneous EPR-effect, dense extracellular
matrix and high interstitial fluid pressure.
These physical barriers can be overcome with the use of focused ultrasound (FUS) in combination with
microbubbles (MBs). In the presence of ultrasound (US), MBs oscillate and produce biomechanical
forces on the blood vessel wall, facilitating transport across the capillary wall and into the extracellular
matrix.
The main aim was to study the effect of FUS in combination with MBs on the uptake of enzyme sensitive
liposomes in tumors in mice. These liposomes have a PEG coat that can be cleaved by the enzyme
matrix metalloproteinase (MMP), which is known to be overexpressed in cancerous tissue (Figure 1).
Cleavage of this PEG coat can facilitate cellular uptake of the liposome. However, to be effective, the
liposomes first need to reach all tumor cells. Therefore, the effect of FUS on biodistribution, tumor uptake
and microdistribution of this liposome in tumor tissue was studied, and compared to the uptake of its
non-enzyme sensitivity PEGylated version (non-cleavable) and a more commonly used stealth liposome
(different lipid composition).
METHODS All liposomes were labelled with two fluorophores, Atto488 and Atto700, to measure the
tumor uptake over time with a small animal imaging system (SAIS) and to study the microdistribution of
the liposomes by imaging frozen tissue sections with confocal laser scanning microscopy (CLSM).
Subcutaneous xenograft tumors of human prostate cancer PC3 cells were grown on the left hind leg of
39 female Balb/c nude mice. Mice were divided in three groups of 13, of which 3 mice received a bolus
intravenous (IV) injection of liposomes. The other 10 mice received in addition a bolus IV injection of
SonoVueTM , before receiving a 2 minute US treatment with a center frequency of 1 MHz, pulses of
10.000 cycles, pulse repetition frequency (PRF) of 0.5Hz (duty cycle 0.5%) and a mechanical index (MI)
of either 0.4 or 0.8 (5 animals each). The mice were imaged with the SAIS before and at fixed timepoints
after treatment (t=pre, 0, 0.5, 1, 2, 3 hours).
Lectin (Ulex europaeus-Atto 594) was injected 5 minutes before sacrificing the animal (3 hours post
injection liposomes). The spleen, kidneys, liver, lungs, heart and tumor were excised, imaged with the
SAIS and weighed. The tumor was then frozen, sectioned, and imaged with the CLSM.
The ratio value between the mean fluorescence intensity of similar sized region of interests (ROI) drawn
on the tumor-bearing leg and control leg were calculated. On the organ images an ROI was drawn
around each organ and the fluorescence intensity was summed. Based on a standard curve of each
liposome, the amount of liposomes in nanomole per gram of tissue could be determined.
RESULTS Ultrasound enhanced the tumor uptake of all three liposomes, and was most effective for the
non-cleavable liposome of which the ratio value increased 2.4 times (p<0.005). An increase of 1.4 times

and 1.2 times were observed for the cleavable (p<0.05) and stealth liposome (p<0.05), respectively. No
statistically significant difference was observed between groups treated with different ultrasound
pressures (Figure 2). Variation in the ultrasound groups was large compared to the groups receiving only
liposomes.
The bio-distribution data for the excised organs showed that the uptake in the spleen was similar for all
three liposomes, while the kidneys, liver and lungs showed an increased uptake of the stealth and
enzyme sensitive liposome (cleavable) compared to the non-cleavable liposome. The measurements on
the excised tumors confirmed the finding from the whole animal imaging. The CLSM images showed a
local effect of the US with large variation in distribution within tumors and between animals.
CONCLUSIONS Ultrasound treatment resulted in increased tumor uptake of all liposomes, but each
liposome was taken up to a different extent. The non-cleavable liposome responded the best to the
ultrasound, and showed the highest tumor uptake and lowest uptake in the normal organs. The cleavable
and stealth liposome showed a comparable response to ultrasound.

Figure 1: Principle behind the enzymse sensitive liposome. The liposome is coated in PEG, which will
be cleaved at the cleavage site by the enzyme MMP. Cleavage of the PEG coat could facilitate uptake of
the liposome by the tumor cell. (The figure was created using Servier Medical Art, available from
www.servier.com).

Figure 2: (a) Bright field and near infrared image made with the small animal optical imager with an
impression of the drawn ROIs. (b,c,d) Values of the ratio between the tumor and the healthy leg over time
for the stealth, non-enzyme-sensitive (Non-cleavable) and enzyme sensitive (Cleavable), respectively. In
each group, three animals received an injection of only liposomes (Only NPs) (disk), the 10 other
animals received in addition an injection of SonoVueTM , and underwent an ultrasound treatment with
either an MI of 0.4 (square) or MI of 0.8 (diamond) (5 animals per group).
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ULTRASOUND-MEDIATED TRANSCUTANEOUS IMMUNIZATION AGAINST HEPATITIS B
Mei Yang1,2 , Haoqiang Huang1,2 , Yaxin Hu1,2
1. School of Biomedical Engineering, Health Science Center, Shenzhen University, Shenzhen,
Guangdong, China.
2. National-Regional Key Technology Engineering Laboratory for Medical Ultrasound, Shenzhen, China.
OBJECTIVES The new vaccine delivery method of transcutaneous immunization applies antigens of
interest onto the outlayer of the skin and presents antigens to Langerhans cells of the immune system by
creating micro-channels in the skin. Compared with the traditional method of injection, transcutaneous
immunization could decrease the risk of needle-borne diseases and eliminate the need of professional
medical training. As a well-established delivery approach, ultrasound wave has been proven to be
effective in the delivery of therapeutic drugs to various regions of the body, including the brain, the heart
and the tumor regions. Here, we investigated whether ultrasound wave could be employed in
transcutaneous immunization to deliver Hepatitis B surface antigen to the mouse immune system.
METHODS As for the generation of ultrasound wave, the electrical waveform was first edited in a
function generator, then amplified by 50-dB broadband amplifier, and eventually transformed into
acoustic waves by a high-intensity focused transducer. BALB/c mice of 6-8 weeks were used in this
study. As for the in-vitro experiments, a tissue staining dye of Indian ink was used as the model drug for
labeling of the skin micro-channels. Ultrasound parameters (1.1 MHz, 50 cycles per pulse, 1 kHz pulse
repetition frequency) were optimized according to the delivery efficiency of Indian ink into the skin. As for
the in-vivo experiments, fluorescently-labeled dextran (molecular weight of 10 kDa) was used as the
model drug to examine delivery efficiency of the proposed method. To examine the transcutaneous
immunization feasibility, Hepatitis B surface antigen (200 ug/ml) was delivered to the mouse skin to
induced immune responses. The antibodies produced against the vaccine antigen was evaluated by
ELISA assay.
RESULTS As shown in Figure A, ultrasound exposure created sub-millimeter disruption (black dots,
indicated by orange arrows) in the mouse skin. In particular, the skin disruption area increased with the
exposure time of ultrasound. In the skin slices labeled by H&E stain (Figure B), micro-channels indicated
by Indian ink could be clearly found in the skin. It is worth to note that the depth of micro-channels also
increased with the ultrasound exposure time. Furthermore, thermal imaging results showed that the
ultrasound-treated area of the mouse skin experienced a 5.6 degree temperature increase (Figure C).
In-vivo fluorescent imaging demonstrated that the total amount of the delivered dextran was more than
10 µl (Figure D). The ELISA results showed that 33% mice were successfully immunized by the
ultrasound transcutaneous immunization method (3 out of 9).
CONCLUSIONS This work directly demonstrated that ultrasound wave could be employed to create
micro-channels in the mouse skin and the proposed transcutaneous delivery method mediated by
ultrasound wave was feasible in triggering mouse immune responses to Hepatitis B surface antigen.
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ORIGINS AND SIGNIFICANCE OF ROS PRODUCTION IN THE IN-VITRO
SONOPORATION-MEDIATED GENE DELIVERY
Jean-Michel Escoffre1 , Pablo Campomanes2 , Mounir Tarek2 , Ayache Bouakaz1
1. University of Tours, Inserm Imaging and Brain, Tours, France.
2. Université de Lorraine, FST, UMR CNRS 7565, Vandœuvre-lès-Nancy, France.
OBJECTIVES Reactive oxygen species (ROS) are hypothesized to play a role in the sonoporation
mechanisms. Sofar, the production of ROS has been mainly reported inside the cytoplasm of
permeabilized cells after sonoporation. However, the acoustical phenomenon triggering the production of
ROS is unknown. In this context, we investigated whether the interaction between microbubbles (MBs)
and ultrasound (US) induce the production of ROS using biochemical and molecular simulation
techniques.
METHODS Molecular simulations (MS) – We used a multi-scale approach in which the reactive
fragments are described with a high-level quantum mechanics (QM) method, while the rest of the system
(the lipid component of the MBs + surrounding solvent) was treated by molecular mechanics (MM). This
hybrid QM/MM strategy offers the best compromise to study the formation and reactivity of ROS while
enabling the extensive configuration sampling that was required to compute their behavior and outcome.
ROS detection assay – A MBs suspension (8x106 or 8x107 BR1 MBs/mL in 1.5 mL) was placed in a
plastic cuvette and mixed using magnetic stirrer. In a deionized water tank at 37 C, the MBs suspension
was exposed to 1 MHz US waves with a duty cycle of 40%, and for 30 s, with PNP of 100 kPa and 400
kPa. ROS production was measured, immediately after US application, using fluorescent ROS and OH•
detection assays. Using the same set-up and procedure previously described for the in-vitro detection of
ROS, pDNA delivery was assessed by adding plasmid DNA encoding the enhanced green fluorescence
protein. The transfection level and the cell viability were evaluated using flow cytometry and MTT assay,
respectively.
RESULTS The MS showed that under ultrasound conditions, ROS can form inside the MBs. These
radicals could easily then diffuse though the MB shell toward the surrounding aqueous phase and
participate to the nearby permeabilization of plasma membrane. Our experimental data showed that no
ROS was detected at 100 kPa independently of the MB concentrations (p > 0.05). At 400 kPa, a low
concentration of MBs (8x106 BR1 MBs/mL) did not generate ROS (p > 0.05). However, the increase in
MB concentration to 8x107 BR1 MBs/mL induced a significant production of ROS (p < 0.05). Using
specific OH• detection assay, we confirmed that lipid coated MBs undergo, favored spontaneous
formation of a host of free radicals where OH• was the main ROS species after sonoporation (400 kPa,
8x107 BR1 MBs/mL). The presence of ROS scavengers/inhibitors (Ascorbic acid or Tempol at 2 mM)
during the sonoporation (400 kPa, 8x107 BR1 MBs/mL) process inhibited the production of ROS. Using
flow cytometry, we demonstrated that the presence of ROS scavengers/inhibitors (Ascorbic acid or
Tempol at 2 mM) during the sonoporation (400 kPa, 8x107 BR1 MBs/mL) process decreased the
transfection level without significant loss of cell viability.
CONCLUSIONS In conclusion, the exposure of MBs to US might be the origin of chemical effects,
which play a role in the in-vitro permeabilization of the cell membrane and in the in-vitro gene delivery
when generated in its proximity.
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HYPERVASCULAR EFFECT OF RABBIT VX2 TUMOR INDUCED BY DIAGNOSTIC ULTRASOUND
WITH MICROBUBBLES
Xueyan Qiao1 , Zhong Chen1 , Cuo Yi1 , Wenhong Gao1 , Shunji Gao1 , Zheng Liu1
1. Department of Ultrasound, Xinqiao Hospital, Third Military Medical University, Chongqing, China.
OBJECTIVES The hypovascular or hypoxic tumor tends to resist chemotherapy. The study is to
investigate the hypervascular effect induced by diagnostic ultrasound (DUS) combined with microbubbles
(MB) on rabbit VX2 tumor and the effect on doxorubicin (Dox) delivery.
METHODS Thirty rabbits with VX2 tumors were treated with the contrast flash mode of DUS (VINNO 70,
Vinno Corporation, China) at three different mechanical indexes (MI) from 0.3 to 1.4. During DUS
exposure, 0.2 ml of a lipid MB was constantly injection. Another ten rabbits treated with the same DUS
without US served as the control. The tumor blood perfusion was imaged with contrast-enhanced US
(CEUS) before and after treatment. After the treatment, the tumor samples were collected for
pathological examination.
For the experiment of Dox delivery, another cohort of 22 rabbits bearing VX2 tumors were intravenous
injected with Dox at 30mg/kg. Thirty minutes after Dox administration, 16 tumors were treated with DUS
and MB at two MI (0.3 and 1.4) and the other 6 rabbits were not. Again, all tumors were imaged with
CEUS before and after treatment. The tumor samples were harvested and analyzed by liquid
chromatography to measure the Dox concentration.
RESULTS When treated with a MI at 0.3, most (70%) of the VX2 tumors had a hypervascular effect or
perfusion enhancement, while most (80%) of the tumors became more hypovascular after treated with
MI at 1.4. There are significant differences in peak intensity (PI) values before and after the treatment in
the MI 0.3 and the MI 1.4 groups (p=0.028, 0.018), while PIs between the MI 0.7 group and the control
group showed no difference (P=0.994, 0.978). The tumor H.E. staining showed no obvious pathological
changes.
For Dox delivery, the tumors treated with MI 0.3 had significant higher DOX concentration than that of the
control (p=0.042). There was no difference between the rest of the any other two groups.
CONCLUSIONS VX2 tumors treated with DUS and MB at the MI of 0.3 tend to have a hypervascular
effect, and the effect may promote intravenous DOX delivery.

A. Group MI=0.3 before treatment B. Group MI=0.3 after treatment
The circle area in the figure shows the location of VX2 tumor

Tuesday, May 15, 2018
4:00 PM

Ballroom A

Scientific SessionsNanotechnology & Drug Delivery

MICROBUBBLE-FACILITATED TRANSDERMAL DRUG DELIVERY
Juan Tu1 , Huanlei Wang1 , Xiasheng Guo1 , Dong Zhang1
1. Institute of Acoustics, Nanjing University, Nanjing, Jiangsu, China.
OBJECTIVES Transdermal drug delivery (TDD) can effectively bypass the first-pass effect. However,
the fundamental mechanism of sonophoresis has not been well understood. In order to investigate the
impacts of various ultrasound parameters on TDD, ultrasound-facilitated TDD on fresh porcine skin was
studied under various acoustic parameters, including frequency, amplitude and exposure time,
with/without the presence of ultrasound contrast agent (UCA) microbubbles.
METHODS In the present work, the delivery of yellow-green fluorescent nanoparticles and high
molecular weight hyaluronic acid (HA) in the skin samples was observed by the laser confocal
microscopy and the ultraviolet spectrometry, respectively. Under different conditions, we measured
penetration efficacy based on the penetration depth and concentration of fluorescent nanoparticles and
HA in the skin samples. Following ultrasonic stimulation, the skin permeability changes indicated that the
ultrasound-induced microbubble cavitation might have impact on the structure of the porcine skin. To
assess morphological changes of skin under various circumstances, porcine skin was treated under
three conditions (control sample untreated with ultrasound, skin sample exposed to ultrasound alone and
skin sample treated by the combination of ultrasound and UCA). Immediately after the treatment, the
samples were dehydrated, freeze-dried and, subsequently, observed with scanning electron microscopy
(SEM).
RESULTS The results showed that, with the application of ultrasound exposures, the permeability of the
skin to these markers (e.g., their penetration depth and concentration) could be raised above its passive
diffusion permeability. Moreover, ultrasound-facilitated TDD was also tested with/without the presence of
ultrasound contrast agents (UCAs). When the ultrasound was applied without UCAs, low ultrasound
frequency will give better drug delivery effect than high frequency, but the penetration depth was less
likely to exceed 200 µm. However, with the help of ultrasound-induced microbubble cavitation effect, both
the penetration depth and concentration in the skin were significantly enhanced even more. The best
ultrasound-facilitated TDD could be achieved with a drug penetration depth of over 600 µm, and the
penetration concentrations of fluorescent nanoparticles and HA increased up to about 4-5 folds. SEM
results showed that ultrasound-induced microbubble cavitation can temporarily change the surface
morphology of the porcine skin, resulting in increased porosity. At appropriate treatment parmaters these
changes were reversible.
CONCLUSIONS The results of the present work would give us a better understanding of the
mechanism involved in ultrasound-faciliated TDD, which should be helpful for guiding the appliction of
TDD, especially for the transdermal delivery of high molecular weight drugs. Of course, more efforts are
required in the future. For example, more drug permeation experiments should be conducted to develop
transducers with improved performance and achieve more accurate calibration of ultrasound intensities.
Furthermore, parameters such as lag time and duty factor have not yet been optimized. Because the
skin characteristics of each body part and the viscosity of the drug can both affect the efficiency of drug
delivery, specific protocols and ultrasound parameters will differ according to application site and drug
being administered.
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MANIPULATION OF LEVITATED CELL AGGREGATES BY HIGH FREQUENCY ACOUSTIC
TRAPPING
Hae Gyun Lim1 , Hyung Ham Kim2
1. Department of Creative IT Engineering and Future IT Innovation Laboratory, Pohang University of
Science and Technology (POSTECH), Pohang, Gyeongbuk, Korea (the Republic of).
2. Department of Creative IT Engineering, Pohang University of Science and Technology (POSTECH),
Pohang, Gyeongbuk, Korea (the Republic of).
OBJECTIVES Acoustic tweezers can levitate and manipulate a single object or objects through air and
water. Compared to other tweezer technologies: optical tweezers and magnetic tweezers, acoustic
tweezers have a huge advantage on trapping larger objects and generating aggregates with strong
trapping forces. Moreover, trapped samples are not required to be optically transparent or labeled with a
magnetic bead. Recently, acoustic levitation technique appeared to be promising in targeted drug
delivery in human body, thus many levitation methods using ultrasonic wave including standing wave and
surface acoustic wave have been developed. The single beam acoustic trapping has a definitive
advantage over other methods since it only employs a single transducer. In present study, we
demonstrated that single beam acoustic tweezers (SBAT) can levitate red blood cells (RBCs) aggregation
in three dimensions and successfully performed the manipulation of levitated cell aggregation. This study
is a significant step forward in manipulation of cell aggregates using high frequency acoustic tweezers.
METHODS Lithium niobate single crystal was selected as a piezoelectric material for a high frequency
single-element ultrasonic transducer. Backing layer (Esolder-3022) and matching layer (2-3 µm Silver
epoxy) were attached to the back and front side of the piezoelectric layer, respectively, forming the
acoustic stack. By press-focusing technique, a focused transducer with the f-number of 1.5 (the focal
distance of 5 mm and the aperture sized of 3.3 mm) was obtained. The second matching layer, a
Parylene C film was deposited on the surface of the transducer. To evaluate the performance of the
fabricated transducer, the frequency spectrum was measured by a pulse-echo test. The center
frequency was 45 MHz and -6 dB fractional bandwidth was found to be 70%. A photograph of the
focused transducer and FFT spectrum from the pulse-echo test were displayed in Fig. 1.
Schematic diagram of experimental systems for manipulation of levitated cell aggregates with SBAT was
shown in Fig. 2. The 45 MHz ultrasonic transducer was mounted on a three-axis motorized linear stage
and set in the chamber of deionized and degassed water. The movement of cell aggregates using
acoustic tweezers was observed by microscope and recorded by CCD camera. As the transducer was
driven by function generator and 50 dB power amplifier, RBCs was levitated from the bottom of cell
culture dish and formed cell aggregation.
RESULTS A single microbead at the size of cellular level plays a vital role in cellular experiments
because micron-sized particles are favorable for drug delivery through blood vessels. Fig. 3 described
manipulation of a single levitated 10 µm polystyrene bead. In Fig 3 (a), the focal plane of microscope
was set at the bottom of the cell dish to prove that the trapped particle was levitated. In contrast, in Fig. 3
(b⇠d), the focal plane was at the same level as the levitated microparticle, and the particle was
manipulated along the movement of the transducer. The black arrow represented the direction of the
transducer movements. Same background images were given as a reference to show the particle
movement.
Fig 4 showed the optical image of manipulation of levitated RBCs aggregates. The focal area was
located at a random position within a view of a microscope. With increasing input voltage of the
transducer, RBCs started to move toward acoustic trap and formed cell aggregates. In the same manner
of Fig 3 (a), an image of Fig. 4 (a) was unfocused on RBCs aggregation resulting blurry image of RBCs.
The RBCs was in-focused in Fig 4 (b⇠d) which proved that the transducer could effectively levitate cells
and form 2-D cell aggregates in the space. As the transducer was moved in the transverse direction, cell
aggregates were displaced along the same direction as if being trapped by the beam.

CONCLUSIONS The main interest of this new technique, cell trapping and transporting is drug delivery.
In this study, we ascertained that SBAT was a potential tool for manipulation of levitated RBCs
aggregates with non-contact and label-free. Previous studies of acoustic levitation traps were limited to
the particles in the range of a few hundred micrometers due to relatively low frequencies they used.
Using focused ultrasound field generated by a high frequency single-element transducer, we first report
the levitation and transportation of cell aggregates. Further development of this method will be the
manipulation of cells or particles injected into the microtube, demonstrating the efficacy of micro-objects
delivery.

Figure 1. Fabrication of a 45 MHz transducer. (a) Photograph of a 45 MHz transducer. (b) Frequency
spectrum.

Figure 2. Schemical diagram of experimental setup for SBAT.

Figure 3. Manipulation of a levitated 10 µm particle. (a) The focal plane of the microscope was located at
the bottom of the cell dish. (b⇠d) The optical images of a levitated and trapped single particle were
shown. The microscope was focusing on the trapped particle.

Figure 4. Manipulation of levitated RBCs aggregates. (a) The focal plane of the microscope was located
at the bottom of the cell dish. (b⇠d) The optical images of manipulation of levitated RBCs aggregates
were displayed with the focal plane of the microscope on trapped RBCs.
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NEURON DISCHARGE MODULATION THROUGH TRANSCRANIAL ULTRASONIC STIMULATION IN
MACAQUES PERFORMING AN ANTISACCADE TASK
Nicolas Wattiez1 , Charlotte Constans2,3 , Thomas Deffieux2 , Pierre Daye1 , Mickaël Tanter2 ,
Jean-François Aubry2 , Pierre Pouget1
1. Institute of Brain and Spinal Cord, UMRS 975 INSERM, CNRS 7225, UMPC, Paris, France, Paris,
France.
2. Institut Langevin, CNRS UMR 7587, Inserm U979, ESPCI Paris, PSL Research University, Paris,
France.
3. Paris Diderot University, Paris, France.
OBJECTIVES Transcranial ultrasound stimulation (TUS) techniques have been used to produce
increased neuronal firing rates in the peripheral and central nervous system in vitro or in anesthetized
preparations. Suppression of activity following FUS has also been reported. In this study, we
demonstrate the feasibility of recording action potentials in the supplementary eye field (SEF) as TUS is
applied simultaneously to the frontal eye field (FEF) in 2 macaques performing an antisaccade task.
METHODS Focused ultrasound: A single element ultrasound transducer (H115, Sonic Concept, Bothell,
WA, USA), was emitted 100ms bursts of ultrasound (320kHz) were delivered, with rise and fall times set
to 5ms. The ultrasound was directly applied to previously shaved skin. A coupling cone filled with water
ensured ultrasonic coupling between the transducer and the animal’s head. Targeting of the FEF with the
TUS transducer was performed using a neuro-navigator tool (Brainsight, Rogue Research, Montreal,
Canada). TUS was performed once every 5 trials with an unpredictable minimum duration of 3 seconds
between trials. The recorded peak to peak voltage was 139±26 V for monkey Y and 56±15 V for
monkey L. The peak pressure in the brain of the monkeys was estimated by using 3D simulations of the
ultrasonic field, taking into account the experimental geometry (0.41±0.08 MPa for monkey Y and
0.24±0.07 MPa for monkey L). The corresponding overall spatial peak pulse average intensity (ISPPA)
was thus estimated to be 5.6 ± 0.2 W/cm2 and 1.9 ± 0.2 W/cm2 for monkey Y and L respectively.
Behavioral Task: Animals were trained in an antisaccade (AS) task. Between 500-1000 milliseconds
after initial fixation onset on a brown central stimulus , a red square appeared for 1s at a 16 of visual
angle to a rightward or leftward location (direction randomly selected).
Neurophysiological data acquisition: Single unit were recorded with tungsten microelectrodes (FHC, 8-10
MW).
Control: Same recordings were also achieved while TUS was applied to a control target (extra-striate
visual cortex).
RESULTS As shown in Figure 1a, the average firing activity across trials are modulated during TUS (red
line) as compared to control trials (grey line). The effects of TUS are presented chronologically in Figure
2 during the series of experiments for the 39 and 46 neurons recorded in monkey Y and L respectively.
Each horizontal gray line represents a neuron. The colored lines in figure 2 highlight the periods during
which the neuronal activity differed significantly between TUS and control trials. The color of each
segment represents the p-value of the difference between TUS and control trials. Green (red) colored
segments correspond to excitation (inhibition). Figure 2 shows that many of the recorded neurons had
their activity modulated (increased or decreased) when TUS was applied in both monkeys. Overall, our
analysis demonstrates a significant effect on SEF neuronal activity when TUS was applied to the FEF. In
contrast to TUS stimulation applied to the FEF, TUS applied to the control target did not significantly
generate changes in activity rates.
CONCLUSIONS Investigating neural connectivity—how two connected regions interact by stimulating
one area and recording in another—is the most straightforward application of TUS. We demonstrated
here the feasibility of such study by studying the interaction within the oculomotor regions of the frontal
lobes in awake primates performing an antisaccade task. By combining TUS with traditional
electrophysiology, the ability to study the mechanisms of TUS is vastly expanded, and paves the way for
research and development needed to usher in the next generation of noninvasive TUS technologies and

treatments. In particular, the study opens the door for further parametric studies for fine-tuning the
ultrasonic parameters.
Aknowledgements: This work was supported by the Bettencourt Schueller Foundation and the ANR
(ANR-10-EQPX-15).
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IS PERIPHERAL AUDITORY FUNCTION A CONFOUNDING VARIABLE IN AN
ULTRASOUND-STIMULATED MOTOR RESPONSE?
Morteza Mohammadjavadi1 , Patrick Ye3 , Anping Xia4 , Gerald R. Popelka2 , Kim Butts-Pauly1,5
1. Radiology, Stanford University, Stanford, California, United States.
2. Neurosurgery, Stanford University, Stanford, California, United States.
3. Bioengineering, Stanford University, Stanford, California, United States.
4. Otolaryngology, Stanford University, Stanford, California, United States.
5. Electrical Engineering, Stanford University, Stanford, California, United States.
OBJECTIVES Transcranial ultrasound (US) non-invasively modulates neural activity in the brain (Tufail
et al., 2010, Ye et al., 2016, Kubanek et al, 2016). Although there is evidence that transcranial focused
US can directly target the motor neural areas in rodents (Kamimura et al., 2016), there are concerns that
these motor responses may be due to activation of the peripheral auditory pathway as a confounding
variable. Two recent studies have reported auditory side effects with pulsed-wave (PW) US stimulation
(Sato et al., 2017, Guo & Hamilton et al., 2017). In this study, genetically deaf mice were used to
examine the US-stimulated motor responses by recording electromyography (EMG) signals to rule out
the involvement of the peripheral auditory system. Furthermore, we investigated both continuous-wave
(CW) and PW US by analyzing auditory brainstem responses (ABRs). To the best of our knowledge no
study has reported ABR responses to US stimulation of the murine brain.
METHODS The first experiment compared US-elicited motor responses between hearing mice (n=4)
and genetically deaf TRIOBP mice (Kitajiri et al., 2010) (n=4) by analyzing EMG signals from forelimb
muscles. Mice were intraperitoneally anesthetized using 67 mg/kg ketamine, 6.7 mg/kg xylazine.
Auditory thresholds were obtained from ABR responses to acoustic stimuli over a broad level range (20
to 80 dB SPL) and a broad frequency range (4-90 kHz) (Xia et al., 2013). EMG signals were obtained
during CW US stimulation with a wide-aperture waveguide (2.5 cm) and Ispta from 0 to 3.7 W/cm2 .
Ultrasound was generated by a single-element planar transducer (V301, Olympus, MA, USA) with a
diameter of 25.4 mm and a center frequency of 500 kHz. Motor responses were defined as a success
percentage rate, the number of muscle contractions on EMG divided by the number of sonications (total
of 20 including 2 sham stimulations).
In the second experiment, the ABR responses were measured for both CW and PW US stimuli.
Wild-type C57BL/6 hearing mice (n=14) were intraperitoneally anesthetized using 100mg/kg ketamine/10
mg/kg xylazine (Xia et al., 2013). The US transducer with a waveguide with 2 mm aperture was coupled
to the mouse head. The caudal part of the brain close to the ears was targeted. To compare responses
for CW with PW US, sonication duration (80 ms) and Ispta (1.06 W/cm2) were held constant. For PW
US, the pulse repetition frequency was 1.5 kHz, and 100 pulses per burst were used with a duty cycle of
30% (Tufail et al., 2010, Sato et al., 2017). An additional control of a sound was also performed (100 µs
click at 40 dB SPL). The ABR was acquired (SynAmps RT, CompumedicsNeuroScan, Australia) from
needle electrodes on the frontal cortex, reference electrode below the pinnae of the right ear and the
ground electrode below the left ear. The recorded signals were processed off-line with MATLAB 2016a
(Mathworks, USA). ABRs were derived by averaging 1000 trials following bandpass filtering (200 to 2500
Hz). Signal-to-noise ratio was calculated as the maximum absolute amplitude (the true peak amplitude
plus a contribution from the background noise) of the averaged signal within 10 ms after stimulus divided
by the SD of amplitude over a 10 ms pre-stimulus interval (Bogaerts et al., 2010).
RESULTS The results from the first experiment are summarized in Fig.1. Although the TRIOBP mice
are indeed deaf for the whole frequency range of hearing (4-90 kHz) (Fig1.a), they still show EMG motor
responses to CW US equivalent to the hearing mice (Fig1.b). The results from the second experiment
are summarized in Fig. 2. The hearing mice show ABR responses to auditory clicks and to PW US but
no detectable response to the sham condition nor to CW US. The deaf mice show no auditory brain stem
response to the CW US condition. The difference between the mean auditory brain stem responses for
the PW and CW groups are statistically significant (P < 0.01, 2-tailed unpaired t-test). While the ABR

response to pulsed ultrasound is detectable (Fig. 2c), it is much smaller than the ABR response to the
40-dB sound click (Fig.2b). Additionally, the ABR response to CW ultrasound is indistinguishable from
the sham condition.
CONCLUSIONS The results from the first experiment support the idea that the motor responses elicited
by CW US are not due to activation of the peripheral auditory system. This finding is in contradiction to
(Sato et al., 2017) who showed reduced motor responses in chemically deafened mice.
The second experiment shows that PW US can indeed activate a brainstem response, but the response
is at a lower level than that from an auditory 40 dB SPL click. The second experiment also shows that
PW US activates an ABR response, whereas CW US does not, suggesting that CW US minimizes the
auditory pathway activation as an off-target effect of US stimulation compared to PW US.

Auditory brainstem and motor EMG responses in genetically deaf and normal hearing mice.
Representative (at 16 kHz) series of auditory brain stem responses (ABR) to sound levels from 20-80 dB
SPL (Panel a left) and threshold levels derived from such a series over a broad frequency range (Panel a
right). EMG responses to increasing CW US stimulus levels (Panel b).

Mean (SD) brainstem responses for no stimulus (sham), an auditory stimulus (clicks), PW US and CW
US in hearing and deaf mice (Panel a) along with representative individual responses for hearing mice
(Panels b, c, d).
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ACOUSTICALLY TARGETED CHEMOGENETICS FOR NONINVASIVE CONTROL OF NEURAL
CIRCUITS
Jerzy O Szablowski1 , Brian Lue1 , Audrey Lee-Gosselin1 , Dina Malounda1 , Mikhail G Shapiro1
1. Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, California, United
States.
OBJECTIVES Neurological and psychiatric diseases often involve the dysfunction of specific neural
circuits in particular regions of the brain. Existing treatments, including drugs and implantable brain
stimulators, aim to modulate the activity of these circuits, but are either not cell type-specific, lack spatial
targeting, or require invasive procedures. Here, we introduce an approach to modulating neural circuits
noninvasively with spatial, cell-type, and temporal specificity. This approach, called acoustically targeted
chemogenetics, or ATAC, uses transient ultrasonic opening of the blood brain barrier (FUS-BBBO) to
transduce neurons at specific locations in the brain with virally-encoded chemogenetic receptors, which
subsequently respond to systemically administered bio-inert compounds to modulate the activity of these
neurons (Fig. 1). Chemogenetic receptors are engineered versions of proteins such as G
protein-coupled receptors (GPCRs), designed to respond to otherwise inert drug-like compounds rather
than endogenous ligands, resulting in excitation or inhibition of expressing neurons. By combining
FUS-BBBO gene delivery with chemogenetics, ATAC allows a single FUS-BBBO session to place a
spatially defined population of neurons under chronic pharmacological control. We demonstrate this
concept in mice by using ATAC to noninvasively modify and subsequently activate or inhibit excitatory
neurons within the hippocampus and affect memory formation through pharmacological control.
METHODS We used a 1.5 MHz annular array transducer (8 elements, 20mm focal length, f=0.8) to open
the BBB in mice. We administered Definity microbubbles (3.2E7 per gram of body weight) and AAV9
virus encoding excitatory or inhibitory designer receptors exclusively activated by designer drugs
(DREADDs), a well-known class of chemogenetic GPCRs. We confirmed BBBO via administration of
Prohance contrast agent and T1-weighted MRI (Fig. 2, a-b). After allowing 6 or more weeks for
expression, mice were injected with DREADD activator (CNO) to observe neuronal activation or
inhibition. Activation was visualized with immunostaining for activity-dependent gene expression (c-Fos).
Inhibition was tested in a behavioral fear conditioning paradigm (Fig. 3, a), in which mice associate
electrical foot shocks with the test chamber environment and begin to fear it. During training, mice were
administered CNO (or saline control) to inhibit memory formation in the hippocampus. The next day,
mice were placed in the same training chamber and recorded on video to evaluate their freezing (a sign
of fear recall) using automated analysis. Mouse brains were then evaluated via immunofluorescence for
DREADD expression.
RESULTS We used ATAC to noninvasively transduce (Fig. 2) and subsequently activate or inhibit
excitatory neurons within the mouse hippocampus. For testing the activation, we expressed activatory
DREADD (hM3Dq) in the dorsal hippocampus of mice and measured the accumulation of c-Fos. After 22
weeks, mice received 1 mg/kg of CNO, and 2 h later were perfused with a fixative. Neurons expressing
activatory DREADD were 5.8-fold more likely to also show c-Fos accumulation (p<0.001). To show
neuronal inhibition we evaluated ATAC mice with expression of inhibitory DREADD (hM4Di) throughout
the hippocampus by a fear conditioning protocol (Fig. 3a). The context fear test showed that mice treated
with saline during the training froze significantly more than those who had received CNO (p<2E-5, Fig.
3b). This indicates that activation of inhibitory DREADDs in hippocampal excitatory neurons was
sufficient to prevent learning of a traumatic experience. All mice responded to the sound cues
equivalently (p=0.22), indicating lack of effects on response to painful shocks. Mouse normal behavior
(exploration) was unaffected by previous CNO treatment (Fig. 3c). The CNO injection alone had no
significant effect on the context fear in wild type mice, or mice with AAV injection but no FUS-BBBO
(p=0.38, one way ANOVA).
CONCLUSIONS While other neuromodulation methods exist, none of them contain all of the favorable
characteristics of ATAC, which become even more important in large animals or humans, where use of

surgical implants or gene delivery to control large brain regions is infeasible. Importantly, the
technologies used for ATAC are well developed, robust and widely used, making it accessible to other
investigators, and amenable to clinical translation. ATAC builds on progress in the FUS-BBBO and viral
gene delivery field, and combines it with chemogenetics to achieve a new paradigm of fully noninvasive,
spatially, cell-type and temporally specific neuromodulation.
This work is detailed in a bioRxiv preprint: Szablowski, J.O., Lue, B., Lee-Gosselin, A., Malounda, D. &
Shapiro, M.G. (2018) Acoustically Targeted Chemogenetics for Noninvasive Control of Neural Circuits.
bioRxiv 241406. https://doi.org/10.1101/241406

Figure 1. Acoustically targeted chemogenetics (ATAC) paradigm.

Figure 2. Blood-brain barrier opening and targeted expression of DREADD in the hippocampus.
(a) Rendering of mouse brain wit hippocampus highlighted in red and targeted locations of FUS-BBBO
beams indicated with arrowheads. (b) Image from a representative T1 -weighted MRI scan acquired
immediately after FUS-BBBO, with brighter areas indicating relaxation enhancement from Prohance
extravasation. Scale bar 2 mm. (c) Representative brain section immunostained for hM4Di-mCherry
(red) 6-8 weeks after FUS-BBBO and injection of AAV9 encoding this hM4Di-mCherry under the
CaMKIIa promoter. The DAPI stain demarcates cell nuclei (blue). Scale bar, 500 µm. (d) Magnified view
of the hippocampus showing widespread expression. Scale bar, 200 µm.

Figure 3 Behavioral testing of ATAC mice. (a) Fear conditioning protocol. After 6-8 weeks of gene
expression mice were placed in a fear conditioning chamber with an electrified floor. They were allowed
to freely explore the chamber for 3 minutes and later, received 3 x 30s tone (80db) paired with a shock
over last 2 s of the tone (0.7 mA), with 1 minute inter-trial-interval. (b) Mice were placed in the same
chamber (context A) 24 h after training and were allowed to explore the chamber for duration of the
training protocol (8:40 mins). ATAC mice that received CNO had a significant reduction in context fear
compared to ATAC mice that received saline (p<2E-5, two tailed t-test, assuming unequal variance). (c)
The same mice were next placed in a different chamber (context B), with different floor, walls, scent and
lighting where they were allowed to explore the area freely for 3 minutes. Their exploratory behavior
(mobility) was not affected by CNO administration on the previous day.
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LONG-LASTING MODULATION OF VISUOMOTOR ACTIVITY BY REPETITIVE FOCUSED
ULTRASOUND STIMULATION OF FRONTAL CORTEX
Harry Ahnine3 , Charlotte Constans1,2 , Nicolas Wattiez3 , Mickaël Tanter1 , Jean-François Aubry1 , Pierre
Pouget3
1. Institut Langevin, CNRS UMR 7587, Inserm U979, ESPCI Paris, PSL Research University, Paris,
France, Paris, France.
2. Université Paris Diderot, Paris, France.
3. Institute of Brain and Spinal Cord, UMRS 975 INSERM, CNRS 7225, UMPC, Paris, France.
OBJECTIVES Focused transcranial ultrasound stimulation (TUS) has emerged as a novel tool for
studying brain function. However the technique is still limited by the duration and strength of the effect
after TUS. Except for Elias group’s work on swine1 , TUS effects were transient, inducing a change in a
motor command, sensation or electrical activity as brief as a few hundreds of milliseconds. Here we
present the effects of repetitive TUS (rTUS) on the oculomotor cortex regions of macaques during an
antisaccade task, demonstrating the feasibility of online sustained TUS experiments in a free awake
non-human primate.
METHODS Ultrasound Ultrasound were applied either on frontal eye field (FEF) in the right hemisphere
of the frontal cortex, or supplementary eye field (SEF) in the left hemisphere of the frontal cortex, to test
its effects on the saccade latencies. Control conditions consisted in applying ultrasound to visual cortex
or motor cortex, which are supposed to have limited interference with the AS task.
We used a single element focused ultrasound transducer (H115, Sonic Concept, Bothell, WA, USA)
(central frequency 250KHz, diameter 64mm, radius of curvature 1mm) with a coupling cone filled with
degassed water. The transducer was operated at the secondary resonance frequency of 320 kHz. The
pulse duration was 30ms, smoothed with 1ms rise and fall times. The pulse repetition frequency (PRF)
was 10Hz and the total sonication time 20s. The peak-to-peak voltage applied to the transducer was
Vout =173V. In free water, this corresponds to a pressure amplitude of 0.76 MPa, a mechanical index (MI)
of 1.3 and an intensity spatial peak pulse average (ISPPA) of 19 W/cm2 . Considering a 58%
transmission ratio, those values are estimated to MI = 0.8 ± 0.1 and ISPPA = 6.5 ± 1.8 W/cm2
respectively inside the primate skull.
Task Monkeys were specifically trained in an anti-saccadic (AS) task. They were initially required to fix a
central target. Between 0.5-1 second after fixation onset, the central target disappears while a red
square appeared at the right or left of it, and remained for 1s. Animals were trained not to look at this
peripheral target. Instead, their task was to initiate a saccade in the opposite direction as soon as
possible. In case of failure to trigger a saccade within 1000ms after target onset, the trial was canceled.
An infra-red eye tracker was used to record eye movements. Saccades were detected using custom
Matlab scripts searching for velocity over 30 s-1 .
RESULTS Following 20s of rTUS, saccade latencies were significantly lowered compared to the control
condition. The effect lasted for up to 25 minutes after rTUS. The saccade latencies went back to normal
after 25 minutes.
rTUS directed at the FEF almost exclusively modified ipsilateral AS latencies (figure 1 bottom). These
ipsilateral AS latencies were shortened by up to 10.8ms with rTUS compared to sham condition
(Wilcoxon rank sum test, p< 0.001). This effect persisted for 25 minutes before the oculomotor behavior
returns to baseline and is indistinguishable from the control condition. Mean AS latencies with rTUS
stimulation over the SEF were also modified compared to the non-stimulation (figure 1 up). Similarly to
FEF, SEF stimulation modifies ipsilateral saccade latencies. Post stimulation blocks were 12.2ms faster
than similar blocks without stimulation (p< 0.001).
No significant effects were observed after control regions stimulation (20s of rTUS) of either visual or
motor cortex (p > 0.1) (figure 2).
CONCLUSIONS We demonstrate the feasibility of modulating visual behavior with focused ultrasound in
the awake non-human primate brain for a sustained period of up to 25 minutes. Although the

mechanisms of focused ultrasound neurostimulation are still not fully understood, the ability to
non-invasively modulate deep brain structures opens new possibilities in the exploration of brain
architecture in primates and the treatment of neurological disorders such as essential tremor or
Parkinson’s disease.
This work was supported by the Bettencourt Schueller Foundation, the LABEX WIFI under references
ANR-10-LABX-24 and ANR-10-IDEX-0001-02 PSL and the ”Agence Nationale de la Recherche” with the
reference ANR-10-EQPX-15.
1. Dallapiazza, R. F. et al. Noninvasive neuromodulation and thalamic mapping with low-intensity
focused ultrasound. J. Neurosurg. 2017

Figure 1. Mean saccadic latencies (in ms), separately for FEF (bottom) and SEF (up) conditions and
direction of eye movement (ipsilateral (left) and contralateral (right) movement). Data were averaged
across experimental sessions. The red line indicates the stimulus onset. The asterisks indicates the
significantly modulated antisaccades with stimulation compared with non-stimulation (NS:
non-significative, *:p<0.05; **:p<0.01; *** :p<0.001).

Figure 2. Mean saccadic latencies (in ms), separately for motor cortex (up) and visual cortex (bottom)
conditions and direction of eye movement (ipsilateral (left) and contralateral (right) movement). Data
were averaged across experimental sessions. The red line indicates the stimulus onset. The asterisks
indicates the significantly modulated antisaccades with stimulation compared with non-stimulation (NS:
non-significative, *:p<0.05; **:p<0.01; *** :p<0.001).
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MRI-GUIDED NEUROMODULATION OF SENSORY NETWORKS IN MONKEY BRAIN BY FOCUSED
ULTRASOUND
Pai-Feng Yang1,2 , Marshal Anthony Phipps2 , Allen T Newton1,2 , Vandiver L Chaplin2 , John C Gore1,2 ,
Charles Caskey1,2 , Li Min Chen1,2
1. Radiology and Radiological Sciences, Vanderbilt University Medical Center, Nashville, Tennessee,
United States.
2. Vanderbilt University Institute of Imaging Science, Nashville, Tennessee, United States.
OBJECTIVES The objectives of the study are to determine whether MRI-guided focused ultrasound
stimulation (FUS) is capable of exciting precise cortical targets in the primary somatosensory cortex
(areas 3a/3b), causing downstream activations in off-target somatosensory and associated brain regions
and circuits which may be simultaneously detected by functional MRI in monkeys.
METHODS Two macaque monkeys are used in the study. Vibrotactile (8Hz) stimulation of two distal
finger pads was used to activate the somatosensory network and to elicit fMRI signals changes in
corresponding brain regions. Vibrotactile stimulus-evoked fMRI activation map was used to guide the
placement of FUS target beam. An optical tracking method was used to align FUS focus to fMRI
activation focus in area 3a/3b. FUS pulses were delivered in identical alternating on/off (30 sec in
duration) blocks to vibrotactile stimulation. A region of interest analysis was performed to extract BOLD
signal time courses in both FUS and vibrotactile stimulation conditions. Multiple fMRI runs were collected
within each imaging session.
RESULTS Consistent with our previous findings, vibrotactile stimulation of digits evoked robust fMRI
activations in wide-spread cortical and subcortical regions that are known to be associated with touch
perception including in contralateral areas 3a/3b and areas 1/2 of S1, S2, posterior and anterior Insula
(Ins), VPL nucleus, and posterior and anterior cingulate cortices (PCC and ACC) at 7T in the macaque
(Figure 1A). The BOLD time course extracted from activated areas 3a/3b region exhibited robust
(⇠0.5%) stimulus-evoked signal changes (see the green line in Figure 1D, top panel). In contrast, the
BOLD signals obtained during a baseline state (i.e., without stimulation) showed only low-level random
fluctuations (see the black line in Figure 1D, bottom panel). Similar tactile stimulus-evoked activation
patterns and BOLD signal changes were observed repeatedly across imaging sessions and animals
(see group quantification in Figure 2).
To evaluate the effects of FUS pulses, we chose a functionally defined touch region in areas 3a/3b as a
target area because it is the first cortical relay station within touch circuits, and direct stimulation of this
region would likely activate at least part of the touch circuit. Functional circuits identified by tactile
stimulation can thus serve as a reference for the functional relevance and neural basis of FUS effects.
We therefore directly targeted the FUS beam to the area 3a/3b activation focus identified by fMRI
response to tactile stimulation in each animal and insonated the region with an identical 30 sec on/off
stimulation paradigm (see 50% FUS power targets (green outlines) in Figure 1B images). FUS elicited
fMRI activations in several tactile regions (compare Figures 1B and 2). The BOLD time courses
extracted from areas 3a/3b during FUS stimulation exhibited very similar signal increases as those
during tactile stimulation (compare blue and green lines in Figure 1D).
CONCLUSIONS The similarity between natural tactile stimulation- and FUS- evoked fMRI activation
patterns led us to hypothesize that FUS stimulation likely can excite populations of neurons and produce
associated spiking activities that may be subsequently transmitted to other functionally related touch
regions. The across-region differences in fMRI signal changes relative to area 3a/3b between tactile and
FUS conditions also indicate that FUS modulated the tactile network differently. The significantly faster
rising (> 1 sec) fMRI signals elicited by direct FUS stimulation at the targeted cortical region suggest that
a different neural hemodynamic coupling mechanism may be involved in generating fMRI signals. This is
the first demonstration of neural excitation effects of FUS on a specific functional circuit in non-human
primates.

Figure 1. Comparison of tactile stimulus-evoked and Focused ultrasound stimulation
(FUS)-elicited fMRI BOLD activations in macaque brain. (A) Representative single run coronal fMRI
activation maps evoked by 8 Hz stimulation of distal finger pads of digits 2&3 of left hand of the first
subject. (B) Representative single run coronal fMRI activation maps evoked by FUS stimulation of the
areas 3a/3b region of right hemisphere of the second subject. (C) A diagram shows the two experimental
conditions examined in the study: peripheral tactile stimulation of digits and direct cortical stimulation
with FUS. (D) BOLD signal time courses derived from areas 3a/3b voxels during tactile and ultrasound
stimulation (top panel) and at rest (without stimulation, bottom panel). Light pink background strips
indicate the stimulus duration, they are for reference only in the resting state panel.

Figure 2. Group comparison of BOLD time courses, signal amplitude, rising slopes, and
response latency during tactile versus FUS stimulation in different brain regions. (A) Normalized
BOLD time courses (peak is considered as 1) derived from eight activated regions (by either tactile
stimulation or FUS) and two control conditions: white matter (WM) region and at resting state. Shadows
indicate the standard error distribution. Light pink background strips indicate the 30-sec stimulation
period. (B) Comparison of absolute peak BOLD % signal changes evoked by tactile stimulation versus
FUS in each individual ROI. (C) Rearranged normalized BOLD signal changes plot (signal of areas
3a/3b is considered as from high to low for tactile stimulation and corresponding values for FUS.
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FOCUSED ULTRASOUND STIMULATION AMELIORATES BEHAVIORS AND MODIFY
DISTRIBUTED BRAIN METABOLISM IN A MOUSE MODEL OF DEPRESSION
Marc Legrand1 , Laurent Galineau1 , Anthony Novell1 , Bruno Brizard1 , Samuel Leman1 , Jean-Michel
Escoffre1 , Wissam El-Hage1 , Patrick Emond1 , Catherine Belzung1 , Ayache Bouakaz1
1. UMR 1253, iBrain, Université de Tours, Inserm, Tours, France., TOURS, France.
OBJECTIVES Major depression is a severe mental illness and one of the most prevalent cause of
disability worldwide. Current antidepressants (such as monoamine reuptake inhibitors) cannot achieve
remission in all patients, a therapeutic dead-end referred as treatment-resistance. Known alternatives
are neurostimulation techniques including transcranial magnetic fields and implantable electrodes, able
to target and modulate some brain correlates of the disease. However, these techniques suffer major
drawbacks such as poor spatial resolution and invasiveness.
Ultrasound (US) waves have recently been used in such paradigms to act upon the motor cortex or the
hippocampus through the skull of rodents (Tufail et al., 2010). This novel technique could circumvent the
limitations of magnetic fields and implanted electrodes by producing precise beams that can target
non-invasively cortical or deeper structures. In this study, we evaluated the efficacy of US
neurostimulation (USNS) in a mouse model of depression: the unpredictable chronic mild stress (UCMS).
METHODS Ultrasound waves were targeted to the infralimbic cortex (IL), the rodent’s analog of the
subgenual part of the anterior cingulate cortex (sgACC), a region implicated in the pathophysiology of
depression. The therapeutic impact of USNS was assessed on depression-like and anxiety-related
behaviors in treated and placebo animals and evaluated against the effects of a pharmacological drug
(fluoxetine). Furthermore, USNS effects were analyzed at the brain level with microPET imaging and
metabolomic studies of the targeted region and distant areas.
A single-element transducer (diameter: 38 mm, focused at 65 mm) coupled to a water-filled collimated
column was operated in a full-fledge stereotaxic frame.
First, the ability of US stimulations to reliably produce neuronal activation was assessed on the primary
motor cortex M1 of thirty mice, which generated motor responses upon stimulation. We were able to
focus the subarea of M1 that controls contralateral forepaw movements. Under light anesthesia, the
optimal parameters that were able to produce above 90% motor success was a US stimulation of 160
milliseconds (80,000 cycles) at 400 kPa peak negative pressure.
In the core experiment, during the fifth week of the UCMS regimen, mice received chronic stimulations
over the IL. US application (160 msec, 400 kPa) was repeated 60 times at 0.1 Hz (total exposure time of
10 minutes) every 24 hours for five days. The effects of the USNS (n = 15 mice) were assessed against
anesthetized controls (n = 15) and a classic antidepressant: fluoxetine (n = 12).
RESULTS USNS was able to improve daily-living measures, such as nest-building, and also reduced
anxiety-related behaviors in the open-field task (see figure). Three days after the last USNS session,
brain metabolism was modified specifically on target site (prefrontal regions), but also in distant,
connected areas relevant to depression (striatum, hippocampus, raphe nucleus). Further analysis
carried out 10 days after the last session revealed that the IL, the amygdala and the hippocampus
showed altered metabolic pathways. Glutamate metabolism, documented to be modified in depressed
patients, was altered in the IL and the hippocampus, a region that plays a primary role in the therapeutic
approach of depression.
CONCLUSIONS Targeted USNS of the sgACC/IL was able to enhance behaviors in the mouse model of
UCMS, acting on distributed brain networks. Brain metabolism was modified 3 days after treatment in the
prefrontal cortex and distant areas, such as the hippocampus. Metabolism in these regions was modified
10 days post-treatment, with several altered pathways including glutamate. This study supports the
growing interest of ultrasounds as a novel neurostimulation strategy in the treatment of mental disorders.

Up panel: Behavioral measures in the open-field task. Veh: vehicle; Flx: fluoxetine; Sham: anesthetized
controls; US: chronic USNS. * p < 0.05, ** p < 0.01 (one-way ANOVA/post-hoc Tukey). Bottom panel:
Movement tracks of Sham (middle) and US (right) mice (EthoVision XT, Noldus).
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FOCUSED-ULTRASOUND-MEDIATED DELIVERY OF VIRUS-ENCODED RED-SHIFTED
CHANNERLRHODOPSIN FOR FULLY NON-INVASIVE AND REMOTE NEURONAL ACTIVATION IN
VIVO
Antonios Pouliopoulos1 , Nancy Kwon1 , Syed Abid Hussaini2 , Elisa Konofagou1,3
1. Biomedical Engineering, Columbia University, New York City, New York, United States.
2. Pathology and Cell Biology, Columbia University, New York City, New York, United States.
3. Radiology, Columbia University, New York City, New York, United States.
OBJECTIVES Channelrhodopsin (ChR) is a light-sensitive protein used in optogenetics to elicit
neuronal responses in vivo. Typically, ChR is encoded by an adeno-associated virus (AAV) delivered via
direct injection into the brain and activated via blue-light illumination through implanted optical fibers.
Neuronal activity is usually recorded with implanted electrodes. However, these highly invasive
procedures are sources of morbidity and damage to the surrounding tissues and alter physiological brain
responses. Recently, red-shifted ChR variants have enabled non-invasive neuronal activation using red
light, which can penetrate deeper through the skull and tissues. Here, we aimed at fully non-invasive and
remote activation of deep structures in the murine brain, using focused-ultrasound(FUS)-assisted viral
delivery and red light exposure.
METHODS AAVs encoding a red-shifted ChR variant (tdTomato - Chrimson, peak absorption
wavelength ⇠ 600 nm) were delivered into the brain of wild-type mice through FUS exposure (center
frequency: 1.5 MHz, peak-negative pressure: 0.8 MPa, pulse duration: 10 ms, pulse repetition
frequency: 5 Hz), in the presence of systemically circulating microbubbles. Following non-invasive
blood-brain barrier opening and viral delivery, mice were allowed to survive for 2 weeks to allow for
sufficient viral transduction. To remotely trigger neuronal activity, we illuminated the treated areas with
red light through the intact skull using an LED source (635nm, beam size: 4 mm). Mice were then
sacrificed and their brains were imaged with fluorescence microscopy to confirm the presence of
Chrimson. Staining for Arc protein provided indirect evidence of neuronal activation in the areas
expressing the light-sensitive channel. Measurements were conducted to detect differences between the
ipsilateral (i.e., treated) and contralateral (i.e., control) hemispheres.
RESULTS Fluorescence imaging confirmed that AAVs were successfully delivered in the sonicated
region. Viral delivery (figure 1A, top) was prominent in the treated hemisphere, however we detected
limited Chrimson expression in the contralateral hemisphere. Similar AAV delivery (p > 0.05, figure 1B,
left) was achieved in both illuminated (2.1 ± 0.4-fold increase) and control mice (1.8 ± 0.6-fold increase).
Arc staining showed that neuronal activation (figure 1A, bottom) occurred at areas with the highest rate
of AAV expression, suggesting that light-sensitive channels were activated due to red light exposure
(figure 1B, right). Arc upregulation was primarily detected with the neuronal nuclei, but also appeared
diffuse throughout the activated area (figure 2). Arc activation was on average 66 ± 37 % higher on the
ipsilateral side compared to the contralateral side in illuminated brains. In contrast, the difference in Arc
activation between the ipsilateral and contralateral side in control mice, which were not exposed to light,
was 4.57 ± 4.25 %. Although viral delivery was equivalent between illuminated and control mice (p >
0.05), Arc activation was significantly higher (p < 0.05) in mice exposed to red light.
CONCLUSIONS In this proof-of-principle study, we showed that AAVs encoding red-shifted ChR
variants can be non-invasively delivered using FUS and microbubbles. By exposing the treated brains to
deep-penetrating red light, we found evidence of neuronal activation in deep structures. Our initial
findings indicate that neuronal activity can be triggered remotely in vivo using a combination of
ultrasound and light exposure through the intact skull.

Figure 1: Remote neuronal activation following red-light exposure. A) tdTomato fluorescence indicated
successful viral delivery predominantly in the ipsilateral side, in both light-exposed and control mice. Arc
staining revealed areas of increased neuronal activation only in the light-exposed group. B) tdTomato
fluorescence was enhanced in the ipsilateral side compared to the contralateral side in both
light-exposed and control mice, without significant differences (ns: p>0.05). In contrast, Arc activation
was significantly higher in light-exposed mice (*: p<0.05). Data presented as mean ± s.d.. Bar: 100 µm.

Figure 2: Arc distribution. Arc protein was primarily detected within the cell nuclei (in blue, annotated with
white arrows), but also diffused throughout the entire activated area (in green). Bar: 50 µm.
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MODEL-BASED MRI BRAIN TEMPERATURE IMAGING
William Grissom1
1. Biomedical Engineering and Radiology, Vanderbilt University, Nashville, Tennessee, United States.
OBJECTIVES Current MR temperature imaging protocols for monitoring transcranial MRgFUS
(tcMRgFUS) ablations dynamically image a single 2D slice. Increased spatial coverage is needed to
enable monitoring of off-target heating and evaluate new treatment targets, but acquiring more data
without compromising frame rate requires some form of scan acceleration. However, conventional MRI
scan acceleration approaches such as parallel imaging and simultaneous multi-slice imaging require a
dense array of receive coils to be placed near the head, so they are of limited use in tcMRgFUS because
coil placement is restricted by the transducer. Instead, we and others have developed pulse sequences
and model-based temperature reconstruction algorithms that take advantage of the considerable
redundancy inherent in brain temperature imaging signals to achieve high scan acceleration factors,
without many-element receiver coil arrays [1-6]. This talk will look at the unique features and challenges
of MR brain temperature imaging signals, and review current approaches and opportunities for
leveraging constrained image models to achieve whole-brain temperature imaging with fine
spatiotemporal resolution.
METHODS The patient’s head is stereotactically fixed in tcMRgFUS, so bulk motion is not a concern,
unlike MRgFUS applications in the body. This enables a constrained treatment temperature image model
comprising a pre-treatment image which experiences localized (sparse) phase shifts due to FUS heating,
as well as smooth (non-sparse) phase shifts due to respiration [7,8]. The goal of model-based
temperature reconstruction is then to fit this model to acquired data, to extract the unknown heat-induced
and respiratory phase shifts. Because the amplitude and background phase of the image is already
known from the pre-treatment scan, the remaining unknown model parameters can be successfully fit to
highly undersampled data, enabling the high scan acceleration factors required for real-time volumetric
temperature imaging, in combination with spiral and echo-planar pulse sequences that acquire more
than a single k-space line after each excitation.
However, while there is little or no bulk head motion, the water bath around the head poses a significant
and unique challenge for brain temperature imaging. Water is typically circulated between sonications to
cool the skull, and the flow is shut off during sonications. However, acoustic streaming and reflections
still cause water motion during sonications, which can cause the water signal to alias into the brain and
degrade temperature precision. In another sense, the water motion is a violation of the constrained
model described above, and the resulting signal variation must be modeled in the reconstruction or
suppressed by the pulse sequence.
RESULTS We have demonstrated that the constrained model-based temperature reconstruction
approach can be applied to estimate temperature with high precision from highly undersampled 2DFT,
uniformly undersampled and partial Fourier EPI, radial, and EPI-stack-of-stars acquisitions [2-5]. In
particular, our EPI stack-of-stars acquisition achieved approximately 0.25 degrees C temperature
precision with a 3.3 second frame rate, while covering a 28x28x12 cm FOV with a 188x188x43 matrix
size. We have further shown that chemical shift distortions of the hot spot that are aggravated by the
longer readouts of EPI and spiral scans can be corrected in the reconstruction [9], and that the water
bath signal can be modeled as a separate set of free parameters that are estimated jointly with the
model fit [3]. Finally, while conventional simultaneous multislice imaging requires more receiver coils
than are available for tcMRgFUS, we have demonstrated that the constrained image model permits
high-precision simultaneous multislice temperature imaging when combined with pseudo-random phase
shifting between the slices [6].
CONCLUSIONS Constrained treatment image models are a key ingredient for achieving high-precision
real-time volumetric temperature imaging in tcMRgFUS, and can be used with any k-space sampling
scheme, as well as simultaneous multislice acquisitions. Their performance will only improve with

many-element receiver coil arrays, if and when they become available for tcMRgFUS systems. While
there are many tools now available, there is considerable translational work remaining to determine the
most SNR-efficient imaging strategy that provides the needed spatiotemporal resolution and volume
coverage, while providing robustness to water bath signal variations.
References:
[1] N. Todd et al. Magn Reson Med, 2009.
[2] P. Gaur and W A Grissom. Magn Reson Med, 2015.
[3] P. Gaur, et al. J Therapeutic Ultrasound, 2017.
[4] S. V. Jonathan and W. A. Grissom. Magn Reson Med, 2018.
[5] R. Weires and W. A. Grissom. ISMRM 2017.
[6] M E Poorman et al. ISTU 2018.
[7] W. A. Grissom et al. Med Phys, 2010.
[8] V. Rieke et al. J Magn Reson Imag, 2013.
[9] P. Gaur et al. Magn Reson Med, 2016.
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RAPID T2*-BASED MR THERMOMETRY OF FOCAL HEATING IN CORTICAL BONE
Vicki Huang1 , Wilson Miller2,1
1. Biomedical Engineering, University of Virginia, Charlottesville, Virginia, United States.
2. Radiology and Medical Imaging, University of Virginia, Charlottesville, Virginia, United States.
OBJECTIVES Conventional proton resonance frequency shift (PRFS) based MR thermometry can
accurately measure temperature changes in water-based soft tissues; however these methods are
impractical in bony tissue due to fast T2* signal decay. The ability to perform accurate bone thermometry
with good temporal resolution will be impactful in all treatments using MR-guided focused ultrasound
therapy. There is currently no method to directly measure bone temperature in either primary or
secondary heating situations, and quantitative measurements of temperature changes in bone would
increase quality of treatments currently in practice. This project aims to develop a method for measuring
HIFU-induced heating in cortical bone with a temporal resolution approaching PRFS-based methods in
soft tissue. Prior work showed that the accuracy of 2D temperature measurements using a T1-based
approach was hampered by difficulties associate with the slice profile. Here we demonstrate a promising
T2*-based method for accurately measuring rapid and localized HIFU-induced heating in ex-vivo cortical
bone samples.
METHODS We first measured the temperature dependence of T2* in an ex-vivo bovine cortical bone
sample using 2D slice selective half-RF pulses and ultrashort-echo time (UTE) readout for increased
temporal resolution (versus a full 3D volume acquisition using non-selective RF pulses). A temperature
controlled water bath was used to regulate temperature in the sample, and fiber optic sensors were used
to monitor temperature changes during acquisition. The T2* curve was measured by acquiring a series
of spoiled gradient-echo ultrashort UTE images at 3T on a Siemens Prisma scanner; each measurement
had the same TR and flip angle (10 ms and 25 degrees) but with varied echo times. Images were
acquired at 18 different echo times ranging from 40 µs to 7000 µs. The signal-versus-TE curve was fitted
to a biexponential T2* decay at each voxel contained entirely within the cortical bone. Measurements
were performed at four temperatures ranging from below body temperature up to 61 C.
Focal heating was demonstrated by sonicating a cortical bone sample at 40W acoustic power using a
single-element focused ultrasound transducer (RK100, FUS Instruments Inc.). The bone sample was
potted in a plastic container filled with tissue-mimicking hydrogel and three fiber optic sensors were
placed inside the bone at varied distances from the focal target. A pre-heating baseline T2* map was
acquired by imaging the steady-state signal at multiple echo times. During heating, updated images
were acquired at two echo times (70 µs and 300 µs) for rapid image acquisition of 15 seconds per image
pair. The sample was sonicated for 12 seconds during every other image for a total of seven times. T2*
maps were generated from the theoretical relationship between T2* and TE and subtracted from the
baseline images to yield T2* changes. The T2* changes were then converted to relative temperature
changes using the previously derived µs/ C change.
RESULTS Measurements in the water bath showed that the short T2* component increased linearly
with temperature, and the slope of this linear dependence was measured to be 5.10 µs/ C using a 2D
pulse sequence (Figure 1). Analysis of this data showed a mono-exponential model alone could not
accurately fit signal values at all echo times acquired, therefore we chose a biexponential model to
increase goodness-of-fit. The scope of the biexponential decay includes both a short and long T2*
component in the images. During image acquisition the bone was submerged in a water bath, thus
signal bleed into bone pixels from the out of slice water source might account for the strongly observed
long T2* component. Figure 2 shows the theoretical fits of the biexponential T2* curves.
Localized heating was observed using the FUS transducer. This data did not exhibit a strong long T2*
component, thus it was analyzed using a mono-exponential decay. This model required minimum
acquisition at two echo times, optimizing temporal resolution. The sample showed heating concentrated
at the ultrasound focus, with maximal temperature change of 30 C followed by cool down to baseline
levels (Figure 3).

CONCLUSIONS The temperature dependence of the short-T2* component in bovine cortical bone
appeared linear over the tested temperature range. Plausible localized, HIFU-induced temperature
changes were demonstrated in ex-vivo cortical bone using a T2* based thermometry method. The
heating remained localized to the lower portion of the bone and did not appear to diffuse substantially
throughout the bone, perhaps because the heat was dissipated into the surrounding gel. Our method,
which was based on 2D slice-selective image acquisitions, permitted temporal resolution of 15 s, which
is promising for in-vivo application during FUS sonication.

Figure 1: T2* dependence on temperature in bovine cortical bone. Linear regression during the heating
period was plotted and an apparent linear increase of T2* with temperature was demonstrated with a
linear coefficient of 5.10 µs/ C.

Figure 2: T2* measurement data with best fit curves. T2* data was fit to a biexponential decay as a
function of echo time.

Figure 3: Temperature changes of focal heating and cooling down. The first image shows the
pre-heating baseline reference measurement, and the sample was sonicated every other image
beginning with the second image. The temperature maps demonstrated concentrated heating at the
ultrasound focus with minimal heat dispersion throughout the sample, and temperature rise appeared to
oscillate in sync with each sonication. Apparent heating remained localized to the lower region of the
bone before cooling to baseline equilibrium.
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OPTICAL TRACKING-GUIDED MR-ARFI FOR TARGETING FOCUSED ULTRASOUND
NEUROMODULATION IN NON-HUMAN PRIMATES
Sumeeth Vijay Jonathan1 , Marshal Anthony Phipps2 , Vandiver L Chaplin2 , Aparna Singh1 , Pai-Feng
Yang2 , Allen T Newton2 , John C Gore1,2 , Li Min Chen2 , Charles Caskey1,2 , William Grissom1,2
1. Biomedical Engineering, Vanderbilt University, Nashville, Tennessee, United States.
2. Radiology and Radiological Sciences, Vanderbilt University Medical Center, Nashville, Tennessee,
United States.
OBJECTIVES Magnetic resonance-acoustic radiation force imaging (MR-ARFI) permits localization and
targeting during focused ultrasound (FUS) therapy. However, a priori knowledge of the acoustic beam’s
position and orientation is critical for MR-ARFI so that the motion-encoding gradients (MEGs) can be
placed in the proper orientation. We used an optical tracking system to inform the geometry of MR-ARFI
acquisitions for guiding focused ultrasound neuromodulation experiments in non-human primates.
METHODS Figure 1 illustrates the experimental setup. An MRI-compatible, spherical single-element
FUS transducer (Sonic Concepts H115) was first used to sonicate an ex vivo tissue-mimicking phantom
(1% agar/4% graphite). The phantom was rigidly attached to the transducer housing, and the
transducer-phantom apparatus was mounted on a plastic tabletop with a three-axis stereotactic frame. In
this way, our sonications could be performed in situ in any physical orientation.
Displacement images were acquired using a spin echo 2D MR-ARFI sequence implemented on a 7
Tesla scanner (Philips Achieva), with parameters: FOV/matrix/voxel size 120x120x2 mm3 /60x60x1/2
mm3 ; TE/TR 15/1000 ms; 27 flip angle; multishot EPI readout with 5 shots per TR. A homemade
surface coil was used for transmit/receive. Repeated unipolar MEGs were used for ARFI encoding, with
gradient duration/strength 3 ms/40 mT/m-1 . The second MEG was synchronized with an ultrasound
emission using TTL outputs sent to the transducer. Sonications were performed at 802 kHz with a low
duty cycle (3609 cycles every TR or 1000 ms). Displacement images were reconstructed by subtraction
of four phase images using opposite MEG polarities with FUS turned on or off.
Displacement images were acquired after rotating the transducer about either the AP (anterior-posterior
or +x), RL (right-left or +y), or FH (foot-head or +z) cardinal axes. The transducer was positioned in six
orientations (Fig 2). In each case, an optical tracking system (Polaris Vicra) was used to determine the
position and orientation of the transducer. First, an MRI-compatible rigid body tracker was mounted to
the patient bed, which served as the global reference location. Another body tracker was mounted to the
transducer-phantom apparatus as the tracked location. Multimodality fiducial markers (MM3003) were
placed around the patient bed. Next, the fiducials were localized in image space using a 3D T1-weighted
pulse sequence (voxel size 0.4x0.4x1 mm3 , TE/TR 1.9/4 ms). The fiducials were manually identified in
the T1-weighted image stack using 3DSlicer (http://www.slicer.org/). Then, in front of the optical tracking
camera, the fiducials were localized in physical space using a reflective positioning stylus and recorded
in 3DSlicer. These were finally registered to the fiducials’ image locations, yielding a physical-to-image
space transform. The phantom could then be freely rotated in physical space, with 3DSlicer reporting the
updated slice offset and angulation about each cardinal axis in image space. This information was used
to prescribe MEG orientations parallel to the transducer propagation axis to encode maximum
displacement. As negative controls, we also acquired three additional displacement images with MEGs
placed along only one cardinal axis.
MR-ARFI images were also acquired in two sedated adult macaque monkeys (M fascicularis). Our
current protocol for in vivo ultrasound neuromodulation uses prone/head first positioning, targeting S1
areas 3a/3b. Transcranial displacement images were acquired after determining the location of the beam
with optical tracking.
RESULTS Figure 3A shows displacement maps from two phantom orientations. The observed
displacement is highest when MEG orientations are prescribed parallel to the transducer propagation
axis. Figure 3B reports the mean focal displacement across all experiments. In all cases, displacement
is highest when encoding along the transducer propagation axis, and the values are similar (range

1.32-1.41 µm). Figure 4 shows in vivo transcranial displacement maps acquired with optical tracking
guidance. In two separate macaques, we observed focal displacements of about 1 µm transcranially.
CONCLUSIONS These results show that knowledge of the acoustic beam’s position and orientation in
space is critical for MR-ARFI, and can be determined using optical tracking. In some cases, the observed
displacement was completely missed if the MEGs used for ARFI encoding were prescribed in the wrong
orientation. To our knowledge, our results represent the first demonstration of transcranial MR-ARFI
feasibility in a non-human primate. The proposed optical tracking workflow will be used to guide ongoing
experiments that use MR-ARFI to produce acoustic beam maps for targeting ultrasound neuromodulation
in situ. This work was supported by NIH grants R01 DA 019912, R01 MH 111877, and R24 MH 109105.

Figure 1: Optical tracking experimental setup. (A) A tissue-mimicking phantom was rigidly attached to an
MRI-compatible, spherical single-element FUS transducer. A homemade surface coil was used for
transmit/receive. (B) A reference tracker and multimodality fiducial markers were mounted to the patient
bed. A target tracker was mounted to the transducer-phantom apparatus. (C) Polaris Vicra optical
tracking camera used for this experiment. (D) The transducer-phantom apparatus was mounted on a
plastic tabletop with a three-axis positioning system, in sight of the optical tracking camera. In this way,
our sonications could be performed in situ in any physical orientation.

Figure 2: Experimental transducer orientations. We acquired MR-ARFI images with the transducer
oriented six ways. The orientation of the transducer (i.e., its slice offset and angulation in image space)
was computed after a physical-to-image space transform was performed in 3DSlicer.

Figure 3: Displacement maps acquired from optical tracking-guided MR-ARFI acquisitions. (A)
Displacement maps from two representative experiments. In both cases, the observed displacement is
highest when MEG orientations are prescribed parallel to the transducer propagation axis. (B) Mean
focal displacement across all experiments. In all cases, displacement is highest when encoding along
the transducer propagation axis, and the values are similar (range 1.32-1.41 µm). In some cases, the
observed displacement was completely missed if the MEGs used for ARFI encoding were prescribed in
the wrong orientation. Displacement values were computed in a 3.0 mm2 ROI at the focus.

Figure 4: Transcranial displacement maps acquired with optical tracking guidance in vivo. Our
experimental setup is shown in (A) and is the same positioning used in ongoing ultrasound
neuromodulation experiments in non-human primates. In two separate macaques, we observed focal
displacements of about 1 µm transcranially after optical tracking was used to determine the location of
the acoustic beam (B). To our knowledge, these results represent the first demonstration of transcranial
MR-ARFI feasibility in a non-human primate.
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RAPID, SIMULTANEOUS MULTIPARAMETRIC THERMOMETRY USING A SINGLE REFERENCE
VARIABLE FLIP ANGLE T1 METHOD
Bryant Svedin1 , Allison Payne1 , Dennis L Parker1
1. Utah Center for Advanced Imaging Research, Salt Lake City, Utah, United States.
OBJECTIVES Multiparametric thermometry methods1 provide the possibility of measuring temperature
changes in aqueous and adipose tissue simultaneously. It has been shown that the T1 relaxation time
increases linearly with temperature2 . The variable flip angle (VFA) method3 uses the steady state signal
equation and images acquired at two flip angles to calculate T1 . This work implements a single reference
VFA method using a multi-echo stack of stars (SOS) sequence1 to provide rapid simultaneous
multiparametric thermometry.
METHODS Variable flip angle (VFA) measurements3 of T1 for use in thermometry have been previously
investigated4 where the flip angle (FA) alternates between two values every other image acquisition. This
can lead to possible errors in T1 if the transition from each FA steady state is not handled correctly, and
must be performed with 3D acquisitions to be accurate5 . The T1 temporal resolution is also effectively
twice the image acquisition time, reducing clinical utility.
The proposed method acquires a reference image S1 at the lower FA (a) and dynamic images S2 at the
higher FA (b). A T1 estimate (T1est ) is then calculated using T1est = -TR / ln(m), where m = (S2 /sinb –
S1 /sina) / (S2 /tanb – S1 /tana). The T1 of the dynamic images changes over time, T1 +DT1 , while the
reference image is constant thereby causing a systematic error resulting in a nonlinear overestimation of
T1est as DT1 increases. The value of T1 + DT1 from the dynamic images can be corrected using T1 +
DT1 = -TR/ln[(1-g)/(1-gcosb)], where g = (1-E1 )(1-E1est cosa) / [(1-E1 cosa)(1-E1est cosb)], E1 = exp(-TR/T1 )
and E1est = exp(-TR/T1est ). The original T1 is calculated from the baseline images before heating.
A focused ultrasound (FUS) heating experiment was performed using a gelatin phantom6 in a breast
specific MR guided FUS system7 while imaging with a pseudo-golden angle stack of stars sequence1 . A
reference image was acquired at FA=3.5 and dynamic images were acquired at FA=20 while heating
with ultrasound at 24 acoustic Watts for 30 s (1.3 mm isotropic, FOV=208x208x20.8 mm, TE/TR=2.46,
3.75, 5.04, 6.33, 7.62/11 ms, 1518 projections). Images were reconstructed using a symmetric sliding
k-space weighted image contrast (KWIC) window with 377 total and 13 innermost projections1 giving an
effective temporal resolution of 2.29 s. Single reference VFA T1 measurements were calculated as well
as the percent change in T1 from baseline for each of the five echoes. T1 results were averaged across
the echoes. Proton resonance frequency (PRF) temperature values were also calculated using the
combined echo and trajectory matched multi-baseline method1 .
RESULTS PRF temperature difference maps and percent T1 change maps at the peak time point are
shown in Figure 1. The size and shape of the PRF temperature and percent T1 change are qualitatively
equivalent. Percent T1 change vs PRF temperature change for voxels that experienced at least 2 C
increase is shown in Figure 2. The slope of percent T1 change to PRF temperature is 4.01 %/ C for this
gelatin phantom. PRF temperature and percent T1 change vs time for the peak PRF temperature voxel
are shown in Figure 3. The T1 change exhibits the same temporal evolution curve as the PRF
temperature.
CONCLUSIONS The single reference VFA T1 method presented here provides the possibility for
simultaneous multiparametric thermometry with high temporal and spatial resolution when combined
with a pseudo golden angle stack of stars sequence reconstructed with a sliding KWIC window. The PRF
thermometry method only works in aqueous tissue. The ability to simultaneously measure changes in T1
would allow for the possibility of simultaneous temperature measurements in adipose tissue. While
temperature in adipose tissue can be monitored with changes in T2, this requires a time consuming
separate 2D sequence between applied ultrasound sonications8 . The results in this abstract are from a
homogeneous phantom where the flip angles8 were chosen to be optimal based on the T1 of the
phantom and on the assumption that the T1 of both images was the same9 . The optimal angles during
heating will likely be different and in heterogenous tissue, the optimal angles for T1 measurement in

adipose tissue may not be optimal for PRF measurements in aqueous tissue. Further work is needed to
optimize parameters for the simultaneous T1 and PRF method to have the best parameters for both PRF
and single reference VFA T1 measurements.
1. Svedin et al, MRM 2017. 2. Lewa et al, Bull Cancer 1980. 3. Fram et al, MRI 1987. 4. Todd et al,
MRM 2013. 5. Svedin et al, Med Phys 2017. 6. Farrer et al, J Ther Ultrasound 2015. 7. Payne et al, Med
Phys 2012. 8. Ozhinsky et al, J Ther Ultrasound 2015. 9. Schabel et al, Phys Med Biol 2009.

Figure 1. a) PRF temperature change map and b) percent T1 change map at the peak PRF temperature
time and peak temperature slice. The transducer is located on the left side of the image.

Figure 2. Percent T1 change during heating (red) and cooling (blue) versus PRF temperature change for
PRF change greater than 2 C. Black line is the linear fit to the data.

Figure 3. PRF temperature (black) and percent T1 change (red) versus time.
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SIMULTANEOUS MULTISLICE MRI THERMOMETRY WITH INCOHERENT CAIPIRINHA AND
SPARSITY-PROMOTING RECONSTRUCTION
Megan Elizabeth Poorman1,2 , Kristin Quah1 , William Grissom1,2
1. Biomedical Engineering, Vanderbilt University, Nashville, Tennessee, United States.
2. Vanderbilt University Institute of Imaging Science, Nashville, Tennessee, United States.
OBJECTIVES Multislice MR thermometry is commonly used to monitor focused ultrasound (FUS)
heating over a volume of tissue. However, the need to monitor temperature over a large volume is at
odds with the need for high frame rates. Simultaneous multislice (SMS) imaging is a widely used method
to increase multislice imaging speed in functional and diffusion MRI. It has also recently been
demonstrated in MR temperature imaging (Borman et al, Phys Med Biol, 2016). The controlled aliasing
in parallel imaging (CAIPI) technique is used in these acquisitions to improve slice separation
performance (Setsompop et al, Magn Reson Med, 2012). However, conventional SMS-CAIPI requires
tight-fitting, many-coil arrays which are incompatible with FUS since the transducer must be in direct
contact with the body. Here we introduce a new incoherent SMS-CAIPI method that, when combined
with a sparsity promoting temperature reconstruction, enables SMS MR thermometry without the use of
many-coil arrays, even from adjacent slices.
METHODS Figure 1 illustrates the incoherent SMS-CAIPI method for a two-slice acquisition. The
method uses alternating RF excitation phases or slice-gradient blips to randomly flip the polarity of the
second slice’s signal between phase-encoded lines of k-space. This incoherently smears the second
slice in the superimposed image. Because the second slice’s aliased hot spot phase shift is now spread
out, a sparsity-promoting reconstruction is able to suppress the aliasing and reconstruct the correct hot
spot in both slices.
A two-slice incoherent SMS-CAIPI pulse sequence was implemented on a 3 Tesla Philips Ingenia MRI
scanner (Philips Healthcare; Best, Netherlands). Figure 2 shows the RF pulses that were incorporated in
the sequence for simultaneously exciting two slices. The pulses were designed so that the slices are pi/2
out of phase with each other, and slice 2 is negated in the +1/-1 pulse. The pulses were randomly
switched between k-space lines/repetition times (TRs). An agar and graphite gel phantom was placed on
top of a Sonic Concepts H-101MR transducer (Sonic Concepts, Bothell, Washington, USA), and coupled
to it through a cone filled with agar gel (Figure 3a). The sequence was used to image the phantom
during FUS heating, with: 128 x 128 matrix size, 16.1 ms TR, 2.1 seconds per image, 30 dynamics, 19.2
cm x 19.2 cm FOV, 1.6 mm slice thickness, 20 flip angle. The vertical dimension was phase encoded.
FUS heating was manually started at the third time point (6 seconds) and switched off at the 16th time
point (32 seconds). The k-space hybrid algorithm (Gaur et al, Magn Reson Med, 2015), which uses l1
regularization to promote sparse temperature maps, was adapted to jointly reconstruct the two-slices’
temperature maps, incorporating slice 2’s known k-space phase pattern. The algorithm calculated the
temperature maps as phase differences with respect to unaliased baseline images for each slice that
were measured before heating.
RESULTS Figure 3 shows the results of the two-slice temperature imaging experiment during FUS
heating. Subfigure 3a shows the two adjacent imaged slices, and a representative image of their
incoherent CAIPI superposition from which temperature maps for each slice were reconstructed. Though
the slices are thin and closely spaced, some differences can be seen between them such as a notch in
the top right corner of the phantom in Slice 1. The SNR is higher in the individual slice images than in the
incoherent image because they were obtained by adding and subtracting (i.e. averaging) two images
with opposite k-space sign patterns. Subfigure 3b plots temperature in each slice, compared to a
separate single-slice heating experiment with the same slice thickness. The curves are similar with no
large errors that could have appeared due to aliasing. Subfigure 3c shows single-slice and 2-slice
incoherent SMS-CAIPI temperature maps at peak heat. All three maps contain a hot spot at the natural
focus (white arrow) and a small additional hot spot at the exit of the FUS transducer’s cone (green
arrow); no temperature aliases are visible in the incoherent SMS-CAIPI maps.

CONCLUSIONS We introduced and validated a new simultaneous multislice MR temperature imaging
method that does not require multiple receiver coils to reconstruct temperature maps from
simultaneously imaged slices. The method shortens volume scan times for MR thermometry by a factor
equal to the number of simultaneously excited slices. Our next steps of development will be to 1)
implement the method in an echo planar imaging scan using random gradient blips between echoes, 2)
optimize inter-slice phase alternation patterns, and 3) evaluate the method’s limits; i.e., from how many
simultaneously excited slices accurate and precise temperature maps can be reconstructed.
This work was supported by NIH grants R01 DA019912, T32 EB021937, and R21 NS091735.

Figure 1: Illustration of Incoherent SMS-CAIPI thermometry. In conventional SMS-CAIPI (top) with two
slices, the phase of the second slice is uniformly alternated between every phase-encoded (PE) line of
k-space. This causes that slice to shift by half of the field of view in the reconstructed superimposed
image. A hot spot that is present in both slices aliases coherently in the phase of the superimposed
image such that the sparsity-promoting temperature reconstruction cannot determine which phase shift
is the true hot spot. In this example, the upper aliased hot spot was erroneously reconstructed for both
slices. In incoherent SMS-CAIPI (bottom), the phase of the second slice’s k-space data is randomly
alternated, which incoherently smears the second slice in the superimposed image. Because the second
slice’s aliased hot spot phase shift is now spread out (non-sparse), the sparsity-promoting reconstruction
is able to reconstruct the correct hot spot in both slices.

Figure 2: RF pulses for simultaneously exciting two slices in our incoherent SMS-CAIPI MRI
temperature imaging scan. The pulses were designed so that the excited slices are pi/2 out of phase
with each other, and slice 2 is negated in the +1/-1 pulse. The pulses were used in an incoherent
SMS-CAIPI pulse sequence, and were randomly switched between k-space lines/repetition times.

Figure 3: Incoherent SMS-CAIPI temperature imaging experiment. a) An agar and graphite phantom
(blue arrow) was placed above a FUS transducer (not visible; green arrow) and coupled to it through a
cone containing pure agar gel (red arrow). Subfigure (a) shows the two 1.6 mm-thick adjacent slices that
were imaged during heating, and their incoherent CAIPI superposition. Though the slices are thin and
closely spaced, some differences can be seen between them such as a notch in the top right corner of
the phantom in Slice 1 (yellow arrow). b) Temperature curves during FUS heating in each slice,
compared to a separate single-slice heating experiment with the same slice thickness, where the single
slice was placed between the two SMS-CAIPI slices as illustrated. c) Single-slice and 2-slice incoherent
SMS-CAIPI temperature maps at peak heat. The maps all contain a hot spot at the natural focus (white
arrow) and a small additional hot spot at the exit of the FUS transducer’s cone (green arrow).
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ACUTE MR-GUIDED HIGH-INTENSITY FOCUSED ULTRASOUND LESION ASSESSMENT USING
DIFFUSION TENSOR IMAGING
Matthew Walker1,2 , Jidan Zhong2 , Adam Waspe3,4 , Karolina Piorkowska3 , Thomas Looi3 , James
Drake1,3 , Mojgan Hodaie1,2
1. Institute of Medical Science, University of Toronto, Toronto, Ontario, Canada.
2. Krembil Research Institute, University Health Network, Toronto, Ontario, Canada.
3. Centre for Image Guided Innovation and Therapeutic Intervention, Hospital for Sick Children, Toronto,
Ontario, Canada.
4. Department of Medical Imaging, University of Toronto, Toronto, Ontario, Canada.
OBJECTIVES Magnetic resonance-guided high-intensity focused ultrasound (MRgHIFU) surgery is an
effective tool for non-invasive structural lesioning of brain targets. Diffusion tensor imaging (DTI) has
demonstrated the ability to extract microstructural and fiber connectivity information in-vivo. Conventional
anatomical MRI such as T1- and T2-weighted imaging can provide information about lesion location but
cannot provide sufficient insight into the cellular environment following treatment. In this preliminary
investigation, we use DTI to assess the acute treatment effects on microstructural water diffusion, fiber
tractography, and lesion volume in-vivo following MRgHIFU of the brain in a piglet model.
METHODS Four piglets (age: 21±1 days; weight: 5.8±0.8 kg) were studied using a 3T Philips Achieva
MRI, 32-channel head coil, and Sonalleve MRgHIFU system. MRgHIFU was applied, through a small
cranial window, to the anterior body of the fornix with three to four sonications per subject ranging from 40
to 60 W to reach peak ablation temperatures above 60 C. Anatomical T1 and diffusion-weighted images
were collected before and after treatment. Diffusion parameters included voxel resolution of 1.6 mm
isovoxel, b-value of 800 s/mm2 , and 128 diffusion-encoding directions. Mean diffusion-weighted imaging
(MDWI) images were generated to measure lesion volumes via signal intensity threshold. Histological
data was collected and an automated lesion segmentation algorithm was applied to hematoxylin and
eosin (H&E) stained slide scans to measure lesion volumes. Volumes measured via histology and MDWI
were compared. Diffusion metric maps of apparent diffusion coefficient (ADC), fractional anisotropy (FA),
axial (AD), radial (RD), and mean diffusivity (MD) were generated for quantitative assessment.
Fornix-related fiber tracts were generated before and after treatment for qualitative assessment.
RESULTS Treatment volumes measured via MDWI did not differ significantly from histological lesion
segmentation data and were three to four times larger than the treatment cell volume. Significant
decreases in all diffusion metrics were observed in the treated region after MRgHIFU with the highest
level of change seen at the lesion centre and decreasing radially. Fornix tractography seeded in the
treatment core revealed disruptions in fiber connectivity post-treatment.
CONCLUSIONS Diffusion maps and fiber tractography are shown to be an effective method for
assessing lesion volumes and microstructural changes iv-vivo following MRgHIFU treatment. ADC, FA,
AD, RD, and MD decreases are consistent with the substantial axonal damage, observed also in
histological data. Fewer directional structures like axons in the treated region will lead to more isotropic
water diffusion and thus lower anisotropy. Our histological data showed congruent necrosis and
membrane denaturation and is consistent with the overall decrease in water diffusivity. Fiber tractography
passing through the lesion revealed substantial disruption in white matter fibers. This study indicates that
DTI has the potential to advance MRgHIFU through in-vivo microstructural lesion and fiber tractography
assessment.
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EFFICIENT MULTI-POINT MR ACOUSTIC RADIATION FORCE IMAGING
Henrik Odeen1 , Joshua de Bever2 , Lorne W Hofstetter1 , Dennis L Parker1
1. Radiology and Imaging Sciences, University of Utah, Salt Lake City, Utah, United States.
2. Radiology, Stanford University, Palo Alto, California, United States.
OBJECTIVES Magnetic resonance acoustic radiation force imaging (MR-ARFI) is an imaging technique
that uses MR imaging to visualize tissue displacement caused by short (1-10 ms) focused ultrasound
(FUS) pulses. In MR-ARFI, motion encoding gradients (MEG) are used to encode a phase change
proportional to the tissue displacement into the MR phase image. MR-ARFI has previously been used for
localization of the FUS focal spot, and for phase aberration correction in, e.g., transcranial
applications(1,2).
The induced tissue displacement depends on, among other things, the tissue’s mechanical properties.
Since the mechanical properties will change with ablation, it is possible that MR-ARFI could be used for
treatment end-point evaluations. Treatment is currently evaluated by the thermal dose (CEM43) or by
contrast enhanced (CE)-MRI. However, tissue non-viability has been shown to occur over a wide range
of thermal doses (3), and CE-MRI can currently only be performed post treatment.
In this work we develop and evaluate a novel volumetric multi-point (MP) MR-ARFI approach to
interrogate tissue mechanical properties. Experiments are performed in tissue mimicking phantoms and
ex-vivo porcine brain.
METHODS Imaging was performed with a segmented (multi-shot) gradient recalled echo, echo planar
imaging pulse sequence with bi-polar MEG inserted before the read-out train (Figure 1). A single image
acquisition without FUS (FUSOFF , P=0W) is interleaved at the TR level with multiple image acquisitions
with FUS (FUSON , P>0W) (4). In each of the FUSON images the focal spot was electronically steered to
a separate location (Figure 2). Temperature change is the only contributor to the phase of the FUSOFF
image, and thus temperature can be calculated using the standard MR thermometry PRF-equation(5).
However, both tissue displacement occurring during the MEG and temperature change will contribute to
the phase of the FUSON images. Displacement maps can be calculated by complex subtraction of the
FUSOFF image from all FUSON images. Interleaving the FUSOFF image at the TR level (rather than
acquiring the full FUSOFF image before or after FUSON images) will ensure that the phase change due to
temperature increase in the FUSOFF image will equal that in the FUSON images, allowing accurate
displacements to be measured from the complex phase difference images. In this work we evaluate two
different approaches for improving the efficiency in MP-MR-ARFI: (1) Encoding multiple displacement
maps during a single TR by applying FUS sonications on both MEG lobes (Figure 1), and (2) the use of
parallel imaging.
All imaging was performed on a 3T scanner (Siemens PrismaFIT ) with an 5-channel RF coil built
in-house. FUS was applied with a 1-MHz 256-element phased-array transducer (Imasonic/IGT). 2D and
3D imaging was performed in a homogenous tissue mimicking gelatin phantom (125-bloom) (6) using 1
and 2 sonications/TR, and by utilizing CAIPI-type parallel imaging (7) with R=2. Experiments were also
performed in a dual-stiffness (125/175-bloom gelatin) phantom. 17-points (16 FUSON +1 FUSOFF )
MP-ARFI trajectories were applied in all phantom studies. Finally, to investigate potential changes in
tissue stiffness with ablation a 14-points (13 FUSON +1 FUSOFF ) MP-ARFI experiment was performed in
an ex-vivo bovine brain before and after tissue ablation.
RESULTS Figure 3 shows displacement maps for 2D/3D imaging comparing 1 and 2 sonications/TR,
without and with parallel imaging. Performing 2 sonications/TR or parallel imaging by itself (as in Figure
3b,c,f, and g) reduces the scan time by 2x, and performing both 2 sonications/TR and parallel imaging
(as in Figure 3d and h) reduces the scan time by 4x. The inherently lower SNR in 2D imaging causes
problem when using parallel imaging. For 3D imaging, coherent displacement maps are seen in all
cases, although they require longer scan times. In Figure 3 i and j, displacement maps for 3D imaging
using 1 and 2 sonications/TR in the dual-stiffness phantom are shown. The displacement measured in
the stiffer bottom-half of the phantom was lower than in the softer top-half. Figure 4 shows displacement

maps before and after ablation in ex-vivo porcine brain. Displacement decreased by approximately 22%
post-ablation indicating increased stiffness.
CONCLUSIONS This work has described a flexible and efficient 2D/3D MP-ARFI method to create
volumetric displacement maps while simultaneously measuring temperature change. 2D imaging is fast
and can be sped up by utilizing multiple sonications/TR, but the addition of parallel imaging results in
noisy displacement maps. 3D imaging can be sped up by 4x using multiple sonications and parallel
imaging while still producing coherent displacement maps. The method is able to accurately display the
interface between two different stiffness gels. Initial tests in ex-vivo tissues showed a decreased
displacement after ablation, but further in-vivo testing is needed.

Figure 1. a) Pulse sequence diagram for 3D gradient recalled echo (GRE) segmented (multi-shot) echo
planar imaging (EPI) pulse sequence with bi-polar MEG. The FUS is synchronized to the MEG using
optical triggers. For MR-ARFI measurements FUS is only applied during the second MEG lobe, but by
encoding two different spatial positions during the two MEG lobes the total scan time can be reduced. b)
Table showing MR and FUS parameters used. For the phantom study, listed Tacq is for a single
displacement map and for a 17 points trajectory, for the 1 sonication/TR case with no parallel imaging.
Performing 2 sonications/TR or parallel imaging will reduce scan time by a factor of 2, and performing
both techniques reduces scan time by a factor of 4. Similarly for Ex-vivo the listed Tacq is for a single 3D
displacement map and for the 14 points trajectory.

Figure 2. a–d) shows 4 (out of 16) individual displacement maps (overlaid on magnitude images) in a
homogenous tissue mimicking phantom. A displacement-MIP of all 16 points is shown in e). f) Shows
the PRF temperature map derived from the FUSOFF image, which is interleaved with the FUSON
images at the TR level.

Figure 3. a–b) show 2D imaging with 1 and 2 sonications/TR in the homogenous phantom, respectively,
and c–d) show corresponding scans with parallel imaging (CAIPI with R=2). e–f) show 3D imaging with 1
and 2 sonications/TR in the homogenous phantom, respectively, and g–h) show corresponding scans
with parallel imaging (CAIPI with R=2). i-j) show 3D imaging in the dual-stiffness phantom for 1 and 2
sonications/TR, respectively. To highlight the interface between the two different gels, i) and j) are
overlaid on a 3D GRE image which show better contrast.

Figure 4. a) 2 orthogonal views of maximum-intensity-projection (MIP) displacement map of all 13
FUSON acquisitions before ablation, overlaid on magnitude image. b) 2 orthogonal views of PRFS
temperature rise after 200 W sonication for 40 s at geometric focus, overlaid on magnitude image. c) 2
orthogonal views of MIP displacement map after ablation. d) 2 orthogonal views of displacement
difference between before and after ablation. Red boxes magnify difference around geometric focus
where the ablation took place.
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LEVERAGING FOCUSED ULTRASOUND TO AUGMENT ANTI-TUMOR IMMUNITY
Timothy N Bullock1
1. Pathology, University of Virginia, Charlottesville, Virginia, United States.
OBJECTIVES The success of checkpoint immunotherapy, which blocks the protective barriers that
tumors use to disarm immune responses, is predicated by the existence of an inflammatory tumor
microenvironment that is characterized by presence of activated lymphocytes. A lack of inflammation
within the tumor can be due to a variety of processes, including the sequestration of tumor antigen; the
presence of immunosuppressive cytokines or cells; and the lack of extravasation of effector cells.
Considerable attention is now being paid towards the development of approaches that can turn
un-inflamed tumors into those that are likely to respond to checkpoint immunotherapy. We will present
how focused ultrasound (FUS) can deliver thermal and/or mechanical damage to the tumor
microenvironment and be leveraged to provide an avenue to augment anti-tumor immunity. We use
murine models of breast cancer to simulate clinical trials currently ongoing at UVA, and will use these
models to provide evidence illustrating mechanistically how FUS-mediated thermal ablation can improve
anti-tumor immunity, at the various steps of initiating and expanding adaptive immune responses to
tumors, including tumor-antigen acquisition by dendritic cells (DC), the maturation of DC and their ability
to elicit T cell responses, and the trafficking of activated T cells to the tumor microenvironment. Further,
we will discuss how these approaches augment the efficacy of immune checkpoint immunotherapy, and
barriers that remain to be dealt with. These studies help to define appropriate companion therapies for
FUS with respect to anti-tumor immunity.
METHODS Murine models and patient material are interogated, after the application of FUS-mediated
thermal ablation, for immune cell infiltration and function.
RESULTS We demonstrate that thermal FUS induces dendritic cell accumulation and matureation, and
cooperates with immune interventions to slow tumor outgrowth.
CONCLUSIONS Considerable opportunities exist to develop FUS in the context of anti-tumor immunity,
but substantial further investigation needs to be undertaken to understand the optimial protocols and
companion therapies in order to anticipate and counter adpative resistance.
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FOCUSED ULTRASOUND THERAPY COMBINED WITH PEMBROLIZUMAB TO AUGMENT IMMUNE
RECOGNITION IN METASTATIC BREAST CANCER
Patrick Dillon1 , Bethany Horton2 , Timothy N Bullock3 , Christiana Brenin1 , David R Brenin4
1. Hematology-Oncology, University of Virginia, Charlottesville, Virginia, United States.
2. Public Health Sciences, University of Virginia, Charlottesville, Virginia, United States.
3. Pathology, University of Virginia, Charlottesville, Virginia, United States.
4. Surgery, University of Virginia, Charlottesville, Virginia, United States.
OBJECTIVES Focused ultrasound (FUS) is an ablative therapy which can heat tumors rapidly to cell
damaging temperatures and simultaneously perturb the microenvironment, the microvasculature, and
the lymphatics. At typical energy levels, FUS can induce controlled apoptotic cell death rather than
liquefactive necrosis. FUS does not involve radiation. FUS is a partially ablative therapy using high
energy ultrasound waves to induce heat shock proteins, cytokine release and cellular mediated
mechanisms resulting in T cell activation and recognition of tumor antigens. FUS has been demonstrated
to be an effective method for inducing tumor antigen exposure and presentation to dendritic cells, thus
acting as an auto-vaccine. Pembrolizumab (PBZ) is a PD-1 targeted antibody used in the treatment of
multiple solid tumors to augment T cell activation. It is hypothesized that the combination of these two
modalities will result in T cell infiltration into breast tumors as well as systemic immune responses.
METHODS In this pilot study, PBZ therapy is analyzed in combination with FUS to assess for immune
stimulation and antitumor effects at local ablation sites, distant non-treated sites and in the blood. Biopsy
before, after and 10 weeks post-FUS will examine the tissue in the peripheral zone of ablation as well as
at distant metastatic sites for CD8 and CD4 T cells, MDSC’s, T-regulatory cells and cytokine responses.
Twelve patients will be randomized to receive either PBZ 14 days before or 7 days after a single time
FUS partial tumor ablation on day 15. FUS will be delivered by Theraclion Echopulse device at 45W
power, with a skin cooling device. Biopsies will be on days 1, 22 and 64 and tumor imaging will be every
12 weeks after baseline. Patients must have metastatic or unresectable breast cancer, adequate organ
function, and prior therapy in the metastatic setting. They must also have a tumor in the breast or axilla
amenable to FUS and biopsy.
RESULTS Four patients have been enrolled and treated to date. The median age is 62. All patients had
metastatic breast cancer and accessible primary tumors in breast or axilla. Ultrasound ablations of
30-42% of each lesion was accomplished at 45W power using checkerboard patterns. Increases in
CD8+, FOXP3- tumor cells were observed in the periablation zones. Increased numbers of PD-L1+ cells
were also observed in peri-ablation zones. Clinical responses will be measured by RECIST criteria. The
treatments were reasonably well tolerated and no auto-immune toxicity is observed to date. The trial is
ongoing.
CONCLUSIONS To date, focused ultrasound ablation in combination with pembrolizumab has has been
safe and has resulted in observable changes to the immune microenvironment in metastatic breast
cancer.
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HISTOTRIPSY MEDIATED IMMUNOMODULATION IN A MOUSE GL261 INTRACRANIAL GLIOMA
MODEL
Tyler Gerhardson1 , Anupama Pal2 , Lindsay Sheetz3 , Jonathan Sukovich1 , Jonathan Lundt1 , Timothy
Hall1 , Beata Chertok3 , Alnawaz Rehemtulla2 , Charles Cain1 , Zhen Xu1
1. Biomedical Engineering, University of Michigan, Ann Arbor, Michigan, United States.
2. Radiation Oncology, University of Michigan, Ann Arbor, Michigan, United States.
3. Pharmaceutical Sciences, University of Michigan, Ann Arbor, Michigan, United States.
OBJECTIVES Glioblastoma (GBM) is the most common and most malignant primary brain tumor in
adults. Despite aggressive standard therapy including surgery, radiotherapy, and concomitant and
adjuvant temozolomide the prognosis is poor with a median overall survival (OS) of less than 15 months.
GBM is a highly invasive and diffuse tumor with no clear margin between tumor and healthy brain tissue,
making full surgical resection impossible. Recent success of immunotherapies in treating cancers such
as melanoma has sparked interest in applying such therapies to GBM. Although beneficial effects of
immunotherapies in treating mouse models of GBM have been demonstrated, their limited efficacy has
hampered immediate clinical translation. In an effort to enhance anti-tumor immunity in GBM, we
hypothesized that histotripsy, due to its ability to induce tumor ablation in a safe and targeted manner,
could be used to increase tumor permeability and activity of the anti-tumor immune response. In this
initial study, we investigated the immune response of a mouse GL261 intracranial glioma model after
histotripsy ablation of a fraction of an intracranial GBM.
METHODS GBM was induced by inoculating GL261-luc2 cells into the right striatum of C57 BL/6 albino
male mice (n=27). Tumor monitoring was performed using T2-weighted MRI and bioluminescence
imaging. Histotripsy treatment was applied to a portion of the tumor in 15 of the 27 mice. The remaining
12 were left untreated as controls. A 1 MHz, 8 element transducer with aperture diameter of 58.6 mm
and focal length of 32.5 mm was used for treatment. A phased array imaging probe was inserted
coaxially within the transducer to allow tumor targeting and treatment monitoring. Tumors were targeted
using features visible on both pretreatment MRI and B-mode ultrasound. 50 histotripsy pulses were
applied through the skull to a single point within the tumor at a pulse repetition frequency (PRF) of 1 Hz
and an estimated peak-negative pressure of 40 MPa. Preliminary experiments in healthy mice showed
well-defined lesions using these treatment parameters (Fig. 1). Treatment was applied 2 weeks after
inoculation. Mice were monitored for 1 week after histotripsy treatment. The animals were euthanized at
day 21 post tumor inoculation and tissues including brain tumors, spleens and lymph nodes were
harvested for ex vivo analysis. Ex vivo analysis was performed by flow cytometry and
immunohistochemistry. Histological Giemsa staining of brain tumor sections was interpreted by a
pathologist. The overview of the study and specific time points is shown in Figure 2.
RESULTS Of the 15 mice treated with histotripsy, 14 survived treatments, all with lesions visible in
post-treatment MRI. 12 of these mice were confirmed to have lesions in a portion of the bulk tumor
volume as observed via MRI. Of the 12 control mice, 11 survived until the euthanasia date with 1 mouse
dying 3 days prior to euthanasia. Figure 3 shows the pre- and post-treatment T2-weighted MR images
from tumor monitoring of a treated mouse. Flow cytometry results yielded a two-fold decrease (a = 0.05)
in the number of myeloid derived suppressor cells (MDSCs) in the brain tissue of mice treated with
histotripsy relative to that of the control mice (Fig. 4a). Additionally, a large increase (up to 4000-fold) in
interferon gamma (IFN-g) was observed in mice treated with histotripsy (Fig. 4b). Immunohistochemistry
revealed that tumor cells sampled from regions away from the histotripsy lesion in treated mice showed
shrunken cells with shrunken and pyknotic nuclei separated by edema with insufficient cells to assess
the mitotic index (Fig. 4c). In contrast, brain tumor cells in control mice preserved a high mitotic index
(Fig 4d).
CONCLUSIONS In this initial study, we investigated the immune response of a mouse GL261
intracranial glioma model after treating a portion of the brain tumor with histotripsy. Flow cytometric

analysis showed a decrease in highly immunosuppressive MDSCs in histotripsy treated tumors
compared to untreated brain tumors. In addition, the IFN-g production was found to be extremely low in
the untreated control tumors (consistent with literature), whereas histotripsy treated tumors showed
relatively large amounts of IFN-g, suggesting that the decrease in MDSC resulted in a decreased
immunosuppressive inratumoral environment. Analysis of tumor immunohistochemistry revealed that
histotripsy treated tumors showed shrunken tumor cells with shrunken and pyknotic nuclei separated by
edema which contrasted with the untreated brain tumors, which appeared relatively healthy. These initial
results provide a compelling rationale for the safety of GBM therapy using histotripsy, while changes in
immunomodulatory cell populations provide evidence of potential mechanisms that may be at work in
increasing the immunogenicity of the tumors following histotripsy treatment.

Figure 1. The brain of a healthy mouse after applying 50, 1 MHz histotripsy pulses to a single point
through the skull at a PRF of 1 Hz. These parameters showed well-defined lesions as observed in both
T2-weighted MRI (top) and H&E stained histology (bottom).

Figure 2. The overview of the study and specific time points. GBM was induced by inoculating
GL261-luc2 cells into the right striatum of C57 BL/6 albino male mice on day 0. Pre-treatment MR and
bioluminescence imaging took place on days 7 and 12. Histotripsy treatment was applied on day 14, 2
weeks after tumor implantation. Post-treatment imaging took place on days 15, 18 and 20. On day 21, 1
week after histotripsy treatment, mice were euthanized and their brain tumors, spleens and lymph nodes
were harvested for flow cytometry and immunohistochemistry on the primary tumor.

Figure 3. The pre- and post-treatment T2-weighted MR images from tumor monitoring of a treated
mouse. A well-defined lesion is evident within the tumor in the first post-treatment image (day 15).

Figure 4. Flow cytometry results for brain tissue (BT), spleen, sentinel lymph node (SLN) and draining
lymph node (DLN) (a) showed a two-fold decrease (a = 0.05) in the number of MDSCs in the brain tissue
of mice treated with histotripsy relative to that of the controls. A large increase in IFN-g (b) was also
observed in mice treated with histotripsy. Giemsa staining of sections of brain tumor from treated mice
(c) showed shrunken cells with shrunken and pyknotic nuclei separated by edema with insufficient cells
to assess the mitotic index. In contrast, sections of brain tumors from control mice (d) had intact tumor
cells and a high mitotic index.
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PARTIAL TUMOR ABLATION WITH MAGNETIC RESONANCE-GUIDED FOCUSED ULTRASOUND
POTENTIATES A DISTINCT TYPE I IFN SIGNATURE TO SYNERGIZE WITH IMMUNOTHERAPY
Matthew Silvestrini1 , Michael Chavez1 , Elizabeth Ingham1 , Brett Fite1 , Lisa M Mahakian1 , Sarah M
Tam1 , Asaf Ilovitsh1 , Arta Monjazeb1 , William Murphy1 , Neil Hubbard1 , Ryan Davis1 , Clifford Tepper1 ,
Alexander Borowsky1 , Katherine W Ferrara1
1. University of California Davis, Davis, California, United States.
OBJECTIVES Focal ablative techniques have the potential to improve the response to cancer
immunotherapy in solid tumors that lack a robust immune infiltrate. Previously, we demonstrated an
efficacious protocol that incorporated primary tumor ablation with magnetic resonance-guided focused
ultrasound (MRgFUS), a toll-like receptor 9 agonist (CpG) and a checkpoint inhibitor (anti-PD-1) in a
murine model of mammary adenocarcinoma. Here, we set out to identify the mechanisms by which the
MRgFUS ablation-activated immune response enhances the efficacy of an intensive immunotherapy
protocol (CpG+anti-PD-1).
METHODS Mice bilaterally transplanted with a syngeneic (HER2+) mammary adenocarcinoma tumor
line (the neu deletion line (NDL)) were treated with either ablative-immunotherapy (AI) or immunotherapy
only (IO). Anti-PD-1 (200 µg, i.p., days 21 & 28) and CpG (100 µg, i.t., days 21, 24 and 28) were
administered prior to MRgFUS ablation of a single tumor (3 MHz central frequency, 3.1 MPa peak
negative pressure, circular pattern with R=2 mm, 1 revolution per second, 65 degrees Celsius for 1 min,
days 21 and 28) over the course of a week. Tumors were harvested one week after ablation (day 38) for
either transcriptomic, flow cytometric, quantitative PCR or immunohistochemistry (IHC) analysis.
RESULTS Principal component analysis (PCA) of RNAseq data revealed transcriptome-wide
differences between biological groups, where half of the distant IO tumors clustered with NTC tumors
suggesting that thermal ablation enhanced the systemic anti-tumor response. Further, tumor growth and
IHC of distant lesions confirmed that AI treatment enhanced the abscopal response compared to IO
treatment. A Type 1 interferon (IFN) signature was upregulated in AI-treated compared to IO-treated
tumors based on gene set enrichment analysis using DAVID. We verified Type 1 IFN release after
thermal exposure in vivo and the concentration of both IFN-a and IFN-b in the blood was significantly
enhanced by AI treatment at 6 hrs after the ablation time point (assayed at day 31). As a result, signals
associated with the TNF pathway (KEGG mmu04668) were differentially upregulated in AI-treated vs
IO-treated tumors, including MMPs, cytokines, chemokine signaling, and lymphocyte chemotaxis.
CONCLUSIONS In summary, we found that combining partial tumor ablation with MRgFUS and
immunotherapy induced a distinct gene signature, enhanced myeloid cell recruitment and improved the
abscopal response.
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ACCELERATED CLEARANCE OF ULTRASOUND CONTRAST AGENTS CONTAINING
POLYETHYLENE GLYCOL (PEG) IS ASSOCIATED WITH A PEG-SPECIFIC IMMUNE RESPONSE
Samantha Fix1 , Ange Gloria Nyankima2 , Morgan D. McSweeney1 , James K. Tsuruta2 , Samuel K. Lai1,2 ,
Paul A. Dayton1,2
1. Eshelman School of Pharmacy, University of North Carolina at Chapel Hill, Chapel Hill, North
Carolina, United States.
2. Joint Department of Biomedical Engineering, University of North Carolina at Chapel Hill and North
Carolina State University, Chapel Hill, North Carolina, United States.
OBJECTIVES Microbubbles (MBs) serve many functions in the field of therapeutic ultrasound. For
tissue ablation by high intensity focused ultrasound, MBs act as cavitation nuclei, lowering the acoustic
energy required to induce tissue necrosis. MBs in conjunction with low intensity focused ultrasound have
demonstrated great potential for improving localized drug delivery by transiently disrupting cell
membranes or vascular barriers (e.g. the blood brain barrier) and allowing efficient drug/gene
accumulation. For therapeutic applications, accurate knowledge of intravascular MB concentration is
important for treatment planning.
Many MB formulations are lipid-based and contain polyethylene glycol (PEG) to provide enhanced
stability and reduced clearance by the innate immune system. Recent evidence suggests that the
immune system is able to generate PEG-specific antibodies after a single exposure to PEGylated
particles, and this in turn leads to accelerated blood clearance (ABC) of subsequent doses. If the ABC
phenomenon affects PEGylated MBs, we believe this would have important implications for therapeutic
ultrasound applications where consistent MB doses are desired during the course of repeated
treatments.
The objective of our study is to (1) characterize the anti-PEG immune response generated in response to
repeated administration of PEGylated MBs formulated in house (house-MBs) over a one-month period,
(2) investigate associated changes in house-MB pharmacokinetics over the same time frame, and (3)
study the ABC phenomenon for FDA-approved Definity (PEGylated) and Optison (non-PEGylated) MBs.
METHODS One group of rats received multiple doses of PEGylated house-MBs over a 28-day period.
At each time point, MB circulation kinetics were quantified by contrast time intensity curve (TIC) analysis.
Blood samples were collected at each time point and analyzed for anti-PEG antibodies via ELISA. These
experiments were repeated with Definity and Optison MBs. To study the mechanistic role of anti-PEG
antibodies on accelerated MB clearance, we performed a competition experiment where free PEG was
administered prior to the house-MB dose and the influence on circulation kinetics was analyzed.
RESULTS We observed ABC starting 2-days after the initial dose of house-MB (Fig 1). Clearance
steadily became more accelerated until Day 14 when we observed the most rapid clearance
characterized by a 4.2⇥ reduction in MB half-life. This maximally accelerated clearance was matched at
the 28-day time point. Analysis of the animals’ serum showed anti-PEG IgM and IgG generation that
peaked 7 - 14 days after the initial MB dose. Dosing animals with free PEG as a competition agent prior
to MB administration significantly prolonged microbubble circulation (Fig 2). This suggests that the ABC
effect for house-MBs is largely driven by anti-PEG antibodies.
We observed similar ABC when Definity was administered repeatedly over a 30-day period (Fig 3).
Repeat administration of Definity was also associated with anti-PEG antibody generation. Conversely,
repeated administration of non-PEGylated Optison resulted in no anti-PEG antibody production.
However, we did observe a slight change in Optison clearance on Day 30, which we hypothesize is
related to the immunogenicity of the human albumin shell in rats (Fig 4).
CONCLUSIONS We conclude that repeated administration of PEGylated MBs over several days-weeks
results in an anti-PEG immune response and dramatically accelerated MB clearance. We believe that
changes in microbubble intravascular dwell time is important for longitudinal therapeutic ultrasound
treatments where MBs are employed. Understanding changes in MB pharmacokinetics is important for

applications where MBs need to be present for the entire treatment duration (e.g. following a bolus dose)
and when precise intravascular concentrations are needed for treatment planning/dosing. This may be
particularly important for instances where microbubbles are used as drug carriers, as microbubble
circulation time would then be directly related to drug exposure.

Figure 1. Time intensity curves showing accelerated clearance of bolus dose house-MBs when
administered multiple times over a 28-day period

Figure 2. Competition with free PEG (after the ABC effect had been mounted) prolongs the circulation
time of house-MBs to nearly match that of the initial dose.

Figure 3. Time intensity curves showing accelerated clearance of PEGylated Definity microbubbles when
dosed repeatedly over a 30-day period.

Figure 4. Optison, which is non-PEGylated, shows rapid clearance at baseline. Optison clearance
becomes slightly more accelerated towards the end of the 30-day period; however, this effect was
modest in comparison to that seen for either of the PEGylated agents (house-MBs or Definity).
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PROTEOMIC ALTERATIONS IN MURINE BREAST TUMOR AND MELANOMA MODELS
FOLLOWING PULSED FOCUSED ULTRASOUND: IMPLICATIONS FOR IMMUNOTHERAPY
Omer Aydin1 , Rebecca M. Lorsung1 , Scott R Burks1 , Joseph A. Frank1
1. Radiology, NIH, Bethesda, Maryland, United States.
OBJECTIVES Immunotherapy is aggressively being investigated as a therapeutic option for primary and
recurrent malignancies. Immunotherapy reprograms the innate and adoptive immune system to
recognize tumors as foreign that results in directed tumor cell kill without the bystander toxic effects to
normal surrounding tissues. Unfortunately, immunotherapy does not always completely eliminate the
primary or metastatic disease and recurrence can occur. Immunotherapy can be hindered by the
complex tumor microenvironment (TME) that contains cancer cells, immune cells, stroma cells,
extracellular matrix, and vasculature which can limit the activation of the immune system. Cytokine
signaling in the TME is highly immunosuppressive to promote cancer cell proliferation for targeted
treatment. The TME contains various cytokines, chemokines and trophic factors (CCTF) such as
transforming growth factor beta (TGFb), Interleukins (IL) 4,10,13 and vascular endothelial growth factor
(VEGF) that act as intra-tumoral immune-suppressants. The ability to shift the TME towards an
anti-tumor immune environment by inhibiting TGF-b, IL-10, or increasing damage-associated molecular
patterns (DAMPS) along with IL1a, IL1b, IL-2, IL-17, TNF-a, IP10 and INF-g can potentiate cytotoxic
immune responses. Recent studies have demonstrated that non-thermal pFUS can be used to
manipulate CCTF and immune responses. In this study, we investigated the effect of pFUS on CCTF in
the TME at different peak negative pressures (PNP).
METHODS B16 and 4T1 cells were subcutaneously implanted into the bilateral hindlimbs of C57 and
Balb/c mice, respectively (n=6 per group). Ultrasound-guided pFUS (VIFU 2000 Alipinion) at 1 MHz was
administered to tumors 5 mm in diameter at PNP of 1, 2, 4, 6, 8 MPa. The entire tumor volume was
sonicated with a 2-mm spacing between points using a 10% duty cycle and a pulse repetition frequency
of 10 Hz, US burst 10 msec. Tumors were harvested after 24hrs after sonication for molecular analyses
by multi and single plex ELISA. Statistical analysis was performed by ANOVA compared to sham
sonicated tumors with significance p<0.05.
RESULTS Molecular analyses showed that IL-10 was significantly decreased in B16 tumors at PNP
2MPa. TNF-a was increased in 4T1 tumors at >2 MPa (p<0.05). TGF-b, was significantly reduced
(p<0.05) in both tumors following pFUS at > 4 MPa. IL-17 increased in 4T1 tumors at all PNPs
(p<0.05). Following pFUS to both tumors we observed an increased in the intercellular adhesion
molecule (ICAM) that interact with integrins on immunes was increased at PNP >2MPa. In addition,
molecular analysis for calreticulin (CRT) on tumor cells revealed increased expression starting at 2MPa
that can promote macrophages to engulf tumor cells.
Histological analyses showed that pFUS-treated tumors had elevated number of, and large populations
of TUNEL+ tumor cells in both B16 and 4T1 tumors.
CONCLUSIONS These results indicate that pFUS can act as a neoadjuvant altering tumor towards an
anti-tumor immune TME at PNP >2MPa that can ultimately stimulate and immune cell response. In
addition, there were notable differences between the two tumor types in response to pFUS at 24 hours.
Further research is needed to optimize pFUS induced temporal expression of CCTF, CAM CRT that will
result in a shift towards a durable anti-tumor immune TME that would contribute to immunotherapy
treatment of malignancy.

Figure 1. IL-10, TNF-a, and TGF-b changes in sonicated B16 and 4T1 murine tumors at various PNPs.
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MAGNETIC RESONANCE-GUIDED FOCUSED ULTRASOUND TUMOR ABLATION MEDIATES
TUMOR ANTIGEN RELEASE, CROSS-PRESENTATION, AND CROSS-PRIMING
Brett Fite1 , Matthew Silvestrini1 , Elizabeth Ingham1 , Michael Chavez1 , Lisa Mahakian1 , Sarah Tam1 ,
Asaf Ilovitsh1 , Arta Monjazeb1 , Neil Hubbard1 , Alexander Borowsky1 , Katherine W Ferrara1
1. University of California Davis, Davis, California, United States.
OBJECTIVES Thermal ablation with magnetic resonance-guided focused ultrasound (MRgFUS) is a
spatially-delimited platform for the minimally-invasive treatment of solid tumors. While this focal ablative
strategy is capable of providing local tumor control through the induction of weak anti-tumor immune
effects, the mechanisms by which this occurs is not well characterized. Here, we set out to assess the
dynamics of tumor antigen release, cross-presentation and cross-priming by the immune system after
thermal ablation.
METHODS We used a murine melanoma model, where B16 cells expressing ovalbumin (B16-OVA)
were injected at one site and a secondary B16 tumor line not expressing the cognate antigen (B16-F10)
were injected into a distant site in the same wildtype immune-competent C57BL/6J mouse. A single
treatment of either MRgFUS partial ablation or hyperthermia was then applied to a discrete, central
region within the B16-OVA tumor 13 days after tumor cell transplantation. Tumor antigen uptake and
cross-presentation by the immune system was quantified by the fraction of antigen presenting cells
(APCs) displaying the OVA peptide, SIINFEKL, bound to the H-2Kb of MHC class I molecules in tumors,
lymph nodes, spleen and blood 48 hours after treatment via flow cytometry.
RESULTS Thermal ablation locally enhanced the tumor fraction of leukocytes, macrophages and
dendritic cells presenting the OVA SIINFEKL peptide, whereas hyperthermia (maximum temp ⇠50 C)
did not provide an immunocompetent response. Further, we found that this effect was attenuated 7 days
after treatment; the tumor fraction of leukocytes displaying SIINFEKL was no longer significantly
enhanced. To elucidate the capacity of thermal ablation to mediate cross-priming we quantified the
fraction of CD8+ T-cells whose T-cell receptors (TCRs) were specific for the MHC-SIINFEKL complex 7
days after treatment. Thermal ablation significantly increased the fraction of OVA-specific CD8+ T-cells in
the tumor and spleen of ablation-treated one week after treatment.
CONCLUSIONS Taken together, these data demonstrate that thermal ablation incudes the release of
tumor antigen, which in turn drives a local tumor specific immune response.
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STATE OF THE ART AND NOVEL SYSTEMS FOR ULTRASOUND-HYPERTHERMIA
Steffen H. Tretbar1
1. Ultrasound, Fraunhofer IBMT, St. Ingbert, Germany.
OBJECTIVES In this talk, a review on the state of the art of existing US hyperthermia systems is given
and the influence, the possibilities but also the limits of the different settings are considered. A novel
scalable multipurpose FUS system will be presented.
HIFU/FUS is based on the delivery of high acoustic energy densities leading to tissue coagulation. In
contrast, ultrasound hyperthermia (US-HT) produces only a soft temperature increase (40-45 C)
leading to changes in blood flow, hypoxia and membrane integrity. These physiological effects can be
used for therapy since they can induce a better drug uptake and a better response to radiation therapy.
However, up to now, no dedicated hyperthermia systems are available. Existing setups for US-HT mostly
rely on non-calibrated lab hardware with limited control over acoustic output settings or HIFU systems
that operate at reduced output power. Optimized hyperthermia will require systems that provide a full
control of output parameters, and furthermore allow a real time monitoring of the induced temperature
increase in tissue in 3D. Such an optimized hyperthermia system would consist of applicators
(Transducer), transmission- and control-electronics as well as planning software and ideally a reliable
monitoring approach. As of today only MR guided FUS and HiFU systems provide temperature mapping
for clinical use.
METHODS The different types of applicators are made of various materials and are produced in a wide
range of structures and geometries (cMUT, ceramics, single-element applicators, ultrasonic arrays).
Each design has certain advantages and disadvantages with respect to corresponding transmission- and
control- electronics (single-channel, multi-channel) and comes with defined possibilities of therapy
control. To combine the advantages of different system configurations, we have developed a scalable
focused ultrasound system which allows the valid transfer of results from in vitro studies to the application
in small animal models to the patient, while providing a full control to all relevant output settings.
RESULTS Based on our multichannel ultrasound platform DiPhAS (digital phased array system), we
developed a flexible and scalable system for hyperthermia and other FUS applications. Given that
several physical parameters such as the frequency, the pulse length and the PRF have a direct effect to
the induced hyperthermia effect, our system provides direct access to the parameters to users.
For an efficient transfer from in-vitro to in-vivo settings, the electronics platform has been equipped with
different transducer systems: for in-vivo applications, transducer matrices of 8 x 12 elements for
dry-coupling to 96 wells plates have been developed at different frequencies between 0,5 and 2 MHz.
Calibrations measurements were performed with (calibrated) hydrophones, so that defined levels of
ultrasound exposure can be applied to the different wells. For in-vivo experiments, an MR-compatible 11
x 11 matrix array for integration in a small animal PET/MR imaging system has been developed. Again,
calibration was performed so that controlled acoustic output levels can be delivered.
CONCLUSIONS By using a single ultrasound electronics hardware with calibrated transducers both for
in-vivo and in-vitro experiments, findings can accurately be transferred from one setting to another and
conditions, which lead to the desired biological effects in-vivo can be reproduced in-vitro. However,
monitoring remains a challenging task. While in-vitro conditions (e.g. spatial variation of sound
distribution) can easily be controlled and predicted due to constant acoustic properties of the medium
(water), unknown anatomies and acoustic tissue properties can lead to strong differences between a
priori calibration measurements and the actual in-vivo situation. Accordingly, there is a strong need for
reliable real-time monitoring approaches either based on MR- or ultrasound thermography. While the
latter is still under investigation and achieving the required resolution is a challenging task,
MR-thermometry can be used when MR-compatible ultrasound and MR-systems are combined such as
proposed.
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IN VITRO EFFECTS OF ULTRASOUND HYPERTHERMIA AND RADIATION THERAPY ON
GLIOBLASTOMA, PROSTATE AND HEAD AND NECK CANCER CELL LINES: PRELIMINARY
STUDIES
Xinrui Zhang1 , Lisa Landgraf1 , Ina Patties2 , Shaonan Hu1 , Damian McLeod3 , Marc Fournelle4 , Steffen
H. Tretbar4 , Thomas Neumuth1 , Andreas Melzer1
1. Innovation Center Computer Assisted Surgery, Leipzig, Germany.
2. Department of Radiation Therapy, University of Leipzig, Leipzig, Germany.
3. OncoRay - National Center for Radiation Research in Oncology, Technische Universität Dresden,
Dresden, Germany.
4. Fraunhofer IBMT, St. Ingbert, Germany.
OBJECTIVES Focused ultrasound (FUS) for the ablation of tumor tissue, including liver, breast,
pancreas, thyroid, brain and bone, has been intensively investigated in the clinic. The non-invasive and
non-ionizing aspects of the treatment strategy have aided the clinical acceptance of FUS. In addition to
ablative procedures at high temperatures (>50 C) leading to coagulative necrosis of tissue, FUS is able
to generate localized hyperthermia (HT) (40-46 C) to specific target organs. HT has previously been
reported to sensitize cells to radiation therapy (RT) and chemotherapy. However, there is no
standardized hyperthermia technique currently used in routine clinical practice. Furthermore, there are
limited studies that have investigated the biological effects of acoustic waves on cancer cells when
ultrasound-induced-hyperthermia (US-HT) is combined with RT. Data from such studies are required for
the successful translation of this combined therapy into the clinic. In this study, the effects of combined
US-HT and RT were investigated in vitro on human glioblastoma (T98G), prostate (PC-3) and head and
neck cancer cell lines (FaDu and UT-SCC-5).
METHODS For optimized in vitro FUS hyperthermia treatment, a novel high-throughput cell US therapy
system for sonication of US-penetrable 96 well µ-clear plates (Greiner Bio-One GmbH) was developed.
The US system possesses 96 individual piezoelectric transducers and delivers acoustic energy to the
individual wells using acoustic dry coupling. Monolayer cancer cells were seeded in the respective plates
for sonication and irradiation. With an operation frequency at 1 MHz and intensity of 0.75 W/cm2 , the US
device was switched on and off to generate hyperthermia (40-45 C) for 20 min. Temperature was
monitored in real-time by an infrared thermal camera (PI450, Optris GmbH) with imaging software (PI
connect version 2.10) during hyperthermia treatment. Thermo block- hyperthermia was performed as a
control. Cells were irradiated 15 or 60 min post hyperthermia treatment with a 150 kV X-Ray device
(DARPAC 150-MC) at single dose of 10 Gy at a dose rate of 0.86 Gy/min. Cellular metabolism (WST-1
assay, Roche Diagnostic GmbH), proliferation (BrdU assay, Roche Diagnostic GmbH) and DNA
double-strand breaks (gH2A.X assay, Cell Signaling Technology Inc.) were evaluated at different time
points after the therapy.
RESULTS Preliminary results showed that there was a greater decrease in cellular metabolic activity
(cellular NAD(P)H) in the US-HT group (T98G: 72%, FaDu: 10%, UTSCC-5: 12.5%) when compared to
the control-HT (T98G: 80%, FaDu: 79%, UTSCC-5: 96.5%). Following US-HT, there was also a greater
decrease in NAD(P)H levels in the head and neck cancer cell lines when compared to the glioblastoma
cell line. Regarding the treatment regime for combined therapy, a greater reduction in cellular NAD(P)H
levels was observed in T98G cells when RT was performed 15 min post-HT (47% viable cells) compared
to 60 min post hyperthermia (58% viable cells).
CONCLUSIONS Our preliminary data suggest that US-HT had a greater treatment effect in all tested
tumor cell lines compared to control-HT. This may indicate that US-HT has both heat and biomechanical
effects on tumor cells. For the combination of US-HT and RT, the shorter time interval between the two
treatment modalities was most effective. Future studies will investigate the underlying mechanisms of the
combined treatment.

Figure 1: Relative cellular NAD(P)H levels of glioblastoma (T98G) and head and neck (FaDu,
UT-SCC-5) cancer cell lines treated by Thermo block-hyperthermia (HT) or US-hyperthermia, data were
normalized to untreated control values, which were set as 100%.
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HYPERTHERMIC ABLATION WITH FOCUSED ULTRASOUND (FUS-HIFU) IN LIVER AND
PANCREATIC CANCER. RESULTS OF A SEVEN-YEAR OBSERVATIONAL COMPARATIVE STUDY
OF RETROSPECTIVE COHORTS IN PANCREATIC TUMORS.
Joan Vidal-Jove1,2
1. Interventional & Hyperthermic Oncology, Institut Khuab Barcelona, Barcelona, Spain.
2. HIFU Oncology Ablation Unit, Hospital Mutua Terrassa, University Barcelona, Barcelona, -, Spain.
OBJECTIVES FUS-HIFU is an Hyperthermic Interventional Oncology procedure that is usefull at
obtaining local disease control with a non-invasive approach. We describe the experience of the HIFU
Oncology Ablation Unit of Hospital University Mutua Terrassa (Barcelona, Spain), and the Interventional
Oncology Unit of Institute Khuab Barcelona, treating malignant advanced liver and pancreatic tumors.
We compare our experience of treating pancreatic cancer with FUS-HIFU plus standard chemotherapy
regimens versus a cohort of patients treated at the same institution at the same period of time with
standard chemotherapy regimens only. This is a seven years observational comparative study of
retrospective cohorts in pancreatic tumors.
METHODS From February 2008 to May 2016 we have treated 180 malignant cases. Of those, 40 cases
of primary and metastatic liver tumors are studied. We include patients that were not candidates for
surgery or standard ablation. All the patients continued their systemic chemotherapy treatments after the
ablation procedure was performed.
We also included a total of 57 patients with non resectable pancreatic tumors, stage III and IV. These
patients were treated with FUS-HIFU plus standard combinations of chemotherapy with gemcitabine. We
only included stage IV patients that responded previously to chemotherapy. As a control group, we have
a cohort of 58 patients treated at the same institution at the same time. We present the results of the 115
group of pancreatic patients.
RESULTS The distribution of the 180 cases treated reflects a majority of pancreatic and liver tumors.
We first analyze the 40 liver tumors. Total treatment timings are between 60 and 180 minutes. Difficulties
related to pacient positioning, access to segments VII and VIII, and real-time response evaluation
prolonged the procedures. Access to deep lesions its feasible (segment I, Inferior Vena Cava). Clinical
responses (ablation obtained) were 92 % in all cases. Major complications included skin burning grade
III that required plastic surgery (1), and costal osteonecrosis (1). Overall Percent Survival is 28.5 % at 5
years follow up.
The distribution of the 115 pancreatic cases treated reflects no relevant differences in descriptive data.
We specially analyze the 57 patients in the FUS-HIFU plus chemotherapy group. Clinical responses
(ablation obtained) were 82% in all cases. We obtained 12 complete responses (21%) at the end of the
combined treatment. Major complications included severe pancreatitis (2), skin burning grade III that
required plastic surgery (2), duodenal perforation (1). One patient died from a delayed duodenal
perforation. Median Survival is 23 months (6 mo – 4.3 year) and Overall Percent Survival is 18 % at 5
years follow up. Survival analysis between the two cohorts of patients shows a statistically significant
benefit for the group of patients treated with FUS-HIFU plus chemotherapy (p=0.0025). Hazard ratio is
0.45
CONCLUSIONS FUS-HIFU is an effective and safe ablation of malignant liver and pancreatic tumors. In
liver lesions, difficulties related to available devices makes it cumbersome for accessible lesions at
present compared with other ablations available. Access to deep lesions shows an opportunity for this
system to increases its possibilities of use. In pancreatic tumors, compared with a similar cohort of
patients treated a same hospital, it shows a clear survival advantage in non resectable stage III and IV
cancer. These results encourage us to engage our efforts towards a Randomized Multicenter Study.
Hyperthermic tumor ablation needs to be considered as group of oncological therapies along with
Medical, Radiation and Surgical Oncology and re-considered at the light of this experience.
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MICROBUBBLE ASSISTED MRI-GUIDED FOCUSED ULTRASOUND FOR HYPERTHERMIA AT
REDUCED POWER LEVELS
Marc Antonio Santos1,2 , Sheng-Kai Wu1,2 , Zhe Li2 , David Goertz1,2 , Kullervo Hynynen1,2
1. Medical Biophysics, University of Toronto, Toronto, Ontario, Canada.
2. Physical Sciences Platform, Sunnybrook Research Institute, Toronto, Ontario, Canada.
OBJECTIVES Focused ultrasound (FUS) has been employed for decades in thermal therapy for both
hyperthermia and ablative purposes and has demonstrated potential for the non-invasive treatment of
tumors. By combining FUS with magnetic resonance imaging (MRI) thermometry, feedback control
methods have been reported in hyperthermia applications, such as the release of drugs from
thermosensitive liposomal carriers. There are however cancers located at sites that pose significant
challenges for current ultrasound based heating approaches. For example liver tumors are shielded by
bone, which absorbs US and thereby gives rise to unintended off-target heating. With liver there is an
additional issue of respiration induced tissue motion that can make imaging for targeting and monitoring
difficult. Many tumors can be highly perfused and in proximity to large blood vessels which act as heat
sinks and inhibit the ability to elevate temperatures by conventional heating schemes that employ
continuous ultrasound exposures. New heating methods are therefore required to overcome these
issues in order to expand the range of tumor types that can be effectively treated. One approach to doing
this, the subject of the present paper, may be to combine with microbubble contrast agents.
Microbubbles have been found to increase the temperature elevation in the focus of an ultrasound field.
In addition, by combining FUS with microbubbles several therapeutically relevant bioeffects, such as
enhanced permeabilization may be elicited.
In this work we investigate the use of microbubbles in combination with ultrasound based hyperthermia.
A primary objective is to determine if it can reduce the power requirements to achieve hyperthermia. This
is accomplished using MRgFUS that incorporates temperature feedback control, and experiments are
carried out in both muscle and experimental tumors. Further, the experiments were carried out with the
systemic injection of Caelyx, a clinically approved liposomal formulation of doxorubicin. The delivery of
doxorubicin to heated and unheated healthy muscle tissue and tumors as well as unheated tissues were
quantified.
METHODS Experiments were performed in 39 male New Zealand white rabbits. Vx2 tumors were
implanted in 22/39 rabbits used in this study. MRgFUS hyperthermia (42 C for 20 min) was achieved
using continuous wave sonication with a spherically-curved transducer equipped with a sector-vortex
lens designed to heat large volumes. A single-element hydrophone was mounted within the center of the
transducer in order to monitor acoustic cavitation during sonication. Once the target thigh muscle, or Vx2
tumor, reached 42 C Caelyx (2.5 mg/kg of doxorubicin) was administered slowly over 5 min. A subset of
rabbits received MBs (Definity, 20 µL/kg) following the injection of Caelyx and a second subset received
saline without MBs. This was the case for rabbits with and without Vx2 tumor implantations. Doxorubicin
concentrations in heated and unheated tissues were measured with fluorometry.
RESULTS The applied power levels required to maintain the hyperthermia temperature elevation
dropped significantly in healthy muscle when MBs were administered compared to the administration of
saline without MBs. Near-field heating, which has been reported in the context of microbubble assisted
ablation, was not observed. Elevated levels of subharmonics and ultraharmonics were present during
exposures indicating the presence of substantial microbubble oscillations. Doxorubicin concentration in
heated muscle tissue was higher in the group that received MBs. In Vx2 tumors the power drop following
the injection of MBs dropped significantly even when compared to the power drop observed in healthy
muscle tissue with MBs. Drug concentration measurements in tumors are underway.
CONCLUSIONS These results demonstrate the ability of systemically circulating microbubbles to
reduce the required power levels during controlled MRgFUS hyperthermia. This has implications for
treatments in highly perfused targets, and those shielded by bone such as in the liver. Future work will

entail the evaluation of this technique on its ability to improve survival in a rabbit Vx2 tumor model.

MRI-guided focused ultrasound hyperthermia setup and treatment paradigm. (A) Anatomical MRI image
of rabbit thigh muscle bearing a Vx2 tumor (white arrow), dotted rectangles indicate drift correction
phantoms. (B) Hyperthermia curves measured in a rabbit Vx2 tumor receiving Caelyx and microbubbles.
Mean temperatures within a 7 mm diameter region-of-interest are shown (green) as well as the
temperatures that 90% (T90 , blue) and 10% (T10 , red) of the region exceeds. The fiber-optic temperature
measurement of the rectum (brown) and the thigh muscle away from the focus (teal) are shown along
with the ideal tempaerature response (black dashed line) and the acoustic power (purple). (C)
Anatomical image (square inset from (A)) shown at the time points indicated in (B) with thermometry
measurements (color) overlaid upon the anatomical image (gray).
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PRECISION LESION FORMATION IN VASCULAR TISSUE TARGETS IN VIVO
Dalong Liu1 , Dusty Van Helden1 , Parker Dean O’Brien1 , Hasan Aldiabat1 , Rajagopal N Aravalli1 ,
Alexandru Flaviu Tabaran1 , M. Gerard O’Sullivan1 , John Osborn1 , Emad S Ebbini1
1. Electrical and Computer Engineering, University of Minnesota, Minneapolis, Minnesota, United States.
OBJECTIVES Image-guided focused ultrasound (IgFUS) offers the promise of high precision targeting
of tissue structures. Several clinical applications require high precision localization of FUS-induced
lesions including peripheral vascular disease, neuromodulation and renal denervation. However, target
tissues for such treatments can be highly heterogeneous with different acoustic and thermal properties,
which could produce high level of uncertainty in lesion characteristics and degree of localization. This
calls for the use of real-time systems for guidance and monitoring of tissue repose to FUS application
together with real-time closed loop control to avoid overexposure or underexposure. We have previously
demonstrated the feasibility of dual-mode ultrasound array (DMUA) system in targeting atherosclerotic
plaque tissues in a large animal model. The DMUA was used in conjunction with a diagnostic imaging
system for plaque identification and for monitoring the lesion formation, which was performed using
open-loop control. The objective of this study was to demonstrate a DMUA-based IgFUS system for
precision closed-loop control of lesion formation in the carotid bifurcation in vivo.
METHODS IgFUS treatments were performed in rats (⇠300 g) under anesthesia according to an
approved protocol. A 3.5 MHz, 64-element DMUA prototype was used to image the target region as
shown in Figure1. Real-time synthetic aperture (SA) imaging was used to identify the target carotid
arteries aided by their pulsation. The DMUA was connected to a motorized arm to allow 3D scanning of
the target volume, which confirmed the location of the bifurcation and identification of the internal and
external carotid arteries.
Treatment was delivered using the DMUA prototype intermittently at frame rates between 200 - 400 fps
using open-loop and closed-loop control. The latter utilized a high intensity FUS beams capable of
initiating significant increase in tissue echogenicity (indicative of tissue boiling). This event triggered a
closed loop algorithm, which lowered the FUS intensity to guarantee the induction of thermal coagulation
in the target tissues within the focal volume without overexposure.
Animals were sacrificed and tissue samples where submitted for histology at different time points after
IgFUS treatments. H&E was used primarily, but we also used chromogranin A for better identification of
nerves tissues.
RESULTS A representative SA guidance image is shown in Figure 2 with some of the important
structures identified, e.g. the trachea. The pulsation of the vessels on real-time SA imaging provided a
reliable method for identifying the bifurcation, especially when 3D imaging was used.
Histopathology review of initial experiments with open-loop control of lesion formation showed that, even
for well-designed exposure parameters, IgFUS-induced lesions exhibited large degree of variability (22
animals). Both overexposed and underexposed lesions were observed, including failure to form lesions
and the formation of distorted lesions outside the target. With closed-loop control, histopathological
examination of samples from over 240 HIFU shots in 20 animals have confirmed the localization of the
lesions to the target carotid bifurcation region with minimal damage to surrounding structures, e.g.
autonomic ganglia. Furthermore, the observed lesions were consistent with thermal injury of the target
tissue.
Figure 3 shows and example H&E histology slide illustrating damage due to 3 HIFU shots in the vicinity
of the carotid bifurcation in a rat. These shots were delivered using open-loop control. The observed
distortion is partially due to tissue processing, but it also resulted from overexposure conditions. All three
shots were delivered using the same HIFU dose (⇠6,000 W/cm2 for 1 second).
Figure 4 shows an example H&E histology slide illustrating damage due to 3 closely spaced HIFU shots
within the bifurcation region of a rat. These shots were delivered using closed-loop control. The damage
was confined to the bifurcation region and was consistent with thermal necrosis. The initial intensity was
⇠8,000 W/cm2 , but this was quickly reduced by the closed-loop control algorithm and maintained for 0.5

seconds.
CONCLUSIONS Real-time DMUA imaging provided guidance and monitoring of HIFU to allow for
precision lesion formation in the bifurcation region of the carotid artery in the rat model. This precision
was made possible by a real-time closed-loop control algorithm that guaranteed thermal coagulation
without overexposure. The inherent registration between the imaging and therapy coordinate system
together with the high spatial and temporal feedback allowed for the sub-millimeter level preciosn
demonstrated by this study. This opens the door for a number of clinical application involving precision
targeting of neurovascular structures.

Experiment setup for targeting the bifurcation region in the rat using a DMUA prototype. The animal is
supine with its nose connected to anesthesia under approved protocol.

A representative guidance image obtained using DMUA synthetic aperture imaging with the left and right
carotid arteries identified and the trachea serving as a marker. Pulsation on real-time DMUA imaging
allows for reliable identification of the vessels.

Example histology (H&E) of tissue damage due to induced by 3 HIFU shots delivered using open-loop
control.

Example histology slide (H&E) of a single shot in the bifurcation region that produced localized damage
to the vessel wall and immediate surroundings.
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PLANAR CAPACITIVE MICROMACHINED ULTRASOUND TRANSDUCER (CMUT) ANNULAR
ARRAY FOR DYNAMIC HIGH INTENSITY FOCUSED ULTRASOUND (HIFU)
Christopher Bawiec1,4 , W. Apoutou N’Djin1,4 , Guillaume Bouchoux1,4 , Nicolas Sénégond2 , Nicolas
Guillen3 , Jean-Yves Chapelon1,4
1. Inserm, U1032, LabTau, Lyon, France.
2. Vermon S.A., Tours, France.
3. EDAP TMS, Vaulx-en-Velin, France.
4. Univ Lyon, Université Lyon 1, Lyon, France.
OBJECTIVES Ultrasound-guided High Intensity Focused Ultrasound (USgHIFU) systems have been
used in clinics for more than 20 years for treating localized prostate cancer, and have recently (2015)
gained FDA approval. Standard prostate HIFU treatments target the entire gland despite the localization
of the tumors. With recent advances in tumor imaging and treatment guidance (MRI/US fusion), a shift to
focal therapy has become the goal, where only a portion of the prostate probe is treated (ideally all of the
tumor tissue and none of the healthy tissue). In order to accomplish these highly focalized treatments, a
device providing high quality visualization of the treatment area while allowing for accurate generation of
thermal lesions, is necessary. To date, piezoelectric technology is the gold standard for the development
of USgHIFU devices, but can require compromises between the quality of the ultrasound image and the
therapeutic capabilities of the probe. The goal of the presented work was to evaluate if capacitive
micromachined ultrasound transducer (CMUT) technology can be used to improve both imaging and
therapeutic functions of HIFU probes, in the context of the development of focal prostate therapy.
METHODS The CMUT probe under development consists of a planar 64-element annular array for
HIFU delivery housed around a space in the center that accommodates a high-resolution 256-element
linear imaging array. Numerical simulations of HIFU thermal ablation were conducted using the Rayleigh
integral method and the bio-heat transfer equation to evaluate the performances of the proposed CMUT
array compared to those of a commercial state-of-the-art device (piezo-technology, 16 rings, spherically
focused, central frequency: 3 MHz). Prototypes of the CMUT probe were manufactured and evaluated
experimentally. The probes dynamic focusing abilities were characterized with hydrophone acoustic field
measurements. Further experimental validation was performed to ensure that the acoustic intensity
generated by the ultrasound probe was sufficient for lesion formation: acoustic radiation force balance
measurements and thermal imaging of the heating at focus were carried out.
RESULTS When comparing the simulations of the planar CMUT and commercial spherical piezodesigns at 3 MHz, the focusing spots and thermal lesions were comparable in size throughout a range of
dynamic focal distances extending from 32 to 72 mm. These HIFU capabilities were compatible in
simulation with the ablation of a full human prostate volume with performances comparable to those of
the piezo-based clinical system. Experimental evaluation of the CMUT prototype confirmed, through
measurement of the pressure field in water, the dynamic focusing abilities predicted from simulation
results. Acoustic radiation force balance measurements showed that the therapeutic elements of the
probe were capable of producing over 5W/cm2 surface acoustic intensity (necessary for generating
thermal lesions). Thermal imaging showed qualitatively the focusing and power generation abilities of the
probe.
CONCLUSIONS The results of this investigation demonstrate the feasibility of utilizing a planar CMUT
probe design to create dynamically focused HIFU exposures and thermal lesions compatible with the
ablation of human prostate volumes. In addition, this CMUT probe design shows promise for improving
the spatial resolution associated with the embedded ultrasound imaging guidance. Future work will be
concentrated on validating the capability, precision, and repeatability of lesion formation experimentally
both in vitro and ex-vivo, under US guidance. This project was supported by French Single
Interministerial Fund (FUI 2013, MUTATION project, Ref: F1312004F) and the Whitaker Foundation.

Figure 1: (A) Full CMUT Probe Schematic showing all four therapeutic quadrants of the 64-element
annular array (green) and the 256-element linear imaging array (red). (B) Single quadrant showing the
64 annular array elements. (C)Close up showing the individual CMUT cells of a portion of the two
innermost elements. (D) Photograph of prototype probe with all four therapeutic quadrants and the linear
imaging array.
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DEVELOPMENT OF A TOROIDAL HIGH INTENSITY FOCUSED ULTRASOUND TRANSDUCER FOR
THE TREATMENT OF PANCREATIC TUMORS. IN VIVO STUDY OF THE SAFETY AND EFFICACY IN
A PORCINE MODEL
David MELODELIMA1 , Aurelien Dupre2,1 , Stefan langonnet2 , Yao Chen2 , Michel Rivoire2,1
1. LabTAU, INSERM, LYON, France.
2. CLB, Lyon, France.
OBJECTIVES Pancreatic ductal adenocarcinoma (PDA) is the most frequent primary malignancy of the
pancreas, has increased in incidence during the last decade, and now constitutes the fourth leading
cause of cancer mortality. New focal destruction technologies such as high-intensity focused ultrasound
(HIFU) may improve the prognosis of pancreatic ductal adenocarcinoma. Given the inconvenience and
disadvantages of extracorporeal HIFU, we developed an intraoperative HIFU probe, initially designed for
the treatment of colorectal liver metastasis, with encouraging results. The principal interest lies in the
possibility of treating hepatic parenchyma in a short period. The intraoperative HIFU probe designed for
the treatment of liver tumors could be used for pancreatic tumors. The aim of this preclinical study was to
determine the safety and efficacy of intraoperative HIFU in vivo on pancreatic tissue in a porcine model.
METHODS The HIFU transducer has a toroidal shape and was divided into 32 concentric rings of equal
surface (0.78 cm2). The diameter of the transducer and its radius of curvature were 70 mm. The
operating frequency was 2.5 MHz. A 7.5 MHz ultrasound imaging probe was placed in the center of the
device. The imaging plane was aligned with the HIFU acoustic axis. In a porcine model (N = 12), a single
HIFU ablation was performed in either the body or tail of the pancreas, distant to superior mesenteric
vessels. The user interface displayed the position of the HIFU focal region superimposed on the
sonogram obtained by the integrated US imaging probe. We could therefore locate the ablation and
visualize in real time the treated zone created during US exposure. All animals were sacrificed on the
eighth day. The primary objective was to obtain an HIFU ablation measuring at least 1 cm without
premature death. HIFU lesions were studied using ultrasound images, gross pathology and histology.
RESULTS In total, 12 HIFU ablations were carried out. These ablations were performed within 160
seconds. Every ablation could be identified by both palpation and visualization (as a greying on the
pancreas surface). Ablations had a median length of 20 (15–27) mm and a median width of 16 (8–26)
mm, with an interquartile coefficient of 0.16 and 0.23 mm, respectively. The primary objective was
fulfilled in all but 1 pig. The clinical course was uneventful for all animals. No cases of severe pancreatitis
were found at sacrifice. High-intensity focused ultrasound treatment was associated with a transitory
increase in amylase and lipase levels, and pseudocysts were observed in half of the pigs without being
clinically apparent. All ablations were well delimited at both gross and histological examinations.
CONCLUSIONS Intraoperative thermal destruction of porcine pancreas with HIFU is feasible.
Reproducibility and safety have to be confirmed when applied close to mesenteric vessels and in
long-term preclinical studies.
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TRANSOESOPHAGEAL HIFU FOR CARDIAC ABLATION
Francis Bessiere1,2 , Paul Greillier1,3 , Elodie Constantiel-Collas1,3 , Stefan Catheline1 , Bruno Quesson4 ,
Jean-Louis Dillenseger5 , Philippe Chevalier2 , Cyril Lafon1
1. LabTAU, INSERM, Lyon, France.
2. Hospices Civils de Lyon, Bron, France.
3. Université de Lyon, Lyon, France.
4. IHU Liryc, Bordeaux, France.
5. LTSI, INSERM, Rennes, France.
OBJECTIVES Catheter ablation using radiofrequency is currently the main modality for treating drug
refractory complex cardiac arrhythmias. This invasive approach is not fully satisfactory as a complete
electrical destruction of arrhythmic foci can be challenging to achieve in a thick and mobile target. Trans
esophageal ultrasound imaging gives an excellent overview of the heart cavities and myocardium. We
thus proposed to follow a similar approach for performing thermal ablation in the heart using HIFU and
treating cardiac arrhythmias. The goal of this presentation will be to review our results from numerical
simulations, design of the endoscope to in vivo assessment of the technology.
METHODS Numerical simulations were first performed to determine the probe geometry. The initial goal
was to perform a conventional mini-maze procedure using a trans esophageal HIFU for treating atrial
fibrillation. Once fabricated, the prototype was tested ex vivo in pig heart-lung-esophagus (HLE) blocks.
This set up recreates the blood circulation in the heart cavities and was used as our first model in order
to validate the feasibility and the safety of the treatment. In vivo experiments were then conducted on two
different animal models: Pigs and non-human primates. Different parts of the heart were targeted using
dynamic focusing and tissue damages were assessed by MRI and passive elastography. Passive
elastography relies on anatomical noise in order to generate shear waves which speed can be associated
to stiffness and coagulation. Finally, ex vivo tests on a Langendorf model of the heart were done in order
to gate HIFU emissions with ECG and improve the heating and accuracy capabilities of our system.
RESULTS From the results of numerical simulations, an endoscopic prototype (18 mm in diameter) was
manufactured. The active head consisted in an 8-ring HIFU transducer operating at 3 MHz combined
with a 5-MHz commercial transesophageal echocardiography (TEE) transducer positioned at its center.
This design allowed to steer the HIFU focus in the imaging plan from a distance of 17 to 55 mm from the
HIFU transducer. Even if the focusing gain was rather small, precise thermal lesions could be obtained at
the targeted locations in the left ventricle and the interventricular septum rather than in the atria.
Elastographic measurements showed a significant increase of tissue stiffness at the target after heating.
No damage was evidenced on the esophagus. Similarly, the feasibility and the safety of the treatment
were demonstrated in vivo. However, the treatment was challenging because of heart motion and limited
acoustic window. On a Langendorf model, thermal lesions were obtained systematically in ventricles
when synchronizing treatment on the heartbeat.
CONCLUSIONS These first studies demonstrated that thermal ablation can be induced by HIFU safely
in a beating heart following a transesophageal route. Before starting a clinical evaluation of this method,
efforts should be done in the light of these results: 1 - the probe should first be miniaturized to facilitate
insertion, 2- a strategy should be developed for registering and juxtaposing elementary thermal lesions
in the heart in order to treat ventricular arrhythmias, 3- passive elastography should be extensively
evaluated as a mean to follow up treatment and 4 - gated sonication should be tested in vivo for
compensating physiological motion.
Work supported by the ANR and the FUS Foundation
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DEVELOPMENT OF NONINVASIVE TRANSIENT CARDIAC INJURY USING MR-GUIDED PULSED
FOCUSED ULTRASOUND IN A RAT MODEL
Kee W. Jang1 , Tsang-Wei Tu1 , Scott R Burks1 , Bobbi K. Lewis1 , Joseph A. Frank1
1. Radiology and Imaging Sciences, National Institutes of Health, Bethesda, Maryland, United States.
OBJECTIVES The purpose of this study was to investigate the utilization of MR-guided pulsed focused
ultrasound (pFUS) for the development of noninvasive transient cardiac injury in the rat.
METHODS Eight to ten week old female Sprague Dawley rats (n=60) were imaged on a 3T MR scanner
(Achieva, Philips Healthcare, USA) and T2-weighted MR images were acquired with 8.9ms repetition
time (TR), 4.5ms echo time (TE) in 1mm slice thickness through the chest wall in sagittal plane. The MR
images were used as guidance for pFUS to target the left ventricular apical myocardium (center
frequency 1.1MHz; PNP 3 MPa (Mechanical Index = 2.86); 10ms bursts; 1Hz PRF; 100
sonications/point). Following pFUS treatment, proteomic analysis was performed of sonicated
myocardium (n=5/timepoint) over 168hr along with cardiac injury markers from the myocardium and
serum using ELISA. Electrocardiogram (EKG) was recorded pre- and post- pFUS using a recording
module (IX-ECG12, iWorx Systems, Inc., NH). Cine MRI were performed to analyze the rate of left
ventricular ejection fraction (LVEF) at pre-determined time points and the rate was calculated as Stroke
volume/End-diastolic volume x 100[%]. Immunohistochemical analysis revealed that ischemic injury was
observed at 24hrs (Hypoxiprobe-1 Kit, HPI Inc.) without tissue abnormality by H&E stain. Statistical
analysis was performed using ANOVA with multiple comparisons to sham control with p<0.05.
RESULTS pFUS treatment to the myocardial apex induced a delayed cytokine, chemokine, and trophic
factor (CCTF) expression with significant elevations in interleukin (IL) 1a, 1b, 17 tumor necrosis factor
alpha (TNFa) interferon gamma (IFNg) and anti-inflammatory factors including IL4, IL10 along with
chemoattractant factors such as regulated on activation, normal T cell expressed and secreted
(RANTES). Significant (p<0.05) cardiac biomarkers including cardiac troponin I (cTnI) and N-terminal
pro b-type natriuretic peptide (NT-proBNP) were also detected in both serum and myocardium that would
be indicative of cardiac ischemic injury (fig. 1). The expression of proinflammatory cytokines became
significant (p<0.05) at 12 through 24hr after pFUS. The increase in cyclooxygenase 2 (COX2) at 24hr
would suggest that the molecular changes would be occurring through NFkB pathway. The significantly
increased levels of cardiac injury markers, NT-proBNP and cTnI, in both myocardium and serum were
observed after 18hr following pFUS treatment. CCTFs returned to baseline by 48hr. Significant decrease
in HR was observed immediately after pFUS exposure that was returned to baseline levels within 1hr.
Analysis of Cine MRI revealed that the rate of LVEF significantly increased immediately after pFUS that
was returned to baseline levels within 6hr. Immunohistochemical analysis revealed that ischemic injury
was observed at 24hrs without tissue abnormality by H&E stain.
CONCLUSIONS MR-guided pFUS to the rat myocardium at MI = 2.86 resulted in transient cardiac injury
that returned to baseline by 48 hrs. Proteomic changes and cardiac markers would indicate that the
evolution of inflammatory response starting approximately at 6 hrs following pFUS would suggest that
sonication is causing a delayed cardiac injury. Further histological and transcriptomic analysis will be
needed to understand the pathophysiological effects of pFUS to the heart and whether the model can be
used as a pathogenic basis of posttraumatic cardiovascular disease after myocardial contusion.

Figure 1. Proteomic analysis of pFUS treatment in a rat myocardium. Cytokine, chemokine, and trophic
factor (CCTF) expression including cardiac injury biomarkers showed delayed enhancement following
pFUS treatment and the increased expression lasted the end of pre-determined time points. Significance
was determined by ANOVA p <0.05.
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FOCUSED ULTRASOUND-MEDIATED DISRUPTION OF THE BLOOD-BRAIN BARRIER FOR
TARGETED DELIVERY OF NEUROTRANSMITTERS TO THE RAT BRAIN
Nick Todd1 , Yong-Zhi Zhang1 , David Borsook2 , Margaret Livingstone3 , Nathan Mcdannold1
1. Brigham and Women’s Hospital, Boston, Massachusetts, United States.
2. Boston Children’s Hospital, Boston, Massachusetts, United States.
3. Harvard Medical School, Boston, Massachusetts, United States.
OBJECTIVES Neuromodulatory techniques such as optogenetics and chemogenetics have been
successfully integrated with functional MRI in animal models for use as a research tool to study brain
function. Here we present a novel approach to non-invasive neuromodulation that affects neuronal
activity by delivering neurotransmitter chemicals to targeted areas of the brain. This is achieved by using
focused ultrasound (FUS) to transiently open the blood-brain barrier (BBB) in a targeted brain region
such that a systemically injected neuroactive chemical such as GABA or glutamate will leak out of the
vessels and into the brain parenchyma only at the intended site. This work shows results demonstrating
the proof of concept in a rodent model using delivered GABA to modulate neuronal activity and fMRI to
measure the effects.
METHODS Functional activation was assessed in 7 Sprague-Dawley rats undergoing hindpaw
stimulation under conditions of BBB Closed vs BBB Open and GABA Delivered vs No GABA Delivered.
Stimulation: Bilateral hindpaw electrical stimulation (4 mA, 0.3 ms duration, 6 Hz) was used for activation
of the somatosensory network. Rats were under light anesthetic sedation using Dexdormitor (0.4 mg/kg
bolus followed by subcutaneous infusion as needed) and light isoflurane (0.25%) with respiratory rate
monitored throughout.
BBB opening: Rats underwent actual and sham BBB opening on separate days. BBB disruption was
targeted to the right somatosensory cortex (S1). Microbubbles were injected (Optison, 200 µl/kg) and
690 kHz transcranial FUS was applied using 10 ms bursts at 1 Hz for 120 seconds. The extent and
location of BBB opening were evaluated after the fMRI sessions with T1-weighted contrast imaging.
GABA delivery: Systemic tail vein injection of GABA was delivered as a 50 mg/kg bolus immediately
before imaging plus a 50 mg/kg continuous infusion during imaging.
fMRI: Rats underwent four total fMRI runs, two during the sham BBB day and two during the actual BBB
opening day. Images were acquired on a Bruker 7T scanner with a single shot EPI sequence (TR = 1.5
s, TE = 18 ms, 18 slices, 0.5 x 0.5 x 1.0 mm resolution, 300 images). Stimulation was performed in a 40
s OFF, 20 s ON block design over 7.5 minutes. Data were processed using SPM12 with realignment,
coregistration to a T2w anatomical image, normalization to a common space, and Gaussian filter spatial
smoothing (0.8 x 0.8 x 0.8 mm FWHM). Activation in response to the stimulus was measured using
percent change in the BOLD signal from ROIs covering the left and right S1HL .
RESULTS The experimental timing and BBB opening results are shown in Figure 1.
Figure 2 shows results for No GABA vs GABA cases when the BBB is closed, demonstrating that GABA
injection by itself does not have a significant effect on activation.
Figure 3 illustrates the effects of BBB opening alone (No GABA), where a significant decrease in
activation occurs during the later stages of the stimulus duration.
Figure 4 shows the results of combining BBB opening with GABA delivery, where a further significant
decrease in activation at the onset of the stimulus period occurs due to GABA delivery.
In all cases, no significant effects were seen in the untargeted left hemisphere somatosensory cortex.
CONCLUSIONS These initial results are a promising indicator that FUS can be used to disrupt the BBB
to allow delivery of neurotransmitter chemicals that affect brain function. We have shown convincing
evidence that GABA delivered directly to the somatosensory cortex can suppress activation locally.
Targeted delivery of neurotransmitter chemicals via FUS-induced opening of the BBB represents a novel
approach to neuromodulation with strengths and weaknesses complimentary to existing techniques.

Figure 1. Experiment timing and BBB opening. A) Timing of an experimental session, which consists of
ketamine/xylazine injection, FUS sonications (or Sham FUS), injection of the Dexdomitor bolus, the fMRI
runs without and with GABA/glutamate injection, and gadolinium contrast imaging to assess BBB
opening. B) Gadolinium contrast images (converted to percent difference) showing the BBB opening for
each individual rat in the GABA delivery experiments.

Figure 2. Changes in the BOLD signal response due to GABA delivery when the BBB is closed. Maps of
BOLD signal change at 13 seconds into the stimulation block are shown for cases of BBB Closed, No
GABA and BBB Closed, GABA. The plots compare the BBB Closed, No GABA condition (black) against
the BBB Closed, GABA condition (red) for the right and left S1 regions (mean +/- standard error). No
significant differences were seen.

Figure 3. Changes in the BOLD signal response due to BBB opening alone. Maps of BOLD signal
change at 13 seconds into the stimulation block are shown for cases of BBB Closed, No GABA and BBB
Open, No GABA. The plots compare the BBB Closed, No GABA condition (black) against the BBB Open,
No GABA condition (red) for the right and left S1 regions (mean +/- standard error). * indicates time
points at which the two conditions are significantly different (p < 0.05).

Figure 4. Effects of BBB opening combined with GABA delivery. Maps of BOLD signal change at 7
seconds into the stimulation block are shown for cases of BBB Open, No GABA and BBB Open, GABA.
The plots compare the BBB Open, No GABA condition (black) against the BBB Open, GABA condition
(red) for the right and left S1 regions (mean +/- standard error). * indicates time points at which the two
conditions are significantly different (p < 0.05).
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EVALUATION OF FOCUSED ULTRASOUND-MEDIATED ANTI-NOCICEPTIVE EFFECT ON RAT
DORSAL ROOT GANGLION
Po-Hung Hsu1 , Ya-Tin Lin2 , Jin-Chung Chen2 , Hao-Li Liu3
1. Center for Advanced Molecular Imaging and Translation, Chang Gung Memorial Hospital, Taoyuan,
Taiwan.
2. Graduate Institute of Biomedical Sciences, Department of Physiology and Pharmacology, Chang
Gung University, Taoyuan, Taiwan.
3. Department of Electrical Engineering, Chang Gung University, Taoyuan, Taiwan.
OBJECTIVES Chronic pain remains a significant health problem with patients suffered from
inflammation, diabetes, or cancer. Currently, analgesic drugs and nerve block are the major effective
treatments to chronic pain and provides pain relief for 3-4 months. However, analgesic drug
administration encounters substantial side-effects such as resistance to drugs and surgery infections.
Focused ultrasound (FUS) has demonstrated its utility to modulate neruons and has potential to provide
a non-invasive, non-pharmacological mean to regulate chronic pain. Previously physical stimulation of
dorsal root ganglion (DRG) has been successfully applied clinically. In this study, we aimed to evaluate
whether the use of FUS-mediated rat DRG modulation may serve as an alternative to produce analgesic
effect to relieve neuro-inflammatory pain.
METHODS First, we initially conducted in vitro experiment via primary cultured cells from rat DRGs to
confirm ultrasound-mediated effects by measuring calcitonin gene-related peptide (CGRP) released level
via ELISA and compared to the control cohort which did not receive any FUS sonication. In in vivo animal
confirmation experiments, complete Freund’s adjuvant (CFA) was injected into hind-paws of in vivo group
of rats to induce neuro-inflammatory models. Non-thermal, burst-type FUS exposure was delivered to
unilateral L3 to L5 DRGs of rats 24 hours after CFA injection. Plantar test was applied to evaluate the
behavior response before and after FUS treatment and immunohistochemistry (IHC) staining was
conducted to detect CGRP release level ex vivo to quantitatively validate the proposed mechanism.
RESULTS In in vitro experiments, we confirmed that after FUS stimulation on primary cultured DRG
cells, CGRP release showed a 23.2% down-regulated level when compared to the control group. In in
vivo experiments, animal behavior response also showed positive improvement up to 81%, which implies
the animals have better tolerances to pain after FUS stimulation on DRGs. Our preliminary results
showed significant change in vitro and convinced improvement in vivo. Conclusively, we demonstrated
that FUS-mediated DRG stimulation efficiently achieved anti-nociception effect non-invasively and
non-pharmacologically.
CONCLUSIONS This study reveals that FUS neuronal stimulation demonstrate its utility in modulating
dorsal root ganglion neurons, expanding the applicability of focused ultrasound toward peripheral nerve
regions, and may expand the clinical relevance of using focused ultrasound as a non-invasive tool to
perform neuromodulation.

Figure (A) In in vitro experiments, primary cultured DRG cells received 0.5 watt FUS stimulation and then
triggered by PBS and 100nM capsaicin respectively. The result showed CGRP release showed a 23.2%
down-regulated level when compared to the control group. (B) In in vivo experiments, animal behavior
response showed 72% on day1 and 81% on day2, which implies the animals have better tolerances to
pain after FUS stimulation on DRGs.
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UNFOCUSED THERAPEUTIC ULTRASOUND INDUCES MILD TISSUE HYPOXIA AND PROLONGS
LIFETIMES OF TRANSPLANTED MESENCHYMAL STEM CELLS
Scott R Burks1 , Rebecca M. Lorsung1 , Joseph A. Frank1,2
1. Radiology and Imaging Sciences, NIH Clinical Center, Bethesda, Maryland, United States.
2. National Institute of Biomedical Imaging and Bioengineering, Bethesda, Maryland, United States.
OBJECTIVES Mesenchymal stem cells (MSC) are currently the most clinically used stem cell class for
transplantation. Transplanted MSCs act as “drug-pumps” by continually releasing cytokines,
chemokines, and trophic factors (CCTF) that reduce host inflammation and stimulate endogenous
regenerative mechanisms. MSCs have shown promise for a wide range of diseases from ischemic
events to graft-versus-host disease. While MSCs are considered immune privileged and can evade
immune surveillance, they typically do not engraft into host tissue and usually die within 3-10 days
post-transplantation. Efforts to extend the MSCs lifetimes have previously involved chemical or genetic
manipulation of MSCs prior to transplantation, but these approaches are not always readily translatable
to the clinic. We have found that pulsed focused ultrasound (pFUS) interacts with host tissues to
upregulate a variety of anti-apoptotic, pro-mitotic factors that could increase the lifespan of transplanted
MSCs. In this study, we tested the hypothesis that daily unfocused therapeutic ultrasound (TUS)
exposures following implantation of luciferase-transfected MSC (LMSC) into murine hamstrings would
prolong survival of transplanted MSC. Furthermore, we examined the physiological and molecular
changes in the hamstring to probe relevant molecular CCTF changes following TUS.
METHODS 106 human LMSCs were intramuscularly transplanted into each hamstring of C3H mice.
LMSCs were transfected with renilla luciferase. Beginning on the day of implantation (D1), mice received
daily TUS sonication to one hamstring (1 MHz US, 2 W/cm2 , 10% duty cycle, 1 MS Burst, PRF =100Hz,
10 min total exposure time). After TUS, bioluminescence imaging (BLI) was performed after receiving an
intraperitoneal injection of D-luciferin (150 mg/kg)for 10s. Mice (n=18) were euthanized on D6.
Temperature measurements were obtained in different group of mice using an implanted thermocouple.
Mice (n=6) that did not receive LMSC were given a single application of TUS and then muscle was
harvested at various times afterward. Pimonidazole was injected ip at 60 mg/kg 90 min before
euthanasia to detect areas of hypoxia in TUS treated muscle. Temporal proteomic profiling following TUS
in (n=30) was performed with a Milliplex multiplex cytokine assay (EMD Millipore) and single-plex
enzyme-linked immunosorbent assays (ELISA).
RESULTS TUS exposures result in a combination of mechanical and thermal effects. TUS raised
hamstring temperature from 36 to 41 during the 10 min exposure. Total BLI intensity in treated and
control legs decayed each successive day, but decay was slower in the TUS-treated hamstrings.
Accordingly, by D6, BLI was nearly undetectable in untreated legs, while still detectable in TUS-treated
legs (Figure 1). The number of MSCs that remained in treated legs was approximately 10 times greater
than in contralateral muscle. Temporal proteomic analysis revealed statistically significant (p <0.05;
ANOVA) elevations were detected for interleukins (IL)-1a, 4, 6, and 10, tumor necrosis factor-a (TNFa),
nuclear factor kB (NFkB), cyclooxygenase-2 (COX2), and hypoxia-inducible factor-1a (HIF-1a), vascular
endothelial growth factor (VEGF), intercellular adhesion molecule (ICAM), and vascular cell adhesion
molecule (VCAM). Pimonidazole adducts indicating mild tissue hypoxia was observed in TUS-treated
muscle.
CONCLUSIONS TUS to skeletal muscle containing transplanted MSCs extends the resident time of live
MSCs in tissue by slowing MSC death/clearance rates. Molecular profiling revealed mild tissue hypoxia
and elevations in several CCTFs that are consistent with hypoxia and transient ischemia, which are
known to prolong MSC survival. Further mechanistic investigations into TUS exposures are necessary to
determine expression of NFkB or HIF-1a via other pathways. Low intensity TUS is benign and commonly
used for physical therapy. These results have profound implications for a wide range of MSC therapies
because TUS is noninvasive, safe, and inexpensive. Therefore, extending a clinically approved routine

and straight forward treatment strategy to extend the survival of transplanted MSCs could, increase
longevity and function of transplanted cells, reduce the number of transplantations/injections required to
treat disease and ultimately contribute to improvements in cellular therapy.

Figure 1. Transplanted luciferase-positive MSC persist longer in TUS-treated muscles.
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THERAPEUTIC EFFECTS OF ULTRASOUND TREATMENT IN DSS-INDUCED ULCERATIVE
COLITIS
Natalia S Nunes1,2 , Scott R Burks1 , Ana H Paz2 , Joseph A. Frank1,3
1. Frank Laboratory, Radiology and Imaging Sciences, Clinical Center, NIH, Bethesda, Maryland, United
States.
2. Gastroenterology and Hepatology Graduate Program, UFRGS, Porto Alegre, Rio Grande do Sul,
Brazil.
3. National Institute of Biomedical Imaging and Bioengineering, NIH, Bethesda, Maryland, United States.
OBJECTIVES Ulcerative Colitis (UC) is an Inflammatory Bowel Disease (IBD) that clinically presents
with symptoms of diarrhea, weight loss, abdominal pain and blood in the stools. Dextran Sulfate Sodium
(DSS)-induced colitis is a mouse model that closely mimics human UC, triggering an exacerbated
immune response due to colonic epithelial damage. Despite available treatments, the sustained
remission of UC is still difficult to maintain. US has been shown to prevent kidney ischemia-reperfusion
injury in mice through the cholinergic anti-inflammatory pathway (CAIP), also shown to be involved in
IBD. The aim of this study was to determine the effects of therapeutic ultrasound (US) treatment in
DSS-induced colitis.
METHODS Acute colitis was induced by administration of DSS 2% (MW 36,000-50,000 MP
Biomedicals) in drinking water of C56Bl/6 mice (n=15/group) for 7 days. Animals (n=15/group) were
treated with US over the abdomen from days 4-10, for 7 min/day at 1Mhz, intensity of 2 W/cm2 , US burst
1msec, PRF 100Hz and 10% duty cycle using a 5cm2 linear transducer (Mettler Electronics Corp.). Mice
were monitored and scored daily for weight loss, stool consistency and blood in the stool. Colon and
spleen samples were collected at days 0, 3, 5, 7, 9, 11, and 14 after the start of DSS administration for
molecular analysis. Multiplex ELISA along with histological grading of colonic tissue was performed.
Flow cytometry analysis (n=4-5/group) was performed on isolated splenocytes from sham control,
2%DSS and US+DSS treated cohorts. Statistical analysis was performed based on an Analysis of
Variance (ANOVA) based on multiple comparisons with corrected p value <0.05.
RESULTS Clinical symptoms started to decrease by day 11 in the US+DSS group, mainly by changes in
stool consistency, as compared to 2%DSS cohort (p<0.05). There was no difference in weight loss
between the two cohorts. Macroscopic evaluation at Day 14 revealed that US treatment to the abdomen
significantly improved colon shortening (a sign of the extent of US) compared to DSS2% group (p<0.05)
and was similar to sham controls (Control 8±0.42 cm; DSS 2% 6.4±0.58 cm; DSS 2% + US 7.1±0.63
cm). US-treated animals showed reduced levels (p<0.05) of colonic TNFa, ILa, IL-5, Eotaxin, IL-17, LIF,
MCP-1, M-CSF, MIG and RANTES compared the 2%DSS cohort by day 7; and increased levels of
colonic (p<0.05) in IL-1b, IL-7, IL-9, IL12(p40), MIP-1a, MIP-1b, MIP-2 and G-CSF, by days 11 and 14
compared to DSS 2% group. Furthermore, US treatment prevented the decline of important regulatory
factors in the colon, such as IL-4 and IL-2, the latter known for its influence on T regulatory cell survival
and function. FACS analysis of splenocytes at day 14 revealed that M2 anti-inflammatory phenotype
macrophages (F4/80+CD206+) were increased in both US+DSS and 2%DSS cohorts compared to
controls (p<0.05). T regulatory cells (CD4+CD25+) were significantly increased in the US+DSS group
compared to controls (p<0.05). Histological evaluation of the colon revealed decreased immune cells
infiltration with US treatment, where the presence of inflammatory cells such as lymphocytes,
eosinophils and neutrophils were more restricted to the mucosa instead of invading the submucosa, as
seen in DSS2% animals (Figure 1). Additionally, US treatment reduced the presence of ulcerations, as
well as the damage to the crypts, goblet cells and epithelial layer.
CONCLUSIONS These results suggest that US is potentially activating the CAIP pathway, provoking a
shift to an anti-inflammatory phenotype in the colon and spleen, resulting in a significant treatment effect
of DSS-induced colitis. US treatment was able to downregulate inflammatory factors in the colon, as well
as to prevent the decline of anti-inflammatory proteins based on proteomic analysis. By the end of the

time course, US caused elevation of inflammatory cytokines, which also includes G-CSF, a
chemoattractant of neutrophils investigated for its benefits in IBD treatment. Further investigations are
needed to understand the effects of US on immune cell types in the colon and their relation to the
proteomic analysis. The CAIP has been reported to activate via the splenic and vagus nerves (VN),
which could ameliorate ulcerative colitis. IBD patients have shown to have a decrease in VN activity, and
activated CAIP has been shown to ameliorate mucosal inflammation in DSS-induced UC. Moreover,
activation of the sympathetic extrinsic innervation in the gut through electrical stimulation of the superior
mesenteric nerve (SMN) can improve the clinical scores of DSS-induced colitis. Further investigation will
focus on clarifying the pathways involved in US treatment, such as the evaluation of splenectomized and
a7 nicotinic acetylcholine receptor knockout mice. Ultimately, therapeutic US is a noninvasive treatment
option that is easily applied to the abdomen in the UC, and has the potential for clinical translation.

Figure 1. Colon histology of Control, DSS 2% and DSS 2% + US groups. US treatment reduced
inflammatory cells infiltration in the submucosa and ulceration. It also diminished the damage to the
crypts, goblet cells and epithelial layer.
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HIGH INTENSITY FOCUSED ULTRASOUND FOR HYDROGEL FORMATION WITH
METAL-ORGANIC CROSSLINKING OF NOVEL BLOCK COPOLYMER
Umesh Sai Jonnalagadda1 , Feifei Li2 , Atsushi Goto2 , Jim Lee3 , Tuan Minh Nguyen3 , James Kwan1
1. School of Chemical and Biomedical Engineering, Nanyang Technological University, Singapore,
Singapore.
2. School of Physical & Mathematical Sciences, Nanyang Technological University, Singapore,
Singapore.
3. ICES, A*STAR, Singapore, Singapore.
OBJECTIVES Chronic venous diseases (CVD) are vasculature with malformations and abnormalities
and are no longer capable of unidirectional blood flow. This results in initially mild symptoms, but the
condition often deteriorates resulting in complications such as venous eczema, lipodermatosclerosis,
thrombophlebitis, venous ulceration, etc., lowering the quality of life for the patient. Conventional
treatment of the reflux is conducted by ablating the truncal vein (embolic therapy) and performing a
bypass with an auxiliary vein to rescue blood flow. Unfortunately, current blocking methods may result in
post-operative complications, such as ischemia, requiring revision surgery. Given this, new,
physiologically safe blocking materials are required to improve embolic therapies for varicose veins.
Sonochemistry utilizes cavitation forces to rapidly catalyze chemical reactions for synthesizing materials,
such as polymers and gels. Present literature use a sonicating probe or bath as the acoustic source,
which operate at frequencies and form factors that are not clinically viable. Furthermore, the majority of
sonochemistry literature also demonstrates the synthesis of organogels and, while some amphiphilic
polymers are discussed, the solvent is typically a mix of water and organic solvents or requires a pH
gradient for gelation. To this end, we investigated the potential of high intensity focused ultrasound
(HIFU) for hydrogel synthesis as an alternative strategy for material synthesis, with the ultimate
application towards embolic therapies. We synthesized a metal binding ligand (M1) and copolymerized it
to poly(ethylene glycol) to improve the water solubility of the copolymer and manipulate the final gel
stiffness. Our findings demonstrate the potential for in situ synthesis of hydrogels using HIFU, thereby
enhancing the flexibility of sonochemistry for the clinic.
METHODS An aqueous solution (11 wt% copolymer and 200:1 molar mix of Zn ions to M1 in H2 O) was
introduced into an eppendorf tube and immersed in a degassed water tank to trigger hydrogel synthesis.
The gelation reaction was explored with two different concentrations of M1:PEGMA (1:6 and 1:12). For
the HIFU treatment, the copolymer solution was exposed to 1.86 to 3.1 MPa peak negative pressure
bursts (50000 cycles at 0.5 MHz and 10% duty cycle) for 4 minutes to induce gelation. A passive
cavitation detector was used to pick up the cavitation response at the acoustic focus. Subsequently,
analysis of the cavitation response was performed and the hydrogels were characterized for their
structural morphology by scanning electron microscopy.
RESULTS Above a peak negative pressure of 2.17 MPa, gel synthesis was observable in real-time for
both copolymer ratios within 30 seconds of ultrasonic stimulation (Fig 1). Following the stimulation, the
non-gelled solution was weighed and normalized against the pre-stimulation mass to calculate the
non-gelled fraction and compared against the peak pressure output of the transducer. Increasing the
peak negative pressure did not significantly improve the hydrogel synthesis fraction for the 1:12
copolymer, however, HIFU stimulation of the 1:6 copolymer in the presence of zinc synthesized upwards
of 50 wt% of the initial solution volume (Fig 2). Given that the 1:6 copolymer is composed of more
crosslinking groups, it is possible that the gel would entrap more solvent around the crosslinks that are
formed. The hydrogel structure was then analyzed for its structure by SEM imaging. From this, it was
observed that the hydrogels constructed from both the 1:12 and 1:6 were uniformly solid (Fig 3A displays
1:6 hydrogel), however, higher magnification imaging of the 1:6 hydrogel revealed a fibrous structure on
the surface (Fig 3B).
CONCLUSIONS Mechanically activated material synthesis offers novel prospects for creating materials

in vitro and in vivo. In this abstract, we presented the potential of HIFU to trigger hydrogel formation
within an Eppendorf tube. Future work would involve translating the system to a physiological relevant
model to investigate the practicality of this system as an embolic therapy.

Figure 1: Time-lapse montage of 11wt% 1:6 copolymer exposed 2.79 MPa HIFU bursts at a 1 Hz PRF.
Green dye was added to aid in visualizing gel synthesis (white matter). The red oval indicates the
location of the ultrasound focus.

Figure 2: Influence of the acoustic pressure on hydrogel synthesis. It was observed that the 1:6
copolymer produced more gel from the starting solution relative to the 1:12 copolymer, despite similar
molar concentrations for all solutions.

Figure 3: SEM imaging of hydrogel constructed from 1:6 copolymer at (A) x60 magnification and (B)
x300 magnification to reveal fibrous structure along gel surface.
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CAVITATION CLOUD COLLAPSE TIME FOR FEEDBACK OF HISTOTRIPSY-INDUCED TISSUE
DESTRUCTION
Jonathan Macoskey1 , Sang Won Choi1 , Timothy Hall1 , Jonathan Lundt1 , Eli Vlaisavljevich2 , Fred T.
Lee3 , Eric Johnsen4 , Charles Cain1 , Zhen Xu1
1. Biomedical Engineering, University of Michigan, Ann Arbor, Michigan, United States.
2. Biomedical Engineering and Mechanics, Virginia Tech University, Blacksburg, Virginia, United States.
3. Radiology, University of Wisconsin - Madison, Madison, Wisconsin, United States.
4. Mechanical Engineering, University of Michigan, Ann Arbor, Michigan, United States.
OBJECTIVES Histotripsy is a noninvasive tissue ablation method that uses highly controlled acoustic
cavitation to destroy soft tissue using high peak rarefactional pressure amplitude (>28 MPa), short
duration (1-2 cycles) ultrasonic pulses in the intrinsic threshold regime. With increasing number of
histotripsy pulses (dosage), the tissue stiffness decreases (Wang, et al., 2012) as it is gradually
fractionated into an acelluar, liquefied homogenate. As this liquefaction progresses, the mechanical
properties of the tissue change, and thus the physical interactions between the cavitation bubble cloud
and the tissue also change. With decreasing material stiffness, the time between initial expansion and
collapse of the bubble cloud (tcol ) increases (Barajas & Johnsen, 2017, e.g.), which can be estimated by
measuring the time between the shockwaves emitted by bubble cloud expansion and collapse (Bailey, et
al., 2005, e.g.) (Figure 1). This study investigates the increasing trend of tcol as an indicator of tissue
fractionation throughout treatment. We hypothesize that tcol increases with decreasing material stiffness
and increasing tissue fractionation induced by histotripsy.
METHODS A 500-kHz, 112-element histotripsy array with a 15-cm radius of curvature was used for all
experiments in this study. All samples were treated with single-location histotripsy pulses at 33.1 MPa
peak negative pressure and 1 Hz pulse repetition frequency. In the first experiment, the dependence of
tcol on stiffness and dosage up to 100 pulses was tested by treating agarose tissue-mimicking phantoms
of four stiffness levels. A broadband hydrophone was used to acquire tcol measurements, which were
validated by observing bubble cloud tcol with a high-speed camera. The compressional Young’s modulus
of the phantoms ranged between 38-929 kPa (1-5% agar concentration) (Normand, et al., 2000), which
is on the order of physiological levels (Vlaisavljevich, et al., 2014). In the second experiment, the
correlation between tcol and fractionation was tested by measuring fractionation of red blood cell (RBC)
phantoms, which have been shown to be a good indicator of tissue fractionation because the RBC layer
turns from an opaque red when undamaged to a translucent pink when damaged (Maxwell, et al., 2010).
RBC phantoms were constructed by embedding a thin layer of RBCs between two layers of agar.
Destruction was measured by calculating the mean lesion intensity (MLI) in the central area of the lesion
(0.5 mm2 ) imaged with a high-speed camera (Miller, et al., 2014) throughout 100 pulses. In the third
experiment, the change in tcol measured via hydrophone was observed during 1000-pulse treatments of
four ex vivo bovine liver samples to study the change of tcol throughout treatment in tissue.
RESULTS In the first experiment, tcol increased significantly and mono-directionally with decreasing
stiffness and increasing treatment dosage (Figure 2). The tcol from the first histotripsy pulse ranged from
26 ± 4.7 µs to 77 ± 4.8 µs for the stiffest and weakest phantoms, respectively, and these phantoms
exhibited maximum increases in tcol throughout treatment of approximately 25 µs and 75 µs, respectively.
The tcol acquired from the high-speed camera and hydrophone were identical, thus validating the
hydrophone measurements. In the second experiment, the increase of RBC phantom MLI was found to
correlate linearly with the increase in tcol over the course of the treatment. Both MLI and tcol increased
rapidly during the first 10 pulses and began to saturate around 50 pulses with complete saturation by 100
pulses in all samples (Figure 3). These results suggest that the increasing trend of tcol can be used to
indicate the extent of histotripsy-induced fractionation. In the third experiment in which tcol was measured
throughout histotripsy treatment of liver tissue, a majority of the increase in tcol occurred within the first
100 pulses with only a moderate increase between 100 and 1000 pulses (Figure 4, top). In a recent
study, a detailed histological analysis of histotripsy-induced destruction of ex vivo bovine liver was

conducted with similar treatment parameters as this study (Macoskey, et al., 2018). It was found that the
destruction of hepatocytes primarily occurred within the first 100 pulses (Figure 4, bottom). Therefore,
the increase in tcol matches with the level of cellular destruction.
CONCLUSIONS This study indicates that the cavitation bubble cloud tcol , which can be measured via
hydrophone, increases significantly with decreasing medium stiffness and increasing histotripsy
treatment. It was found that this increasing trend tracks with histotripsy treatment progression in both
tissue-mimicking phantoms and ex vivo bovine tissue. These results suggest that monitoring the change
in tcol may useful as a feedback method for indicating histotripsy-induced tissue fractionation.

Bubble cloud expansion and collapse signals acquired from hydrophone in an agar phantom from one
histotripsy pulse. Time zero represents time at which the histotripsy array was fired. The tcol is calculated
as the time between the peak expansion signal and the peak collapse signal. Initial expansion and first
collapse signals were readily observable for all treatments of all phantoms and tissue samples.

Bubble cloud tcol in tissue-mimicking phantoms of varied agar concentration acquired from both
hydrophone and high-speed camera (left) and progression of tcol throughout 100-pulse treatments of the
same phantoms (right). A significant increase in tcol with decreasing agarose concentration (stiffness)
and increasing treatment was observed. All differences in tcol due to different agar concentrations were
found to be statistically significant using Tukey’s HSD multiple comparisons test (p-values < 0.001).
Differences in tcol measurements between hydrophone and camera were not significant (p-value = 0.16).

Images of RBC phantom destruction (left) and quantified MLI vs. tcol (right) throughout 100-pulse
histotripsy treatments. Dark background of images represents non-fractionated RBCs while lighter areas
within the lesion represent destroyed areas of the RBC layer. While the central region of the lesion
reached maximum MLI around 50 pulses, the extent of fractionation continued to grow outward
throughout the remainder of treatment. The majority of changes in tcol and MLI within the center of the
lesion occur early in treatment and at the same time, and both plateau around 50 pulses.

Hydrophone-acquired tcol for first 100 pulses (top left, linear scale) and 1000 pulses (top right, log scale)
in ex vivo bovine liver (n=4) and corresponding histology of tissue destruction using Masson’s trichrome
stain (bottom), which stains hepatocytes red and type I collagen blue. The majority of the change in tcol
and progression of cellular destruction are observed within the first 100 pulses of treatment with little to
no change between pulse 100 and pulse 1000.
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EFFECT OF HIGH INTENSITY FOCUSED ULTRASOUND ON THE STRUCTURAL INTEGRITY OF
PSEUDOMONAS AERUGINOSA BIOFILMS
Lakshmi Deepika Bharatula1 , Scott Rice2 , Enrico Marsili2 , James Kwan2
1. School of Chemical and Biomedical Engineering, Nanyang Technological University, Singapore,
Singapore.
2. Singapore Centre for Environmental Life Sciences Engineering, Nanyang Technological University,
Singapore, Singapore.
OBJECTIVES Bacterial infections are becoming an increasing global health concern as the number of
viable antibiotic treatments become scarce. The decreasing number of antibacterial drugs occurs due to
the difficulty in designing or discovering new antibacterial drugs, whilst the rate of bacterial infections
becoming resistant to conventional therapies is increasing. Bacteria grow in either a planktonic state or
within a biofilm. While both cause infections, the latter accounts for 65% of infections and are particularly
lethal when developed on organs, artificial implants, and prosthetics.
Biofilms are microstructured bacterial communities growing at a solid-liquid interface, embedded in a
matrix of self-generated extracellular polymer substrates (EPS). The EPS creates a penetration barrier
for antibacterial agents contributing to the emerging antimicrobial resistance. With antibiotic resistance
surpassing novel drug development, a potential strategy to overcome this problem is mechanical
disruption of the EPS with non-invasive high intensity focused ultrasound (HIFU) to stress the bacterial
microstructures and allow the delivery of a therapeutic. However, little is known about the stress-related
effect of HIFU on biofilms. With sufficient acoustic energy, HIFU is capable of nucleating cavitation in the
biofilm system with or without cavitation nucleation agents. We hypothesize that cavitation provides
sufficient mechanical force to puncture the EPS and enhance drug penetration. However, current
literature has only focused on the inhibitory effects of HIFU whereas its interactions with the constituents
of EPS are vaguely defined. Here, we investigate the effects of cavitation on the structural integrity of the
EPS.
METHODS In our study, we used Pseudomonas aeruginosa (PAO1), a model biofilm forming
microorganism to investigate structural integrity of biofilms after HIFU exposure. The biofilms were grown
using a batch culture method on a conductive Indium Tin Oxide coated – polyethylene terephthalate
(ITO:PET) substrates for 72h. The PAO1 biofilms were exposed to HIFU at a driving frequency of
0.5MHz for 50000 cycles and 10% duty cycle. The pressure amplitudes were ramped for an exposure
time of 3 min to define the cavitation threshold. The output acoustic emissions were received by a
passive cavitation detector (PCD) and post processed to calculate the power spectrum and probability
for cavitation.
The structural integrity of the biofilms after HIFU exposure were characterized using electrochemical
impedance spectroscopy (EIS) and cyclic voltammetry (CV) coupled with the gold standards: confocal
laser scanning microscopy (CLSM) and crystal violet assay (CVA). All the electrochemical experiments
were performed in anaerobic environment with 5 mM potassium ferricyanide as redox probe.
Electrochemical Impedance Spectroscopy (EIS) was performed at open circuit potential in the frequency
range 100 KHz-30 mHz. Cyclic voltammetry (CV) sweep was obtained between potentials -0.6 V and 1.2
V. The PAO1 biofilms before and after acoustic treatment were stained with Baclight live/dead stain and
imaged under CLSM. Additionally, the samples were stained with 0.1% crystal violet solution and the
absorbance at 550 nm was recorded in microplate reader.
RESULTS Our preliminary acoustic studies showed consistent cavitation after exposure for 3 min at 2.2
MPa (Figure 2A). Since, biofilm is made of 90% water, the occurrence of cavitation suggests presence of
gas pockets or cavitation nuclei in the biofilm architecture. The entire biomass consisting of EPS, live
and dead cells was estimated using CVA. The crystal violet absorbance decreased by half after HIFU
exposure depicting depleted biomass (Figure 2B).
EIS studies were performed to analyze the interfacial/structural properties of the biofilm. Electrochemical
analysis with redox probes allow direct measure of diffusivity in the biofilms, which depends on biofilm

microstructure and EPS. Thus, electrochemical analysis might provide an inexpensive and rapid measure
of EPS disruption following HIFU exposure. Increased charge transfer resistance after HIFU treatment
observed in the EIS studies suggested reduced interactions between potassium ferricyanide and biofilm
interface. This demonstrated presence of fewer cells in the system in agreement with the other results.
CONCLUSIONS Cavitation observed in the biofilm samples suggested presence of cavitation nuclei in
the biofilm system. The structural characterisation consistently indicated dispersal and/or detachment of
the bacterial cells from the growth substrate after HIFU exposure. This investigation of the structural
integrity change is a step up from the otherwise reported inhibitory effects of ultrasound on biofilms. The
absence of external cavitation agents and antibiotics validate that the observed effects are solely a result
of HIFU and biofilm interactions.

Figure 1: Schematic representation of biofilm growth method.

Figure 2 A: Power spectral density map of biofilm:acoustic interactions across 3 min. B: Crystal violet
absorbance before and after HIFU. C: Nyquist plot D: Charge transfer resistance before and after HIFU.
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THERAPEUTIC ULTRASOUND-INDUCED INSULIN RELEASE AS A POTENTIAL TREATMENT FOR
TYPE 2 DIABETES
Tania Singh1 , Shane Haar1 , Ivan Suarez Castellanos2 , Aleks Klimas1 , Emilia Entcheva1 , Tyler Salvador3 ,
Kevin Cleary3 , Diti Chatterjee Bhowmick4 , Joshua Cohen5 , Aleksandar Jeremic4 , Vesna Zderic1
1. Biomedical Engineering, The George Washington University, Washington, District of Columbia, United
States.
2. INSERM, Lyon, France.
3. The Sheikh Zayed Institute for Pediatric Surgical Innovation, Children’s National Medical Center,
Washington, District of Columbia, United States.
4. Biological Sciences, The George Washington University, Washington, District of Columbia, United
States.
5. GW Medical Faculty Associates, Washington, District of Columbia, United States.
OBJECTIVES Type 2 diabetes mellitus is a complicated and chronic metabolic disorder affecting
approximately 29 million people in the United States as of 2015 (CDC, 2017). Type 2 diabetes results
from the interplay of systemic insulin resistance of peripheral tissues, insufficient secretion from
pancreatic beta cells, and insufficient beta cells due to genetic and environmental factors. We have
previously shown that therapeutic ultrasound is capable of stimulating insulin release from pancreatic
beta cells, non-invasively, safely and effectively. The aim of this work is to study the calcium-dependent
mechanisms of ultrasound-mediated insulin release from pancreatic beta cells via fluorescence imaging
and the translational potential of therapeutic ultrasound as a novel treatment for type 2 diabetes via
finite-element analysis and animal studies.
METHODS INS 832/13 cells, an insulinoma beta cell line, were plated on 35 mm glass bottom plates
and incubated for 14-18 hours. Immediately prior to experimentation, the RPMI media was removed and
modified Krebs bicarbonate solution (KBS) was added to each well. A planar ultrasound transducer with
a center frequency of 800 kHz placed at the near-field-to-far-field transition distance was used to
stimulate cells at 0.5 W/cm2 for durations ranging from 5 s to 5 min. To study the role of calcium, cells
were exposed to 5 mM EGTA, an extracellular calcium chelator.
INS 832/13 cells, plated on fibronectin-coated Petri dishes with a 20 mm2 glass bottom, were suspended
in modified KBS. In order to stimulate cells at the near-field-to-far-field transition distance, a wave coupler
(shown in Fig. 1) was used to correctly position the wave guide. The cells were loaded with Ca2+ dye
Quest Rhod4AM and voltage-sensitive Di-4- ANBDQS was used to measure real-time changes in
intracellular Ca2+ and membrane potential in response to ultrasound stimulation.
Our modeling work is focusing on finding the optimal acoustic windows for ultrasound applications in
patients through finite-element simulations. A two-dimensional finite-element model of an axial slice of
the human abdomen was constructed in PZFlex based on anatomy from a reference atlas. Maximum
temperature was calculated for a five minute application of continuous 800 kHz ultrasound under two
conditions: 1) when the stomach was empty (filled with air) and 2) after a meal (filled with water). The
transducer position was varied to determine the most appropriate acoustic window to maximize energy
deposition while minimizing temperature increase.
Studies with transgenic mice include terminal and survival studies to investigate the short term response
to ultrasound application, including insulin, glucagon, and alpha-amylase release. Non-obese diabetic
hIAPP+/+ white FVB mice transgenic for human amylin that show significant beta cell loss (The Jackson
Laboratory, Bar Harbor, ME) were bred from four male hemizygous mice and eight female hemizygous
mice. Treatment begins at 28 weeks, following the development of hyperglycemia. In currently ongoing
studies, the treatment group is exposed to 5 minutes of continuous 1 MHz 1.0 W/cm2 ultrasound twice
per week with blood samples being collected just before treatment, just after treatment, and thirty
minutes after treatment.
RESULTS Ca2+ imaging studies showed an increase in fluorescence intensity approximately 5 seconds
after the stimulus begins (n=3). A representative trial is shown in Fig. 2. Elevations in Ca2+ dye

fluorescence intensity were accompanied by a decline in membrane potential, which is indicative of
membrane depolarization.
Initial modeling results indicated that the stomach must be filled with fluid to avoid significant burning of
the skin. The highest temperature observed was 41.2 C with a water-filled stomach (Fig 3b).
Survival and terminal studies with transgenic mice are currently ongoing. Preliminary terminal studies
indicated no gross damage from 1 MHz ultrasound application at 1 W/cm2 (as seen in Fig. 4).
CONCLUSIONS Fluorescence imaging studies suggested a transient calcium mobilization shortly after
ultrasound application begins that is inhibited by EGTA. Taken together with our previously published
work on the effect of calcium chelators in inhibiting ultrasound-induced insulin release, this suggests that
the release mechanism involves an influx of extracellular calcium, possibly through ultrasound-induced
micropores. The initial results from finite element analysis and animal studies show promise in the
translational potential of therapeutic ultrasound in the treatment of type 2 diabetes. In future studies,
instead of creating finite element simulations based on an anatomy atlas, models will be based on
abdominal computer tomography (CT) images of normal and obese patients.

Fig. 1. Fluorescence imaging experimental setup with transducer placed into a KBS-filled wave coupler
that positions it at the dFF distance from the beta cells.

Fig. 2. Percent change from baseline of intracellular Ca2+ concentration imaging of pancreatic beta cells
with (green) and without (black) EGTA during ultrasound stimulation.

Fig. 3. a) Modeling of an air-filled stomach (outlined in orange) produced a maximum temperature of
39.2 C but ultrasound did not penetrate to the pancreas (outlined in red). b) Maximum temperature rise
observed was 41.2 C, however, ultrasound penetrated through the stomach to the pancreas.

Fig 4. a) Application of 1 MHz W/cm2 continuous ultrasound for five minutes while under anesthesia. b)
No visible evidence of burns or other injuries were observed in the treatment area (white circle) following
ultrasound application.
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LONG-TERM CELLULAR AND MOLECULAR RESPONSES OF SONOPORATED CANCER CELLS
AFTER MICROBUBBLE-MEDIATED ULTRASOUND EXPOSURE
Xinxing Duan1,2 , Alfred C.H. Yu2 , Jennifer WAN1
1. School of Biological Sciences, The University of Hong Kong, Hong Kong, Hong Kong.
2. Electrical and Computer Engineering, University of Waterloo, Waterloo, Ontario, Canada.
OBJECTIVES Microbubble-mediated ultrasound (MB-US) has been well considered as an emerging cell
permeabilization approach (commonly known as sonoporation) to facilitate drug delivery., It has attracted
significant attention over its potential use in enhancing cancer therapy. In the past decade, the
biophysical dynamics of sonoporation have been actively explored under various exposure conditions.
However, the cellular and molecular bioeffects of MB-US exposure on cancer cells have remained to be
vaguely characterized. On this topic, a few studies have reported possible downstream biological
responses due to MB-US exposure, but they lacked specificity to sonoporated cells. In view of such
knowledge gap, the objectives of this study are to: 1) investigate the bioeffects of MB-US exposure on
resealable sonoporated cancer cells by analyzing their cell viability and proliferation behavior; 2) unravel
the long-term molecular response of sonoporated cells after membrane resealing.
METHODS Cell preparation HL-60 human leukemia was used as the cancer cell model. Cells were
routinely cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Sigma–Aldrich) and were
supplemented with 10% fetal bovine serum (ATCC). The cell culture incubator was kept at 37C with 5%
carbon dioxide (CO2 ). Before ultrasound exposure, microbubbles (Targeson) were introduced at a 1:1
cell-to-bubble ratio to the cells. Cell samples were transferred into the customized sealed chambers with
a working volume of 600µl/chamber.
Ultrasound exposure Pulsed ultrasound (1-MHz frequency, 100-cycle pulse duration, 1kHz repetition
rate, 30 s duration, ⇠0.5MPa peak negative pressure in situ) was applied to conduct
microbubble-mediated sonoporation. The sinosoid waveform was first generated by a function generator
(33120A; Agilent) that was coupled into a 50dB-gain broadband amplifier (2100L; E&I), the output of
which was then fed to an unfocused transducer (25.4 mm diameter; 1 MHz center frequency).
Post-exposure analysis Flow cytometry and cell sorting was performed to identify HL-60 cell populations
with or without successful membrane resealing. Calcein (10µM) and propidium iodide (75µM) were
added as the fluorescent probes to the cell chamber, respectively, before ultrasound exposure and 5 min
after exposure to detect cells with permeabilized membrane (allowed calcein entrance) and cells without
short-term membrane resealing. Calcein+/PI- cell population was classified as the repaired population
whose membrane was sonoporated by MB-US exposure but later resealed; Calcein-/PI- cell population
represented unsonoporated cells without membrane disruption. The targeted cell populations, live sham
control cells and live sonoporated cells were sorted by the flow cytometer. The sorted cells were then
subjected to viability analysis by CCK-8 assay (3/6h after exposure) and molecular analyses by qPCR
and western blotting. Cell cycle analysis of the sorted populations was also conducted by flow cytometry
at different time points (3/8/12/24h) after exposure.
RESULTS Results showed that resealed sonoporated cells have profound molecular and cellular
difference comparing to the sham control population over a 24h period.
Cell vitality Sonoporated HL-60 cells showed significant necrosis and apoptosis at 3 hours and 6 hours
after MB-US exposure. The population of the sonoporated cells declined to less than half of the initial
population at 8h after exposure and maintain the lower level through the next 24h (Fig. 1). In contrast,
the sham exposed cells showed a doubled population in the next 24h.
Cell cycle progression Sonoporated HL-60 cells showed significant G1/S cell cycle arrest after 8h, and
this arrest persisted until 24h after exposure (Fig. 2). This is consistent with the proliferation findings.
Gene expression Genes of the heat shock protein families were significantly upregulated after
membrane resealing (Fig. 3). The genes of the HSP70 family (HSPA1A,HSPA1B,HAPA6) were
dramatically upregulated in cells with successful membrane resealing, while the gene belonging to
HSP40 family (DNAJB1) was only moderately upregulated upon MB-US exposure.

CONCLUSIONS Proliferation of the sonoporated cells were substantially compromised, likely because
of G1/S cell cycle arrest, and this trend was not reversed until 24h later. Such growth suppression was
accompanied by a significant level of apoptosis and necrosis among sonoporated cells. Heat shock
proteins were found to play a functional role in facilitating cell membrane repairs as well as to regain
intracellular homeostasis after sonoporation. Further studies are needed to unveil their function in
membrane repair.

Figure 1. Cell population of sham CTL and sonoporated cells after MB-US exposure. N=3.
**,***,p<0.01,0.001 vs. previous time point.

Figure 2. Cell cycle analysis of sham control (CTL) and sonoporated HL-60s: (a) time-lapse DNA
histogram and (b) population distribution of G0/G1, S and G2/M phases respectively. N=4,
*,**,***,p<0.05,0.01,0.001 vs. initial time point 3h. #,##,###, p<0.05,0.01,0.001 vs. sham CTL.

Figure 3. Fold change of heat shock protein genes in sonoporated cells relative to sham control 3h and
6h after MB-US exposure by quantitative RT-PCR analysis.
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ULTRASOUND EXPOSURE METHOD TO IMPROVE EFFICIENCY OF SONODYNAMIC TREATMENT
Daisaku Mashiko1 , Shinya Nishitaka1 , Shin-ichiro Umemura1 , Shin Yoshizawa2
1. Graduate School of Biomedical Engineering, Tohoku Univ., Sendai, Miyagi, Japan.
2. Graduate School of Engineering, Tohoku Univ., Sendai, Miyagi, Japan.
OBJECTIVES Sonodynamic treatment (SDT) using High-Intensity Focused Ultrasound (HIFU) is a
minimally invasive treatment in which ultrasound is focused from outside the body onto cancerous tissue
to cause its necrosis by the Reactive Oxygen Species (ROS) generated through cavitation. When a
cavitation bubble collapses, the gas inside the bubbles is adiabatically compressed, a reaction field at
high temperature and pressure appears, and ROS is generated by violent reactions such as thermal
decomposition of water molecules. ROS has strong cytotoxicity inducing therapeutic effect, but it has to
be localized to avoid side effect to normal tissue. Therefore, the focal region where cavitation bubbles are
generated is normally chosen smaller than the cancerous region, which results in a long treatment time.
An ultrasound exposure method achieving high efficiency while localizing ROS must be studied.
METHODS Figure 1 shows the experimental setup. Experiments were performed in a water tank
containing degassed water. A 128-channel array HIFU transducer with a focal length of 120 mm and a
diameter of 147.8 mm was driven by a staircase driving system at a frequency of 1 MHz. A
polyacrylamide gel was soaked in 0.7 mM luminol solution for 4 hours while being degassed, submerged
in the water tank, and set at the HIFU focal point. The light emission of luminol was photographed with a
digital single lens reflex (DSLR) camera. The behavior of the cavitation bubbles was taken using a 4K
high-speed camera instead of the DSLR camera. The region of luminol emission was regarded as that of
ROS generation region, whose volume was calculated using axi-symmetric approximation. The four
exposure sequences shown in Figure 2, using a trigger pulse at 50 kW/cm2 for 0.1 ms and a sustaining
burst at 250 W/cm2 for 10 ms, were compared. TS sequence consisted of the trigger pulse immediately
followed by the sustaining burst. In TTSS sequence, a trigger pulse was irradiated alternately at one of
the two focal points separated 3 mm above and below from the geometric focal point, and then a
sustaining burst was irradiated also alternately every 0.025 ms until the total exposure time reached 10
ms per each focal point. In TSTS6 sequence, TS sequence was alternately irradiated at the same two
points as TTSS sequence. In TSTS3 sequence, TS sequence was alternately irradiated at the two focal
points separated 1.5 mm above and below from the geometric focal point. All exposure sequences were
repeated 90 times at a pulse repetition frequency of 3 Hz.
RESULTS Figure 3 shows the results taken by the DSLR camera, where the dotted line shows the
geometric focal plane. The number in each figure is the approximate volume of luminol emission. HIFU
propagated from the left to the right in the Figure, and it was confirmed that ROS was generated at the
focal point first and then expanded toward upstream in all sequences. Although twice the acoustic
energy of TS sequence was irradiated in the other sequences with two focal points, the emission volume
of TTSS sequence was less than twice that of TS sequence. The emission volume of TSTS3 sequence
was much larger than that of TTSS sequence, and slightly larger than TSTS6 sequence. Figure 4 shows
the behavior of cavitation bubbles of the first cycle in HIFU sequence captured by a high- speed camera.
The number in each figure is the time after the first HIFU pulse reached the focal point. In TTSS
sequence, cavitation bubbles were not generated well when the trigger pulse was irradiated at the
second focal point. In contrast, many bubbles were generated by all the trigger pulses in the other
sequences. In TSTS3 sequence, when the trigger pulse was irradiated at the second focal point, the
bubbles remaining upstream the first focal point also showed volume oscillation. ROS was generated at
a high efficiency, probably because many bubbles were oscillated.
CONCLUSIONS By irradiating a sustaining burst immediately after a trigger pulse, a lot of cavitation
bubbles were observed to be oscillated, and ROS was generated at a high efficiency. The results also
suggest that irradiation at two focal points with a proper separation distance will improve the ROS
generation efficiency per time and may form a rather contiguous treatment volume.

Figure 1: Schematic of experimental setup.

Figure 2: Exposure sequences.

Figure 3: The generated region of ROS by TS sequence (a), TTSS sequence (b), TSTS6 sequence (c),
and TSTS3 sequence (d) taken with the DSRL camera.

Figure 4: Behavior of cavitation bubbles in TS sequence (a), TTSS sequence (b), TSTS6 sequence (c),
and TSTS3 sequence (d) taken with the high-speed camera.
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DNA DOUBLE-STRAND BREAKS IN MURINE MAMMARY TUMOR CELLS INDUCED BY
DOXORUBICIN AND CONTROLLED STABLE CAVITATION INDUCED BY PULSED ULTRASOUND
Cécile FANT1 , Adeline Granzotto2 , Thais Moraes Vieira1 , Jean-Louis Mestas1 , Jacqueline Ngo1 , Maxime
Lafond1 , Cyril Lafon1 , Nicolas Foray2 , Frederic PADILLA1,3
1. LabTAU, INSERM, Centre Léon Bérard, Université Lyon 1, Univ-Lyon, F-69003, LYON, France.
2. Inserm, U1052 unit, groupe de radiobiologie, 69008, Lyon, France.
3. Department of Radiation Oncology, University of Virginia School of Medicine, Charlottesville, VA, USA
Focused Ultrasound Foundation,, Charlottesville, Virginia, United States.
OBJECTIVES Doxorubicin induces cell cytotoxicity through DNA damage. Recent studies have
reported the occurrence of DNA damage in different cell lines exposed to ultrasound. We hypothesized
that a combined treatment with doxorubicin and stable cavitation would lead to increase the number of
DNA damage and would impact cell viability. The primary objective of this study was to evaluate the
impact of such combined treatment in 4T1 murine mammary tumor cells in vitro, and to investigate the
possible causative mechanisms. The secondary objective was to assess the impact of these DNA
damage on cell proliferation and cell viability.
METHODS 4T1 cells, a mouse mammary cancer cell line, were treated by pulsed cavitational
ultrasound generated by a confocal device, working at 1.1 MHz, PRF 25 HZ, DC = 15 %. The control
system is based on two distinct modes: a high-power mode (peak negative pressure 6.7MPa), aimed at
creating a population of bubbles, and a low-power mode (PNP 2.9MPa) aimed at maintaining their
oscillations. The cells were treated in vitro, with or without addition of doxorubicin (DOX). After treatment,
the occurrence of DNA damage (double-strand breaks DSBs) was assessed by scoring gamma-H2AX
(g-H2AX) foci number in cell nuclei by immunofluorescence, using antibody against g-H2AX. This
assessment was performed 10 min, 1h, 4h and 24h after treatment. The number of DNA damage was
also assessed in cells that were non-treated by ultrasound, but exposed to the supernatant of cells
treated by inertial cavitation with pulsed ultrasound, to evaluate the importance of a “bystander” effect – a
mechanism by which untreated cells are also affected by sonicated cells through various intracellular
signaling mechanisms such as calcium release. To investigate specifically the role of calcium release, a
similar experiment was conducted with the addition of a calcium chelator, the phosphate-buffered saline
solution (PBS), into the supernatant. Each experiment was repeated 2 to 3 times.
Cell viability was assessed at 48h and 72h post treatment using flow cytometry. Cell proliferation was
assessed by cell scoring at 72h using an automatic cell counter, and confirmed by clonogenicity assays.
RESULTS The study of DNA damage through g-H2AX foci showed that cells treated with stable
cavitation, with or without DOX, elicited DSB, from 10 min after sonication and still present at 24h.
However, without DOX, these DNA damage did not impact cell proliferation nor viability at 48h and 72h.
These data were confirmed by clonogenicity assays. DOX treatment alone led to DNA damage
observable only from 4h post-treatment with 80 % of cells with more than 30 g-H2AX foci, and with 100
% of cells with more than 20 g-H2AX foci at 24h.The combination of stable cavitation and DOX led to
premature DNA damage compared to DOX alone, with 40 % of cells with more than 30 g-H2AX foci at
1h, and 100 % of cells with more than 30 g-H2AX foci at 24h. Significant decrease of cell viability and
proliferation at 48h and 72h was observed for the ultrasound+DOX group compared to the DOX
group.These data were confirmed by clonogenicity assays. The exposure of non-sonicated cells to
sonicated cells supernatant showed 40% of untreated cells with g-H2AX foci after 10 min and up to 80 %
after 24h. The addition of calcium chelator in the supernatant prevented the occurrence of g-H2AX foci in
the cells exposed to the combination of PBS and supernatant of sonicated cells, validating the
assumption that the observed effect on non-sonicated cells was due to a bystander effect, likely
mediated by calcium signaling.
CONCLUSIONS We investigated DNA damage after combined DOX and stable cavitation treatment. A
combined treatment of 4T1 tumor cells with DOX and controlled stable cavitation led to premature DSB

and significant decreases in cell proliferation and viability compared to a treatment with DOX or
ultrasound separately. DOX treatment induced DSB from 4h post treatment, as expected. Ultrasound
treatment led to reversible DSB, observed 10 minutes to 24h after treatment, with no impact on cell
viability or proliferation. The apparition of DNA damages following ultrasound treatment alone, and the
increase of induced DSB following the combined treatment, were attributed to a bystander effect, with the
creation of DSB in unsonicated cells after contact with supernatant of sonicated cells. The role of
calcium in this effect was further confirmed, as the addition of PBS counteracted this effect. These data
suggest that cavitational ultrasound may potentiate the action of DOX through induction of DSB,
therefore increasing the cytotoxicity of DOX.
This work was supported by the LabEx DEVweCAN (ANR-10-LABX-0061) of the University of Lyon,
within the program ”Investissements d’Avenir” (ANR-11-IDEX-0007) operated by the French National
Research Agency (ANR).

Wednesday, May 16, 2018
5:12 PM

Ballroom A

Scientific SessionsNon-Thermal Therapies

LOW-INTENSITY PULSED ULTRASOUND STIMULATES NEURITE OUTGROWTH IN PRIMARY
NEURONS IN VITRO
Noboru Sasaki1 , Nobuki Kudo1 , Hiroshi Ohta1 , Mitsuyoshi Takiguchi1
1. Hokkaido University, Sapporo, Japan.
OBJECTIVES Axonal regeneration after spinal cord injury remains a challenge facing neuroscience.
Injured neurons in central nervous system (CNS) have a limited capacity for neurite outgrowth and
axonal regeneration. CNS myelin associated proteins, such as Nogo or MAG, inhibit neurite growth [1].
Low intensity pulsed ultrasound (LIPUS) improved peripheral nerve regeneration in rat [2,3] and
enhanced neurite outgrowth in tumor cell lines [4,5]. LIPUS may have a potential for axonal regeneration
after spinal cord injury. Our ultimate goal is to develop LIPUS therapy for spinal cord injury. In this
feasibility study, we evaluated whether LIPUS can induce neurite outgrowth in primary neurons.
METHODS Primary rat [Fisher 344] cortex neurons (Life Technologies) were seeded onto collagen
type-I gel in 35 mm culture dish. Neurons were maintained in Neurobasal Medium (Life Technologies)
supplemented with B-27 Supplement (Life Technologies) and GlutaMax -1 (Life Technologies). After
culturing for 3 days, ultrasound was exposed to neurons for 10 min at 37 C in a water bath. Ultrasound
was generated with a 50 mm-diameter monoelement non-focused transducer (Fuji Ceramic, Japan). A
sinusoidal electrical signal was generated by an arbitrary function generator, which was amplified by a
power amplifier. Ultrasound parameters were as follows; 1 MHz center frequency, 10% duty cycle (100
µsec pulse width, 1 kHz pulse repetition frequency). In this setup, the spatial-average temporal-average
ultrasound intensity was 30 mW/cm2 , which corresponded to 0.1 MPa peak-to-peak pressure. Neurons
were observed with a phase-contrast microscope in 7 consecutive days after the sonication. In addition,
neurons were stained with calcein-AM and propidium iodine (Fig. 1). Both phase-contrast images and
fluorescent images were analyzed with Image J in order to assess the neurite outgrowth.
RESULTS The number of calcein-AM positive cells was higher in LIPUS group than in the control group.
For the first few days, calcein-AM positive cells in LIPUS group had more and longer neurites compared
with calcein-AM positive cells in the control group. However, at 7days after the sonication, the area of
neurite network in LIPUS group was not significantly larger that in the control group.
CONCLUSIONS This preliminary study shows the feasibility of LIPUS for stimulating neurite outgrowth.
The effects of LIPUS were moderate in this preliminary study because of the complete medium for
primary neurons. However, we intend to illustrate in this study that LIPUS can be useful tool for
enhancing neurite outgrowth in primary neurons. In ongoing study, we evaluate the LIPUS effects on
neurite outgrowth in the presence of inhibitors (e.g. Nogo or MAG).
[1] Hannila S. and Filbin M. The role of cyclic AMP signaling in promoting axonal regeneration after
spinal cord injury. Exp. Neurol. 209 (2008), 321-332.
[2] Jiang W., et al. Low-intensity pulsed ultrasound treatment improved the rate of autograft peripheral
nerve regeneration in rat. Sci. Rep. 6 (2016): 22773.
[3] Crisci A.N. and Ferreira A.L. Low-intensity pulsed ultrasound accelerates the regeneration of the
sciatic nerve after neurotomy in rats. Ultrasound Med. Biol. 28 (2002), 1335-1341.
[4] Zhan L., et al. Low-intensity pulsed ultrasound enhances nerve growth factor-induced neurite
outgrowth through mechanotransduction-mediated ERK1/2 CREB Trx-1 signaling. Ultrasound Med.
Biol. 42 (2016), 2914-2925.
[5] Hu Y., et al. Ultrasound can modulate neuronal development: impact on neurite growth and cell body
morphology. Ultrasound Med. Biol. 39 (2013), 915-925.
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EFFICACY, EFFICIENCY, AND SAFETY OF MR-GUIDED HIGH-INTENSITY FOCUSED
ULTRASOUND FOR ABLATION OF UTERINE FIBROIDS: COMPARISON WITH
ULTRASOUND-GUIDED METHOD
Yonghua Xu2,1
1. Xuhui Central Hospital, Chongqing, China.
2. Fudan University, Shanghai, China.
OBJECTIVES The purpose of this study was to compareefficacy, sonication energy efficiency, treatment
time and safety of magnetic resonance-guided high-intensity focused ultrasound (MRgHIFU) and those
of ultrasound-guided high-intensity focused ultrasound (USgHIFU) for ablation of uterine fibroids.
METHODS This study included 43 patients with 44 symptomatic uterine fibroids treated with MRgHIFU
and 51 patients with 68 symptomatic uterine fibroids treated with USgHIFU. After therapy,
contrast-enhanced MRI was conducted and complete ablation was defined as 100% non-perfused
volume (NPV) of fibroids.Patients with completely ablated fibroids were selected for the comparison of
the treatment data and sonication parameters between MRgHIFU and USgHIFU treated groups.
RESULTS Thirteen completely ablated fibroids in 10patients (23.3%, 10/43) were achieved with
MRgHIFU and 28 completely ablated fibroids in 22 patients (43.1%, 22/51) were achieved with
USgHIFU. In completely ablated fibroids, the energy efficiency factor (EEF) was 5.1 ± 3.0 J/mm3 and
4.7 ± 2.5 J/mm3 in the MRgHIFU and USgHIFU, respectively (P = 0.165). There was a negative linear
correlation between EEF and the NPV of fibroids for MRgHIFU (P = 0.016) and USgHIFU (P =
0.001).The mean treatment time was 174.5 ± 42.2 minutes and 114.4 ± 39.2 minutes in the MRgHIFU
and USgHIFU procedures, respectively (P = 0.021). There were no severe adverse events and major
complications after treatment.
CONCLUSIONS MRgHIFU and USgHIFU are safe and effective with the equivalent energy efficiency
for complete ablation of fibroids. USgHIFU has shortertreatment time than MRgHIFU.
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MRI-GUIDED TRANSURETHRAL ULTRASOUND ABLATION OF THE PROSTATE (TULSA): STATE
OF THE ART
Sandeep Singh Arora1 , David Penson2 , David Bonekamp3 , Massom Haider4 , Jurgen Futterer5 , Zahra
Kassam6 , Mathieu Burtnyk7 , Robert Staruch7 , Jason Lane15 , Joseph Chin8 , Gencay Hatiboglu3 , James
Relle9 , Laurence Klotz4 , Michael Koch10 , Aytek Oto11 , Christian Pavlov12 , Steve Raman13 , Yair Lotan14 ,
Heinz-Peter Schlemmer3
1. Radiology, Vanderbilt University Medical Center, NAshville, Tennessee, United States. 2. Urology,
Vanderbilt University Medical Center, NAshville, Tennessee, United States. 3. DKFZ, Heidelberg,
Germany. 4. Sunnybrook Health Sciences Centre, Toronto, Ontario, Canada. 5. Radboudumc,
Nijmegen, Netherlands. 6. St Joseph’s Health Care, London, Ontario, Canada. 7. Profound Medical Inc,
London, Ontario, Canada. 8. London Health Sciences Center, London, Ontario, Canada. 9. William
Beaumont Hospital, Royal Oaks, Michigan, United States. 10. Indiana University, Indianapolis, Indiana,
United States. 11. University of Chicago, Chicago, Illinois, United States. 12. Johns Hopkins University,
Baltimore, Maryland, United States. 13. UCLA Health Sciences, Los Angeles, California, United States.
14. UT SOUTHWESTERN, Dallas, Texas, United States. 15. Anesthesiology, Vanderbilt University
Medical Center, Nashville, Tennessee, United States.
OBJECTIVES To provide an overview of TULSA, with 3-year follow-up from a 30-patient safety and
feasibility study, and early clinical experience from a 110-patient pivotal trial.
METHODS MRI-guided transurethral ultrasound ablation (TULSA) uses real-time MRI thermometry
(MR-t) to monitor and control conformal ultrasound ablation of prostate tissue using an automated
feedback algorithm. In a TULSA procedure, a transurethral therapeutic ultrasound applicator (UA) with a
linear array of ten 5-mm transducer elements is inserted into the prostate through the urethra of the
anesthetized patient (pt) with supra-pubic catheter drainage, and the pt is advanced into an MRI. A
robotic positioning system (PS) holds and translates the UA for MRI-guided alignment of the UA
elements with the targeted prostate tissue. T2 images are used to define target boundaries for each
element. Each element emits unfocused high-intensity directional ultrasound directly into the adjacent
prostate at 4.3 or 13 MHz depending on target depth. Segmented echo-planar images acquired
dynamically during energy delivery (12 images every 6 s) are used to calculate MR-t by the proton
resonance frequency shift method. A feedback algorithm uses MR-t to adjust the frequency and power of
each UA element, as well as the rate at which the PS rotates the UA, sweeping out a conformal heating
pattern. Post-treatment contrast-enhanced T1 depicts the acute non-perfused volume (NPV). NPV is
compared to MR-t isocontours reaching an ablative temperature of 55 C or a thermal dose of 240
cumulative equivalent min.
A 30-pt clinical trial of conservative whole gland ablation was completed at 3 centers, with primary
outcomes of safety (adverse events) and feasibility (ablation accuracy and precision); secondary
outcomes included quality of life (QoL), PSA, and 12-month (mo) biopsy. TULSA was primary treatment
for men aged 65 yr with biopsy-proven organ-confined low to intermediate-risk prostate cancer:
T1c-T2a, PSA  10 ng/ml, Gleason score  6 (max 3+4 in Canada). To assess the extent of delayed cell
kill, a 55 C target boundary was set with a 3 mm safety margin inside the prostate capsule, preserving
1-3 mm of peripheral prostate tissue (10% volume).
The 110-pt TULSA-PRO Ablation Clinical Trial (TACT) pivotal study is further evaluating safety and
efficacy across 13 sites in the US, Canada, and Europe. The primary efficacy outcome of TACT is the
proportion of pts achieving a PSA reduction 75%, with secondary endpoints of 12-mo biopsy and
prostate volume. The primary safety endpoint is the frequency and severity of adverse events (AE) in the
first 12 mo, secondary QoL endpoints include erectile dysfunction and urinary incontinence. TACT has a
wider population: men aged 45-80 yr with localized prostate cancer  T2b, Gleason  3+4, PSA  15
ng/ml. To achieve complete whole gland ablation, a 57 C target boundary was set 2 mm inside the
prostate boundary to extend ablative temperatures all the way to the prostate capsule.
RESULTS The first trial demonstrated the safety and feasibility of TULSA for conformal prostate ablation.

There were no intraoperative complications, no rectal injury or fistula, no severe urinary incontinence,
and no Grade 4 AE. Two serious AE included one Grade 3 epididymitis resolved with IV-antibiotics, and
one Grade 2 urinary retention requiring supra-pubic catheter insertion. Common acute Grade 1 and 2
AE included hematuria, urinary tract infection, and low-grade urinary retention, all resolved. Median
(IQR) treatment time was 36 (26-44) min for prostate volume 44 (38-48) cc. Spatial ablation accuracy
and precision was 0.1±1.3 mm, with conformal NPV, and 88% reduction in fibrosis-corrected residual
enhancing prostate volume at 12-mo MRI. Median PSA decreased from 5.8 (3.8-8.0) ng/ml to 0.8
(0.6-1.1) at 12 mo and 0.8 (0.4-1.6) at 36 mo, nadir 0.5 (0.2-0.8) ng/ml. 12-mo biopsy was positive in
16/29 pts, but showed 61% reduction in cancer length, reflecting peripheral tissue sparing within the 3
mm safety margin. At 36 mo, 7 pts have had salvage therapy, the rest remain on active surveillance.
TACT enrolled 110 pts from Sep 2016 to Jan 2018. Of the first 63 evaluable pts, median PSA reduction
to-date is 93%, with 92% of pts (58/63) meeting the endpoint of 75% reduction. The number of pts
with 12-mo safety data is not yet large enough to assess. Our institution treated 9 men aged 54-76 yr,
PSA 4.1-12.7 ng/ml, Gleason 6 in 3/9 and 3+4 in 6/9. Treatment time was 42 (37-57) min for prostate
volume 15-60 cc, with spatial accuracy and precision of 0.2±1.0 mm. MR-t 55 C and 240 CEM43
isocontours and acute NPV confirm that reduced safety margins in TACT achieved the goal of complete
whole-gland ablation.
CONCLUSIONS TULSA provides safe and precise ablation of localized prostate cancer, while keeping
salvage therapy options open. A 110 pt pivotal trial with reduced safety margins has completed
enrolment.

Sagittal 3D T2-weighted TSE image used for MRI-guided positioning of ultrasound applicator and
endorectal cooling device.

Axial 2D T2-weighted TSE image used in detailed treatment planning to define the target boundary for
each independent transducer element.

Figure 3: Maximum temperature overlay displayed during real-time MR thermometry-controlled TULSA.

Immediate post-treatment axial contrast-enhanced fat-suppressed T1-weighted image displaying
non-enhancing volume in agreement with overlaid target boundary, 55 C maximum temperature
isotherm, and 240 CEM43 thermal dose isocontour.
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FEASIBILITY AND SAFETY OF NON-INVASIVE OSTEOID OSTEOMA ABLATION WITH
HIGH-INTENSITY FOCUSED ULTRASOUND COMPARED TO STANDARD OF CARE TREATMENT
WITH RADIOFREQUENCY ABLATION
Karun Vashist Sharma4,5 , Pavel Sergeyevich Yarmolenko4 , Haydar Celik4 , Avinash Eranki4 , Ari
Partanen2 , Anilawan Smitthimedhin5 , AeRang Kim6 , Matthew Oetgen1 , Domiciano Santos3 , Janish
Patel3 , Peter C.W. Kim4
1. Orthopedics, Children’s National Medical Center, Washington, District of Columbia, United States.
2. Clinical Science MR Therapy, Philips, Andover, Massachusetts, United States.
3. Anesthesiology, Children’s National Medical Center, Washington, District of Columbia, United States.
4. Sheikh Zayed Institute for Pediatric Surgical Innovation, Children’s National Medical Center,
Washington, District of Columbia, United States.
5. Radiology, Children’s National Medical Center, Washington, District of Columbia, United States.
6. Oncology, Children’s National Medical Center, Washington, District of Columbia, United States.
OBJECTIVES Osteoid osteoma (OO) is a painful bone tumor that commonly occurs in cortex of long
bones of lower extremities in children and adolescents. It accounts for 10-14% of all benign bone tumors.
In addition to pain, other symptoms of osteoid osteoma can include bony deformity, growth disturbance,
and painful scoliosis. CT-guided radiofrequency ablation (CT-RFA) is the current standard of care for
definitive treatment. Although CT-RFA is effective and less invasive than surgery, potential complications
include bleeding, infection, skin and muscle burns, and nerve injury from drilling through tissue and
heating along the RFA probe. The use of CT imaging required for treatment planning and guidance also
exposes patients and operators to ionizing radiation, which can have potential long-term negative effects,
especially for growing children. Magnetic resonance imaging-guided high-intensity focused ultrasound
(MR-HIFU) is a non-invasive treatment modality capable of ablating tissues deep within the body without
either incisions or exposure to ionizing radiation, and therefore it offers significant advantages over
existing OO treatment approaches in children. The objectives of this work were to evaluate feasibility and
safety of treatment of symptomatic osteoid osteoma and to compare clinical response with standard of
care CT-RFA treatment.
METHODS Nine subjects with radiologically confirmed, symptomatic OO were treated with MR-HIFU
(Sonalleve V2, Philips, Vantaa, Finland) on an IRB-approved clinical trial (NCT02349971). Treatment
feasibility and safety were assessed. Analgesic requirement, Visual Analog Scale pain score, and sleep
quality were used to evaluate clinical response. Anesthesia, procedure, and recovery times as well as
clinical response indicators were compared between the group of patients treated with MR-HIFU and a
historical control group of nine consecutive patients treated with radiofrequency ablation (RFA).
RESULTS Nine subjects with symptomatic extremity osteoid osteoma (7 males, 2 females; 16±6 years
old) were treated with MR-HIFU without technical difficulties or any serious adverse events. There was
significant decrease in their median pain scores four weeks after treatment (6 vs. 0, p<0.01). Total pain
resolution and cessation of analgesics was achieved in 8/9 patients after four weeks. In the RFA group,
nine patients (8 males, 1 female; 10±6 years old) were treated in routine clinical practice. All nine
demonstrated complete pain resolution and cessation of medications by four weeks with significant
decrease in median pain scores (9 vs. 0, p<0.001). One developed a second-degree skin burn, but
there were no other adverse events. In both groups, treatment response remained constant over the
1-year follow-up period after treatment. Procedure times and treatment charges were comparable
between the two groups.
CONCLUSIONS This work demonstrates that MR-HIFU ablation of OO refractory to medical therapy is
feasible and can be safely performed in pediatric patients. Clinical response following MR-HIFU ablation
is comparable with standard of care treatment of osteoid osteoma over the course of a 1-year follow-up,
but without any incisions or ionizing radiation exposure.
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MRI BIOMARKERS FOR FOCUSED ULTRASOUND TREATMENT OF PANCREATIC DUCTAL
ADENOCARCINOMA
Ezekiel Maloney1 , Ravneet Vohra1 , Yak-Nam Wang3 , Tatiana Khokhlova2 , Stella Whang2 , Kayla
Gravelle2 , Joshua Park1 , JooHa Hwang2 , Donghoon Lee1
1. Diagnostic Radiology, University of Washington, Seattle, Washington, United States.
2. Medicine / Gastroenterology, University of Washington, Seattle, Washington, United States.
3. Applied Physics Laboratory, University of Washington, Seattle, Washington, United States.
OBJECTIVES Pancreatic cancer is the fourth leading cause of cancer-related deaths in the United
States.1 Pancreatic ductal adenocarcinomas (PDAs) have a robust fibroinflammatory stroma and a
dense extracellular matrix that accumulates water molecules in a poorly mobile, gel-fluid phase.2 In
combination, these features result in a high interstitial fluid pressure (IFP; ⇠99mmHg versus 10.4 in
normal pancreas) that collapses tumor vasculature and impedes therapeutic drug delivery.3
Glycosaminoglycans produced by PDA tumor cells are often present at exceedingly high concentrations
in the tumor interstitium, and their presence correlates with high IFP.2,4 In a genetic mouse model of PDA
(KPC), pulsed focused ultrasound (pFUS) therapy has disrupted the tumor stroma and improved delivery
of chemotherapy to the tumor.3,5 A recent phase 1 clinical trial of pFUS therapy in combination with
chemotherapy doubled median overall survival in patients with inoperable PDA versus chemotherapy
alone.6 In clinical trials and in clinical practice, both the time and invasiveness required to assess
treatment efficacy are critical considerations for the majority of patients with PDA who have rapidly
progressive, non-surgical disease in a highly sensitive anatomic area. Our purpose is to implement
non-invasive MRI methods to assess pFUS treatment effects for PDA.
METHODS Three murine models of PDA, including subcutaneous, orthotopic, and tumor bearing KPC
mice were used in combination with MRI at 14T (Paravision 5.1 software, Bruker Corp, Billerica, MA) to
assess tumor response to ultrasound(US)-guided pFUS treatments with an Alpinion VIFU 2000 small
animal system. Exposure parameters were: peak electric power 475W, pulse duration 1 ms, pulse
repetition frequency 1 Hz, duty cycle 0.1%. The focal spot was raster-scanned throughout the
acoustically accessible volume of the tumor with a step size of 1 mm, and 60 pulses were delivered at
each focal spot. These parameters were previously shown to enhance tumor permeability to
chemotherapeutics3 . Cavitation activity was monitored passively and quantitated based on broadband
noise emission as previously described7 . T1 and T2 relaxation maps, apparent diffusion coefficient
(ADC) maps (b-values 126, 180, 234, 340, 549 mm/s2 ), magnetization transfer ratio (MTR) maps, and
chemical exchange saturation transfer (CEST) maps for the amide proton spectrum (3.5 ppm) and the
glycosaminoglycan (gag) spectrum (0.5-1.5 ppm) were generated and analyzed for 6 animals in each
group 48hrs pre-pFUS, and immediately post-pFUS therapy, using ImageJ. Between 3 and 5 additional
animals in each group underwent the same imaging protocol, but with sham treatment. Animals were
sacrificed immediately following post-treatment or post-sham imaging. The whole-tumor was selected as
the region of interest for data analysis and subsequent statistical analysis. Paired t-tests were used to
assess statistical significance. See Figure 1 for example images from a pFUS treatment / 14T MRI
session.
RESULTS Cavitation activity was achieved in all three murine PDA models (Figure 2B). Following pFUS
treatment, mean ADC increased significantly for all animal models, and this increase was most
pronounced in the KPC model (Figure 2A&B). Mean gag CEST and T2 map quantitations decreased
significantly post-treatment only for the KPC group (Figure 2C&D). Mean MTR values increased 21.6%
for the KPC group (p<0.001). Mean amide CEST values increased 14.5% for the KPC group (p=0.01;
two animals were excluded from analysis due to negative map values from errors in centering on this
sequence). Treated areas demonstrated predominantly isointense signal on T1 weighted anatomic
scans, in some instances with an associated peripheral ring of T1 hypoinense signal (Figure 1C&F).
However, overall there was no significant difference in mean tumor T1 relaxation time. Other parameters
tested were also not significantly changed post-pFUS treatment. There were no significant differences in

any parameters for the sham group animals.
CONCLUSIONS Variable changes in T1 relaxation, and significantly increased MTR and amide CEST
signals post-pFUS-treatment most likely represent sequelae of hyperacute hemorrhage from
microcapillary vessels (Figure 2A&B). Significant decreases in gag CEST and T2 relaxation may
represent disruption of glycosaminoglycans and associated liberation of complexed water molecules
from within the tumor stroma. Glycosaminoglycan concentrations are often greater in genetic PDA tumor
models than implanted tumors, and this may explain the selected effect observed in the KPC group.
Significant increase in ADC likely reflects increased diffusivity within the treated PDA tumors.
Histopathologic studies are currently underway for correlation.
T2 relaxation, gag CEST, and ADC maps may provide reliable quantitation of pFUS treatment effects for
patients with PDA.

Figure 1 – Representative images of pFUS treatment and 14T MRI assessment. (A) Sagittal plane
line drawing and (D) axial plane US image of a pFUS treatment. Animals were anesthetized, placed on a
mobile platform, and partially submerged in degassed water. Tumors were identified using B-mode
images from a diagnostic US probe. The KPC mouse tumors generally appear as predominantly
hypoechoic masses along the distribution of the pancreas (dashed line in D; the yellow cross within
marks the focus of the pFUS transducer). Axial (B&C) and coronal (E&F) pre- and post-treatment T1W
anatomic images from a different KPC mouse. Dashed lines in B&E demarcate the pancreatic tumor
mass. The treated area demonstrates predominantly isointense T1 signal (solid arrowheads in C&F),
with a peripheral ring of T1 hypoinense signal (notched arrowheads in C&F), most likely representing
sequelae of hyperacute hemorrhage. Osc = oscilloscope; PCD = passive cavitation detector.

Figure 2 – 14T MRI parameter changes due to pFUS treatments. (A) There was significant increase
in mean ADC quantitation for all three murine PDA models (n=6 in each group). The horizontal dotted
line at ADC=1 demarcates a frequently used clinical threshold for “restricted” diffusion. (B) Cavitation
was successfully achieved in all treated animals. On average, cavitation activity tended to be lower in the
KPC animals, yet the absolute increase in ADC values for these animals was significantly higher than the
other two models post-pFUS treatment. gagCEST (C) and T2 (D) map quantifications in KPC animals
revealed significant decrease in mean values (solid horizontal lines) post-pFUS treatment (n=6). There
was no significant change in these parameters in the other tumor models. Ortho = orthotopic; SC =
subcutaneous; *: p<0.05; **: p<0.01; ***: p<0.001; Error bars = standard error from the mean.
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THE EFFECT OF DAILY-APPLIED LONG-DURATION THERAPEUTIC ULTRASOUND ON PATIENTS
WITH KNEE OSTEOARTHRITIS: A RANDOMIZED, PLACEBO-CONTROLLED DOUBLE BLIND
STUDY
Eric L Rohrs1 , Ralph Ortiz2 , George K. Lewis1
1. ZetrOZ Systems, LLC, Seymour, Connecticut, United States.
2. Medical Pain Consultants, Dryden, New York, United States.
OBJECTIVES The objective of this study was to examine if long-duration therapeutic ultrasound was
efficacious in treating pain and improving functional status of patients with knee osteoarthritis.
METHODS Ninety (90) patients with moderate to severe knee pain and radiographically confirmed knee
osteoarthritis were randomized for treatment with active (n=55) or placebo (n=35) devices applied daily
to the arthritic knee. Therapeutic ultrasound parameters were 3 MHz frequency, 0.132 watts/cm2 and 1.3
watts. Ultrasound was applied with a wearable device for 4 hours to the knee, 7 days per week, for 6
weeks for a total of 18,720 joules of energy per treatment. Demographic and clinical characteristics
including age, sex, body mass index were recorded. The main outcome measures of the treatment were
pain intensity before and after treatment using the numeric rating scale (NRS). Functional status of
patients with knee osteoarthritis was determined by the Western Ontario McMaster Osteoarthritis
Questionnaire (WOMAC) at the beginning and end of the study. For a cohort of n=17 patients
sequentially enrolled in the study, range of motion and strength measurements with dynamometry
equipment were acquired at the start and end of the study. Statistical analysis to determine between
group differences was carried out using general linear mixed models for dependent variables assumed to
have normal distributions. The effect size (Cohen’s d) was calculated for pain and WOMAC outcomes,
with effect sizes >0.8 considered large.
RESULTS The study had a 93% retention rate and there were no differences between the groups
regarding demographic variables or baseline outcome measures. Patients treated with active therapy
observed a significant mean NRS pain reduction over the 6-week study of 2.03-points (37.1%) for active,
compared with a 1.02-points (20.2%) reduction for placebo (p<0.05). The WOMAC score was also
significantly improved for the active group by 505 points (36.3%) versus a 266 point (24.0%)
improvement for placebo (p<0.01). Range of motion and muscle strength showed significant
improvement in the active group by 6.2 times (p<0.05) as compared to the placebo group.
CONCLUSIONS Long-duration therapeutic ultrasound significantly reduced pain and improved joint
function in patients with moderate to severe osteoarthritis knee pain. The clinical findings suggest that
therapeutic ultrasound may be used as a conservative treatment option for patients with knee
osteoarthritis. Additional research is warranted on other joints of the musculoskeletal system.

Mean percent change of pain on the NRS with confidence interval across entire study (*p<0.01).
Greater percent reduction indicates perceived improvement in pain. Gray bars represent placebo group;
Black bars represent active group. Among patients who completed the study active SAM treatment had a
greater improvement in pain 3A) Significant improvement of active versus placebo for all patients. 3B)
Significant improvement of active versus placebo by gender.
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TRANSRECTAL HIGH INTENSITY FOCUSED ULTRASOUND AS FOCAL THERAPY OF
POSTERIOR DEEP INVASIVE ENDOMETRIOSIS
GIL DUBERNARD2,1 , Charles-André Philip2,1 , Albert Gelet5,1 , Nicolas Guillen3 , Francoise Chavrier1 ,
Emmanuele Maissiat4 , Hélène Tonoli3 , Jean-Yves Chapelon1 , Cyril Lafon1
1. LabTAU, INSERM, Lyon, France.
2. Gynecology, Croix-Rousse University hospital, Lyon, France.
3. EDAP TMS, Vaulx en Velin, France.
4. Radiology, Croix-Rousse University hospital, Lyon, France.
5. Urology, Herriot University hospital, Lyon, France.
OBJECTIVES Posterior deep invasive endometriosis (DIE) includes lesions of the utero-sacral
ligaments, torus uterinum and the rectosigmoid. The rectosigmoid lesions are associated with painful
symptoms that can alter quality of life. High Intensive Focused Ultrasound (HIFU) is a non-invasive
ablative procedure using a high intensive ultrasound probe to induce tissue devitalization using acoustic
cavitation and thermal ablation. FocalOne is a transrectal HIFU device, which is validated to treat
prostatic cancer. The aim of the study was to assess the feasibility, the safety and the clinical efficacy of
the FocalOne in patients presenting posterior DIE with rectal involvement.
METHODS We conducted a Phase I, non-controlled, prospective monocentric clinical study. The
inclusion criteria were patient older than 25 years old, without any project of pregnancy in the next 3
months, who presented a single lesion of posterior DIE with a rectal invasion and after failure of
hormonal therapy. All lesions were assessed using a rectal water contrast transvaginal sonography,
pelvic MRI and a transrectal sonography. The FocalOne probe was introduced into the rectum under
spinal anesthesia. Real-time guided ultrasonography was used to determine the location and the volume
of the endometriotic nodule. Then, a succession of HIFU exposure was used to treat the maximum
volume of the lesion, excluding a security margin of 3 mm with the digestive mucosae to prevent the risk
of fistulae. Patients filled questionnaires on gynecologic and digestive symptoms and on quality of life
(MOS-SF36 score) before treatment and at 1, 3 and 6 months after treatment.
RESULTS Eleven patients were included between september 2015 and July 2017. All the lesions were
visualized with FOCALOne sonographic probe. Only 9 of them satisfied security conditions that allowed
the treatment. Thus, the “feasibility rate” was 81.8%. The treatment of the entire lesion was feasible for 3
patients, while for the remaining 6 patients, approximately 50% of the lesion was treated. The median
duration of the procedure was 56 minutes (± 22, [25-91]). We observed a significant improvement in
visual analogic scales for dysmenorrhea (-4.0, p=0.008), spams (-4.6, p=0.02), constipation (-3.2,
p=0.02), false defecation needs (-2.7, p=0.04), posterior irradiation pain (-4.4, , p=0.01) and asthenia
(-4.0, p=0.01).There was also a significant improvement of the MOS-SF36 with an increase of both
Physical Composite Score of 22.7% (53.1 vs 43.2, +9.9, p=0.015) and Mental Composite Score of
45.8% (50.0 vs 34.3, +15.7, p=0.015) at 6 months. No significant complications occurred during and
after the procedure. All the patients left hospital the day after the procedure.
CONCLUSIONS HIFU therapy for posterior DIE can be considered as feasible and safe. It could be an
interesting alternative to surgery for the treatment of posterior DIE. Although further studies are required
to confirm these preliminary results.
Work supported by EDAP TMS.
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MULTICENTER CLINICAL TRIAL OF ULTRASOUND HYPERTHERMIA
COMBINED WITH CHEMOTHERAPY IN ORAL CANCER
Wei Guo1,2 , Guoxin Ren1 , Jian Meng2 , Guofeng Shen3
1. Dept. of Oral and Maxillofacial Head and Neck Oncology, School of Medicine,Shanghai Jiaotong
University, Shanghai, China.
2. Stomatology, Xuzhou center hospital, Xuzhou, Jiangsu, China.
3. School of Biomedical Engineering, Shanghai, Shanghai, China.
OBJECTIVES To evaluate the efficacy and the main side-effects during the clinical trial of this new
ultrasound hyperthermia system combined with chemotherapy in oral cancer, meanwhile, to observe the
preliminary clinical response of this combined therapeutic modality.
METHODS One hundred and twenty two cases of oral squemous cell carcinoma entered this clinical
trial, 60 patients of them with advanced oral carcinoma were treated with new ultrasound hyperthermia
system combined plus docetaxel–cisplatin–fluorouracil regimen (test group), 62 patients only received
chemotherapy with docetaxel–cisplatin–fluorouracil regimen (control group).The thermo-index were
detected during the course of hyperthermia, the chief-complain of the patients were also recorded. The
systemic physiological, biochemical and immunological index were tested before and after the treatment
respectively. The therapeutic response was assessed 1 month after 2cycles of the treatment. The
follow-up period was 2 months to 36 months. The median follow-up period was 12 months.
RESULTS Sixty cases of oral squemous cell carcinoma enrolled the clinical trial of local ultrasound
hyperthermia combined with chemotherapy. Ten times of ultrasound hyperthermia in total were
performed for each patient. The ultrasound hyperthermia system operated smoothly, no malfunction was
found. The main thermo-index were: the maximum heating temperature was 107.33±32.43 Fahrenheit,
the average heating temperature was 106.07±33.15 Fahrenheit, the minimum heating temperature was
103.76±33.02 Fahrenheit, the fraction of heating time more than 107.6 Fahrenheit was 0.46±0.35, the
average treatment time was 37.74±8.88min. PR+CR was 64.4% (test group) and 42.4% (control group,
p<0.05) respectively. The main local side-effects were low-grade pain (12/60). The incidence of adverse
effects was similar between both study groups, no bone marrow suppression (over III).
CONCLUSIONS The system combined with docetaxel–cisplatin–fluorouracil regimen is effective and
safe in the treatment of advanced oral cancer. The main side-effects of local ultrasound hyperthermia
combined with chemotherapy are low-grade pain or tolerable pain. There is no serious systemic
complication observed. Local ultrasound hyperthermia enhances the immune function and obtains
satisfying short-term response. Further observations are needed for long-term follow-up.
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IN VIVO TEMPERATURE EVALUATION IN PERIRENAL FAT OF PIGS WITH B-MODE ULTRASOUND
Xiasheng Guo1 , Pengfei Fan1 , Dong Zhang1 , Juan Tu1
1. Institute of Acoustics, Nanjing University, Nanjing, China.
OBJECTIVES For in vitro and in vivo temperature monitoring, prevalent techniques include magnetic
resonance imaging (MRI) and diagnostic ultrasound (US) among others. MRI systems are expensive,
bulky and complicated, limiting its large-scale deployments as an auxiliary equipment in thermal
therapies. Recent studies have shown that, radio frequency (RF) ultrasonic B-scan images could reflect
temperature variation in biological tissues instantaneously.
The objective of the current study is to develop an algorithm for ultrasound-based in vivo temperature
estimation, which incorporates a constant coefficient algorithm (CK) based on thermal expansion, an
improved dynamic frame selection (DFS) technique, as well as adaptive filtering (AF). In vivo
experiments were carried out, in which perirenal fat of pigs was heated with microwave, while
temperature evaluated through ultrasound and invasive measurements were presented for comparison.
METHODS For tissues experiencing heating, change in their properties could influence the propagation
of ultrasonic beams. The CK algorithm was developed based on the fact that, localized thermal
expansion could be associated with tissue temperature variation. The DFS method helped to improve
the precision of temperature assessment, while AF was used to filter the acquired ultrasonic images for
motion compensation.
Domestic pigs were used in the experiments, while the heating and monitoring process were targeted at
their perirenal fat. After regular anaesthesia procedures done on each pig, a subcostal skin incision
parallel to spine was made. Then a microwave ablation probe was punctured into the pig’s perirenal fat
guided by ultrasound. A T-type thermocouple was thrusted into the fat for temperature detection, data
from which was transferred to a PC. An ultrasonic probe of 3.5-MHz central frequency was used for
B-Mode ultrasonic scans, the corresponding RF data was acquired and resampled to 2.35 MHz after IQ
transformation. At different levels of microwave heating, thermocouple-measured temperature and
B-Scan data were acquired synchronously. The RF data was collected at 38 fps, while the resolution of
each RF image was 256(H)⇥128(V).
RESULTS For three different heating levels, temperature results obtained through ultrasound are
presented in Fig. 1. In Fig. 1a-1c, the 11-second evolvement of tissue temperature measured through
thermocouple was compared with those evaluated through three different protocols, i.e., CK,
CK+DFS(CD), and CK+DFS+AF(CDA).
In the first step, the microwave power was set to P=5W, while temperature sensed by the thermocouple
increased by ⇠6.4 Celsius during heating. Temperature variation determined from CDA was in good
consistence with thermocouple data, especially at the early stage of heating. The CK method exhibited
unacceptable errors, especially after t=6s. For the CD solution, evaluation error was comparable with
that of CK, but was impaired significantly after t=5s. For P=6W, the thermocouple sensed a temperature
change of 9.8 Celsius in 11s. Temperature evaluated through CDA was still in good agreement with
thermocouple measured values, although some deviations were observed. As P was further raised to
10W, the thermocouple detected temperature change was ⇠19.3 Celsius. This time, CDA results
exhibited larger errors compared to the previous groups, but still exhibited better performance than the
other two. The RMS error derived from the CDA technique was about 0.6, 1.0, and 1.6 Celsius for the
three heating levels, respectively.
For each heating level, three temperature maps derived from the CDA algorithm are also examined,
corresponding to t=1s, t=5s, and t=10s. In all results, the images exhibited significant SNR and
readability, which demonstrated the effectivity of CDA. From t=1s to t=10s, the area of temperature rising
grew slowly in each group, indicating thermodiffusion in tissues. Further evidence could be observed
from one-dimensional temperature profiles of the 2D maps, which are illustrated in Figs. 1m-1o. In these
results, each map was examined along a transversal line, on which the thermocouple probe was located.
As the heating process went by, tissue temperature increased gradually, accompanying which the span

of each thermal spot expanded slowly.
CONCLUSIONS The obtained CDA solution provided better estimation precision when compared to the
existing CK and CD methods. For temperature rising of 6.4, 9.8 and 19.3 Celsius, the RMS errors of the
CDA technique targeting perirenal fat of living pigs were about 0.6, 1.0 and 1.6 Celsius, respectively. The
proposed technique could help to improve the safety of thermal therapies in clinic.

Fig.1 Comparison between the thermocouple measured and CDA evaluated tissue temperature as a
function of heating time, respectively for microwave power of (a) 5W, (b)6W, and (c) 10W. The
corresponding ultrasound evaluated temperature maps are presented in (d)-(f) for t=1s, in (g)-(i) for t=5s,
and in (j)-(l) for t=10s. The one-dimensional temperature profiles along the thermocouple located axial
line are also presented for heating power of (m) 5W, (n) 6W, and (o) 10W.
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A REAL-TIME PASSIVE ACOUSTIC MAPPING–BASED CAVITATION CONTROLLER
Scott Joseph Schoen1 , Costas Arvanitis1,2 , Arpit Patel1
1. Mechanical Engineering, Georgia Institute of Technology, Atlanta, Georgia, United States.
2. Biomedical Engineering, Georgia Institute of Technology and Emory University, Atlanta, Georgia,
United States.
OBJECTIVES Focused ultrasound (FUS) together with microbubbles has promise for targeted drug
delivery to the central nervous system; however, to retain safe and effective treatment, there is a need for
methods to control the microbubble oscillations (acoustic cavitation). Ideally, they should allow for
real-time operation, provide discrimination between stable and inertial cavitation, and allow for
localization of the cavitation activity. Here we demonstrate a real-time passive acoustic mapping
(PAM)-based controller that uses microbubble emissions from harmonic, ultraharmonic, and broadband
frequency bands to localize and control the bubble dynamics.
METHODS FUS (f0 = 1.662 MHz, pulse duration 60 µs, pulse repetition frequency 1 Hz) was applied to
Optison microbubbles (diluted to approximately 6000 bubbles per microliter), which were flowed in a 1
mm channel. A linear array transducer (GE L3-12D; f0 = 7.12 MHz; 256 elements) connected to a
Verasonics Vantage 256 acquisition system and operated in passive mode, was positioned at a right
angle to the incident beam, and triggered to record the resulting bubble emissions.
The recorded bubble emissions were used to create PAMs computed using the angular spectrum
approach (ASA), a spatial frequency–domain algorithm which allows fast (20 ms) reconstruction of the
acoustic field at arbitrary axial distances based on the field measured at the transducer. Because the
ASA additionally operates in the temporal frequency domain, reconstructions may be readily performed
in the harmonic, ultraharmonic, and broadband to allow determination of cavitation type (i.e., stable or
inertial). These PAMs are used as state estimators for a nonlinear closed-loop controller.
The target state of the controller was determined from training data collected by monotonically increasing
pressure (peak negative amplitudes from 40 kPa to 3 MPa) to determine the thresholds for the onset of
harmonic and ultraharmonic (stable), and broadband (inertial) cavitation. These levels were calculated
as the total integrated intensity of the PAM for each frequency range, and second-order fits were used as
state estimators the closed-loop nonlinear controller. Relevant controller parameters to be optimized
were identified as the maximum step size, as well as the transition steepness and transition threshold of
the sensitivity curve of the controller.
RESULTS Use of PAM to determine models of expected emission levels as a function of frequency
indicated good reproducibility, and offered an approximately twofold reduction in the confidence interval
compared to the use of single-channel spectra. PAMs formed from third harmonic (H3 = 3f0 = 4.986
MHz), third ultraharmonic (3.5f0 = 5.817 MHz), and frequencies associated with broadband emissions
(chosen as every 831 kHz between 2.72f0 and 4.22f0) were found to be most reliably associated with
cavitation activity. With these frequency bands, the thresholds for stable and inertial cavitation detection
were found to be 100 kPa and 300 kPa peak negative pressure, respectively.
Small step sizes (on the order of 80 kPa), with sign and amplitude determined by the difference between
expected and measured levels of the third ultraharmonic and H3, respectively, were found to provide
more stable controller response as determined by the rise time to the desired level of H3 (less than 6 s)
and settling times to within 5 % of the desired level (less than 8 s). This level was maintained for the
duration of the experiment (30 s). The discrete bin width of 30 kHz was used, though widths up to 126
kHz were found not to affect controller behavior. All computations were completed between successive
sonications (less than 1 s). Inspection of the PAM indicated concurrent localization of the cavitation
activity within the tube, with axial resolution of ⇠3 mm and ⇠0.5 mm transverse (full width half maximum).
CONCLUSIONS A PAM-based feedback loop controller was demonstrated to maintain target levels of
stable cavitation experimentally. PAM with the ASA was found to be a reliable method for measuring
microbubble emissions with improved reproducibility over spectrum-based cavitation monitoring. The
PAM-based controller also enables simultaneous localization, while still enabling characterization and

control of acoustic cavitation on clinically relevant timescales.
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NOISE REDUCTION OF ULTRASOUND IMAGING DURING CAVITATION-ENHANCED
HIGH-INTENSITY FOCUSED ULTRASOUND TREATMENT
Hayato Ikeda1 , Ryo Nagaoka1 , Maxime Lafond1 , Shin Yoshizawa2 , Ryosuke Iwasaki1 , Moe Maeda1 ,
Shin-ichiro Umemura1 , Yoshifumi Saijo1
1. Graduate school of biomedical engineering, University of Tohoku, Sendai, Japan.
2. Graduate school of engineering, University of Tohoku, Sendai, Japan.
OBJECTIVES High-intensity focused ultrasound (HIFU) is a minimum invasive treatment modality to
induce thermal coagulation. In ultrasonic imaging during HIFU exposure, it is difficult to monitor the
treatment area due to the significant acoustic interference of the HIFU components with the imaging
echo signal. However, the imaging pulse responses can be estimated by subtracting RF signals without
imaging pulse (Passive imaging) from RF signals with imaging pulse (Active imaging) because the
scattered HIFU signal can be assumed to show periodical response with a repetition frequency such as
the fundamental HIFU frequency. In cavitation-enhanced HIFU treatment, cavitation bubbles can
enhance the efficiency of HIFU treatment. However, the HIFU echo signal may not show the periodical
response due to the strong non-linear acoustic scattering from cavitation bubbles. Therefore, HIFU
components cannot be eliminated by the simple subtraction method. In this study, a novel filtering
method is proposed to reduce HIFU components by employing a singular value decomposition (SVD)
filter. SVD filter is based on decomposition on differences in the spatiotemporal characteristics and
signal amplitude. The objective of this study is to eliminate HIFU components for real-time imaging
during HIFU exposure in cavitation-enhanced HIFU treatment.
METHODS Figure 1 shows a schematic of the experimental setup. HIFU was generated from a 128-ch
2D-array focused transducer (diameter: 150 mm and focal length: 120 mm) at a driving frequency of 1.0
MHz by using a 128-ch driving system. A sector probe (number of channels: 80 ch and aperture: 20
mm) with a center frequency of 3.0 MHz, set in the central hole of the focused transducer, was
connected to a programmable ultrasound scanner (Verasonics, Vantage 256) to acquire RF signals for
ultrasonic imaging. A chicken breast was used as a target tissue. Figure 2 (a) shows a sequence of
HIFU exposure and RF signals acquisition. The HIFU sequence consist of trigger pulses for the
cavitation generation and heating bursts for the cavitation-enhanced heating. The intensity and exposure
duration of the trigger pulse were 20 kW/cm2 and 100 µs, and those of the heating bursts were 2.0
kW/cm2 and 49.9 ms, respectively. RF signals of 24 frame were acquired sequentially at a rate of 500 Hz
during the heating wave exposure. Figure 2 (b) shows a sequence of the imaging. Diverging waves were
transmitted for high-speed ultrasonic images. A set of passive imaging and active imaging was
performed 5 times with a separation of 2.5 at a repetition period of 200 µs in one frame of RF signals for
compounding operation. At first, HIFU components was eliminated by the conventional method
subtracting RF signals of passive imaging from RF signals of active imaging. After that, the SVD filter
was applied to reduce the remaining HIFU components.
RESULTS Figure 3 shows a comparison between B-mode images (a) before filtering and (b) after
employing subtraction method during HIFU exposure. The vertex of the dashed triangle corresponded to
the focal position of HIFU. As shown in Fig. 3 (b), HIFU components remained in the direction of HIFU
exposure after employing the subtraction method. Figure 4 shows a power integrals from 1 to 24 frame
(a) before filtering, (b) after the subtraction method (c) after the proposed method and (d) before HIFU
exposure. As shown in Fig. 4 (c) and (d), HIFU component was reduced to less than -30 dB by the
proposed method while the tissue image remained as good as the tissue image before HIFU exposure.
CONCLUSIONS In this study, we proposed the novel filtering method for reduction HIFU components by
employing SVD filter, based on differences in the spatiotemporal characteristics and signal amplitude.
The results showed that the proposal method was effective for imaging tissue during HIFU exposure in
cavitation-enhanced HIFU treatment.

Figure 1: Schematic of experimental set up.

Figure 2: (a) Sequence of HIFU exposure and RF signals acquisition, (b) Sequence of the imaging in
one frame of RF data.

Figure 3: Comparison between B-mode images during HIFU exposure (a) before filtering and (b) after
employing subtraction method.

Figure 4: Power integral image from 1 to 24 frame (a) before filtering, (b) after the subtraction method (c)
after the proposed method and (d) before HIFU exposure
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SELECTIVE DETECTION OF CAVITATION BUBBLES BY TRIPLET PULSE SEQUENCE DURING
HIGH-INTENSITY FOCUSED ULTRASOUND EXPOSURE
Ryosuke Iwasaki1 , Shin Yoshizawa2 , Shin-ichiro Umemura1
1. Biomedical Engineering, Tohoku University, Sendai, Miyagi, Japan.
2. Engineering, Tohoku University, Sendai, Japan.
OBJECTIVES Acoustic cavitation bubbles are known to enhance the heating effect and to induce
sonodynamic effect in high-intensity focused ultrasound (HIFU) treatment. The detection of cavitation
bubbles with high sensitivity and selectivity is required to predict the therapeutic and side effects of
cavitation and ensure the efficacy and safety of the treatment. A pulse inversion (PI) technique has been
widely used for imaging microbubbles through enhancing the second harmonic component of the echo
signals. However, it has a difficulty in separating the nonlinear response of microbubbles from that due to
nonlinear propagation. In this study, a triplet pulse (3P) technique was investigated for specifically
imaging cavitation bubbles through extracting the 1.5th fractional harmonic components from the
bubbles.
METHODS Three pulses with the same envelope with phase shifts by 120 are used in a 3P sequence
as shown in Fig. 1. Here, the 2nd harmonic components are suppressed as well as the fundamental
components by summing the received three series of echoes. Nonlinear echoes from microbubbles can
contain the 1.5th fractional harmonic component while nonlinear echoes due to nonlinear propagation do
not. Since this component is not cancelled in a 3P method as shown in Fig. 1, a high microbubble/tissue
contrast is expected to be obtained by the 3P method.
Figure 2 shows the experimental setup. A HIFU array transducer (Imasonic) at 1.25 MHz with both focal
length and aperture of 120 mm was used in combination with a phased-array imaging probe with a
frequency range of 1-5 MHz (Hitachi Aloka Medical UST-52105). The HIFU transducer was driven by a
128-channel staircase-voltage driver system (Microsonic). The imaging probe was connected to a
programmable system (Verasonics Vantage 256) enabling high frame rate imaging. A freshly excised
chicken breast tissue degassed in 0.9% saline was selected for a target sample tissue and submerged in
a water tank at 37 C. A trigger pulse at a spatial-peak temporal-average intensity (ISPTA ) of 60 kW/cm2
with a duration of 0.1 ms was transmitted from the HIFU transducer for generating cavitation bubble
clouds at around the focal zone, and a heating burst at an ISPTA of 1.5 kW/cm2 with a duration of 45 ms
was transmitted immediately after the trigger pulse for oscillating the generated bubbles and heating the
tissue. It was followed by an intermittent period of 5 ms for imaging.
RESULTS B-mode images during HIFU exposure, obtained by the single pulse (1P), PI, and 3P
sequences are shown in Fig. 3. The background tissue brightness was suppressed by the PI sequence
in comparison with the 1P sequence, but it was best suppressed by the 3P sequence. The contrast ratio
between cavitation microbubbles and background tissue is compared in Fig. 3. The 3P sequence shows
the highest contrast ratio with a statistically significant difference compared with the other sequences (p
< 0.01 and p < 0.05 for 1P and PI sequence, respectively).
CONCLUSIONS A 3P sequence, which is a harmonic imaging method without a band limiting filter, was
used in combination with high frame rate imaging to detect short-life cavitation bubbles selectively. The
sequence canceled out the 2nd harmonics as well as the fundamental components from the received
echo signals. Cavitation bubbles induced by HIFU in tissue were depicted with a significantly higher
contrast ratio than the conventional 1P and PI sequences. The results suggest the potential usefulness
of the 3P sequence in cavitation-enhanced HIFU treatment.
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CALIBRATION-FREE PHOTOACOUSTIC TOMOGRAPHY OF DEEP-TISSUE TEMPERATURE IN
HIGH-INTENSITY FOCUSED ULTRASOUND THERMOTHERAPY
Yuan Zhou1,2 , Mucong Li2 , Wei Liu2 , Georgy Sankin3 , Pei Zhong3 , Jianwen Luo1 , Junjie Yao2
1. Department of Biomedical Engineering, Tsinghua University, Beijing, China.
2. Department of Biomedical Engineering, Duke University, Durham, North Carolina, United States.
3. Department of Mechanical Engineering and Materials Science, Duke University, Durham, North
Carolina, United States.
OBJECTIVES A calibration-free PA thermometry to quantify the Grüneisen parameter and recover the
absolute temperature distribution in the deep tissue, based on the nonlinear effect of photoacoustic
signals.
METHODS We report a new PA thermometry to quantify the Grüneisen parameter and recover the
absolute temperature distribution in the deep tissue, based on the nonlinear effect of photoacoustic
signals. Multiple laser pulses are sequentially delivered within the thermal relaxation time. The first laser
pulse generates a photoacoustic signal carrying the information of the baseline tissue temperature. The
consecutive laser pulses slightly heat up the tissue and generate nonlinear photoacoustic signals. The
photoacoustic signal acquired with the last laser pulse reflects the cumulative nonlinear thermal effect
induced by the whole sequence of the laser pulses. Using the first and last photoacoustic signals, we
have developed a nonlinear mathematical model that correlates the signal time course with the
Grüneisen parameter at the baseline temperature. A tomographic map of Grüneisen parameter
distribution can then be reconstructed by the traditional ultrasound beamforming. Finally, the temperature
map is recovered using the linear relation between the Grüneisen parameter and temperature.
RESULTS Unlike the previous reported PA thermometry methods, our new method does not need
ratiometric measurements or calibrations, and thus can provide absolute temperature measurement. We
first performed phantom and ex vivo experiments to demonstrate the feasibility of this new method
(Figure 1). Then, we applied the absolute temperature mapping on the leg of the mouse in vivo to
monitor the HIFU introduced temperature increase (Figure 2).
CONCLUSIONS We have developed a new PA thermometry to measure the deep-tissue temperature
during the HIFU thermotherapy. Instead of the traditional ratiometric measurements of PA signals at
different temperatures, the new method is calibration-free and can provide the absolute temperature
measurement. We expect that the new PA thermometry method may provide a noninvasive and accurate
temperature control in deep tissue in thermotherapy.

Figure 1. Reconstructed photoacoustic image (a) and the ultrasound image overlaid by the temperature
map based on the proposed calibration-free method (b) on ex vivo tissue. Two ink-filled tubes with
different temperature (32 C and 40 C) were inserted into a piece of chicken breast tissue, mimicking
heterogeneous temperature distributions in the deep tissue. The temperature distribution inside the
tubes was accurately measured.

Figure 2. Reconstructed photoacoustic image (a) and the ultrasound image overlaid by the temperature
map based on the new calibration-free method before (b) and after (c) HIFU heating in vivo. The
temperature distribution inside the leg of the mouse was measured. The red circle indicates the focus of
the HIFU, where the temperature was increased by 25 degrees with 10 min HIFU heating.
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SYNTHETIC APERTURE IMAGING WITH THERAPEUTIC RANDOM PHASED ARRAY
Muhammad Zubair1 , Robert J. Dickinson1
1. Bioengineering, Imperial College London, London, United Kingdom.
OBJECTIVES Randomized phased arrays have been used for generating and steering single focus and
multiple foci with low levels of grating lobes due to the breakage of periodicity of the elements and are
considered as useful source of HIFU. However, the reliance of HIFU on MRI for real time visualization of
the targeted tissue is a major constraint in its clinical use due to the high cost of MRI and its low temporal
resolution. There is a need to study the imaging capabilities of a therapeutic random phased array
transducer for guiding the treatment process.
METHODS Dual mode ultrasound phased arrays would have the advantage of using the same array for
both therapy and imaging due to the inherent registration between imaging and therapeutic frames of
reference. The random spherical array would have limited field of view due to the fact that the array is
optimized for therapy only and has large, directive elements sparsely positioned on a spherical surface.
Nevertheless, images obtained will be useful for directing therapy as they will be perfectly aligned with
the therapy transducer. Since strong scattering objects in path of HIFU beam are also in path of imaging
beam, such scattering objects can be detected in real time and the HIFU beam can be adjusted
accordingly. In our HIFU system the elements are randomly distributed with inter-element spacing much
more than the required half a wavelength for reduced side lobes (Hand et. al. 2009), thus the spatial
resolution of this system is poor. However, we use synthetic aperture imaging technique which has the
potential to improve the spatial resolution of the random phased array. The simulations were carried out
in MATLAB. The numerical and experimental results were performed for a 1 MHz 256-element random
phased array, made by Acublate Ltd, London, UK and Verasonics system. Simultaneous foci were
generated in simulations as well as experimentally based on the theory described by Gavrilov and Hand
(2000a).
RESULTS For imaging, preliminary simulations of synthetic aperture imaging with a 1MHz 256 element
random phased array are shown. In fig.2, grey scale image of a wire target array is shown, which is a
composite of different point spread functions (psfs). The axial spacing between two wires is 10 mm,
whereas the lateral distance is 5mm. The -6 dB full width half maximum of the focused psf in 1.6 mm.
Sub-apertures are being used to image the field of interest, where each sub-aperture contains only
those elements which contribute to the pixel being imaged.
The array was integrated with the verasonics system to acquire raw data. Three metallic balls of
diameter 6.5mm immersed in water bath with lateral spacing of 5 mm and axial spacing of 10 mm from
the geometric focus were imaged with only 50 active elements from one of the four quadrants of the
array. Initial results were encouraging and signals the potential of imaging with the random phased array
system.
CONCLUSIONS It is observed that random phased array is capable of therapy as well as image
guidance. Synthetic aperture imaging techniques enables us to improve the resolution and use the array
for image guidance of the therapeutic process.

Composite image of point spread functions at different axial and lateral positions

Image of three metallic balls immersed in water bath

Multiple simultaneous foci for tumour ablation

Lateral cross-section of points spread functions at geometric focus
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USGHIFU VASCULAR OCCLUSION IN FETAL MEDICINE
Ian Rivens1 , Gail ter Haar1
1. Physics, Institute of Cancer Research, Sutton, Surrey, United Kingdom.
OBJECTIVES Ultrasound imaging guided high intensity focused ultrasound USgHIFU or USgFUS often
struggles for clinical acceptance against its younger, temperature sensing sibling MRgHIFU (magnetic
resonance imaging guided HIFU). However, an application in which blood flow needs to be stopped is
ideal for this more mobile and less costly elder statesman. Medical applications include twin-twin
transfusion syndrome (TTTS) and the treatment of cancer by vascular occlusion. The potential for
intra-operative occlusion of placental vessels has been demonstrated1 . The objective is to determine if
non-invasive occlusion is possible.
METHODS Non-invasive feasibility experiments were performed in 12 anaesthetised pregnant sheep
(gestational age 115 ± 10 days). Six were sham exposed controls, and the other six were exposed to
HIFU (1.66 MHz, 5s exposure duration, using electrical power input of 30-80W equating to in situ Ispta in
the range 1300 to 4400 Wcm-2 ). Up to 6 vascular targets (mean diameter 1.4 mm, range 0.3 to 3.3 mm)
were exposed per sheep, with success defined as blood flow being undetectable on colour Doppler
imaging. Pregnancies were monitored from one day before HIFU to 20 days after, followed by
histological examination of the targeted vasculature (or randomly chosen control vessels), in order to
study persistence of vascular occlusion.
RESULTS All pregnancies survived the study period. HIFU occluded 31/34 targets (91%), although two
of these had to be exposed twice to achieve this. At 34 exposure sites, in 6 ewes, there were 10
incidences of erythema (30%) and 4 skin blisters (12%) resulting from exposure of shallow targets
causing damage to subcutaneous fat and subsequently to skin. Due to high incidence of adverse effects
in the first 3 sheep (7/16 erythema, 3/16 burns) a regime of water bath degassing and cooling which
significantly reduced morbidity (3/18 erythema, 1/18 burns) was implemented. Two occlusion failures
resulted from equipment malfunction (erythema prevented retreatment) and two from mistargeting due to
planning errors (erythema prevented retreatment of one). Two unexplained failures were successfully
retreated, one caused erythema, the other had no comorbidity.
Fetal development (weight, growth velocity, and other fetal biometry measures) showed no statistically
significant variation from the control group. Fetal Doppler studies demonstrated a transient increase in
umbilical artery pulsatility index (PI) and a decrease in middle cerebral artery PI, in both cohorts,
suggesting this was a result of anaesthesia.
Twenty days after exposure, 34 samples of damaged vascular targets were recovered. Sham exposed
sheep demonstrated no damage. Although mobility of the internal organs prevents reliable identification
of which target received which exposure, H&E staining showed trapped erythrocytes within the lumen of
the vessels and PTAH staining demonstrated the presence of organised fibrin in 30/34 samples, (one
sample couldn’t be processed). This suggested that absence of Doppler immediately post HIFU
corresponded to persistent occlusion in all examinable samples.
CONCLUSIONS This study demonstrates a medical application to which USgHIFU is ideally suited.
Efficacy in excess of 90% is possible, although repeat exposure may be necessary. The most significant
adverse effect was skin burn, which is medically graded as of lowest severity (mild). Active degassing
and cooling greatly reduced the incidence of skin damage. The potential for clinical translation, for
example to twin-twin transfusion syndrome, could provide a game changing option for treatment.
1. Shaw CJ, Civale J, Botting KJ, Niu Y, ter Haar G, Rivens I, et al. Noninvasive high-intensity focused
ultrasound treatment of twin-twin transfusion syndrome: A preliminary in vivo study. Sci Transl Med.
2016;8(347):347ra95.
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FREQUENT FOCUSED ULTRASOUND INDUCED BLOOD-BRAIN BARRIER OPENING: SAFETY
EVALUATION
Chih-Hung Tsai1 , Hong-Chieh Tsai2 , Wen-Shiang Chen3 , Claude Inserra4 , kuo-chen wei2 , Hao-Li Liu1
1. Dept. of Electrical Engineering, Chang Gung University, Tao-Yuan, Taiwan.
2. Department of Neurosurgery, Chang Gung Memorial Hospital at Linkou, Taoyuan, Taiwan.
3. Department of Physical Medicine & Rehabilitation, National Taiwan University Hospital,, Taipei,
Taiwan.
4. Inserm, U1032, Lyon, F-69003, France, Université de Lyon, Lyon, France.
OBJECTIVES The blood brain barrier (BBB) is a multicellular vascular structure that tightly controls the
passage of molecules and ions between the bloodstream and the brain. However, it prevents the
diffusion of almost molecules drug from entering the brain. Burst-mode focused ultrasound (FUS)
exposure combined with microbubbles (MBs) has been proven to induce temporal and local BBB
opening. Despite the great potential of FUS-BBB opening, several recent studies have highlighted
possible safety issues associated with such treatment. This study aims to examine whether such
frequent FUS-BBB opening induces behavioral or physiological changes or causes aggravated brain
damage, and to validate the safety of such procedures.
METHODS A 400 kHz FUS transducer was employed and energy was amplified by function generator
via power amplifier. The acoustic pressure of 0, 0.33, 0.8 and 1.4 MI was delivered with MBs
administration either at 0.15 ml/kg or 0.4 ml/kg. The protocol of frequent FUS-BBB opening and sacrifice
time was shown on figure 1a. We also did behavior test, such as food consumptions, body temperature,
body weight, etc (fig 1b). For immunofluorescent staining, Sprague-Dawley rats were sacrificed 2 hours
after the last sonication session. The rats were perfused with 0.9% normal saline, followed by 4%
paraformaldehyde. The brains were harvested and put in sucrose for frozen section (thickness = 20µm).
Apoptosis in sections were assessed by the TUNEL. Immunofluorescent images were viewed with a
fluorescence laser-scanning confocal microscope (Olympus FV10i, Center Valley, PA).
RESULTS We first monitor neurobiological and physiological change in animals. No significant
difference between the treatment and control groups has been observed, such as body weight, food
consumption, body temperature, etc. Although 2 animals out of 10 in 1.4-MI FUS energy were observed
ataxia and tremors, they fully recovered at day 7. In 0.15 ml/kg MBs administration under frequent FUS
exposure, we found that 0.8-MI FUS exposure produced intact BBB opening, while 1.4-MI exposure
induced few hemorrhage points. However, we didn’t observe any apoptosis in TUNEL assay, neither
0.8-MI nor 1.4MI FUS exposure. For decreasing FUS exposure level, we increased MBs dosage to 0.4
ml/kg. We found that 0.33-MI could induce BBB opening with 0.4 ml/kg MBs dosage and the result of
BBB-opening was similar to the result of 0.15 ml/kg MBs with 0.8-MI FUS exposure.
CONCLUSIONS In this study, we have demonstrated that frequent application of FUS-BBB opening with
well-controlled exposure level is a safe procedure. Repeated FUS-BBB opening per 2 days with
adequate acoustic pressure caused without tissue damage or behavior change. High concentration
administration of microbubbles was likely to induce transient cellular apoptotic response, but this effect
was not observed in normal microbubble dose. This study suggests that frequently repeated FUS-BBB
opening with typical microbubble administration could be safe given carefully calibrated FUS exposure
levels.

Figure1: (a) Experiment protocol of repeating FUS delivery. (b) Experiment design for behavior test. (c)
Representative TUNEL assay of FUS focus area. Blue: DAPI. Green: TUNEL assay. Arrowhead: artifact.
Arrow: positive TUNEL assay
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MATHEMATICAL MODELING OF DRUG TRANSPORT IN BRAIN TUMORS AFTER FOCUSED
ULTRASOUND–MEDIATED BLOOD-TUMOR BARRIER DISRUPTION REVEALS NEW
THERAPEUTIC STRATEGIES FOR IMPROVED DRUG DELIVERY
Yutong Guo2 , Miguel O Bernabeu3 , Costas Arvanitis2,1
1. Biomedical Engineering, Georgia Institute of technology, Atlanta, Georgia, United States.
2. Mechanical Engineering, Georgia Institute of Technology, Atlanta, Georgia, United States.
3. Usher Institute of Population Health Sciences and Informatics, The University of Edinburgh,
Edinburgh, United Kingdom.
OBJECTIVES Blood-brain and blood-tumor barriers (BBB and BTB) constitute a major obstacle to the
transport of therapeutics in brain tumors. Focused ultrasound (FUS), when combined with circulating
microbubbles, provides a noninvasive method to locally and transiently disrupt the BBB/BTB. Preclinical
research over the past decade has shown that FUS-BBB/BTB disruption can lead to an average of 4-fold
increase in the delivery of a range of anticancer agents in brain tumors. While these promising data have
led to the initiation of Phase I clinical trials, there are several open questions regarding the delivery of
anticancer agents in brain tumor microenvironment after FUS-BTB disruption that render intuition and
“trial and error” the only guides for the development and refinement of new therapeutic approaches. In
this study, we developed a computational framework for the prospective, quantitative, and mechanistic
investigation of the penetration of anticancer drugs across the BBB/BTB in brain tumors with the goal to
develop and optimize therapeutic protocols and, ultimately, identify FUS-nanomedicine combinations for
optimal intratumoral penetration.
METHODS Our computational framework is composed of a Physiologically Based Pharmacokinetic
(PBPK) model that simulates the diffusive and convective transport of anticancer agents along with their
cellular uptake in brain tumor microenvironment. Using this model and fitting procedures we developed,
we quantified the different tumor micro-environmental transport parameters (e.g. BBB/BTB diffusion
coefficient, tissue hydraulic conductivity, etc.) on the delivery of doxorubicin and ado-trastuzumab
emtansine - T-DM1 with and without FUS-BBB/BTB disruption. The refined model (i.e. drug- and
tumor-specific) was then expanded to account for tumor heterogeneous perfusion and used to quantify
the relative importance of the different tumor micro-environmental drug transport parameters. Finally, the
model was used to identify therapeutic strategies for maximizing drug uptake and penetration in brain
tumor microenvironment.
RESULTS The parameter fit for doxorubicin indicates that only the vessel effective diffusion coefficient
(4.3-fold, p=0.002) and the hydraulic conductivity (4.5-fold, p=0.006) were significantly increased after
FUS treatment. Interestingly, the Peclet number, a dimensionless number that expresses the ratio of
convective to diffusive transport, suggests a transition from diffusion-dominated to convective transport
after FUS-BTB disruption ((Mean ± SEM) Pe non-FUS = 1.01⇥10-1 ±2.75⇥10-2 to Pe FUS =
22.15±15.45). For TDM-1, the parameter fit indicated that FUS-BTB disruption leads to a significant
increase in the hydraulic conductivity (2.7-fold, p=0.003). The heterogeneously perfused model shows i)
an enhanced transvascular drug transport, ii) significantly higher drug penetration and iii) lower drug
gradients after FUS-BTB disruption for both drugs. The degree of perfusion in different parts of the
network has a significant impact on interstitial drug PK of the two drugs. Especially in poorly perfused
region, doxorubicin (diffusive dominated transport) has very high extravasation and uptake, whereas
T-DM1 (convection-dominated transport) is the opposite. Sensitivity analysis for doxorubicin indicates
that the importance of BBB/BTB permeability in interstitial drug uptake diminishes after FUS-BTB
disruption and, subsequently, the rate of transmembrane transport dominates the cellular uptake. Our
model shows that an infusion over 30mins led to a 45% increase in peak intracellular drug concentration
compared to bolus injection, providing a viable therapeutic strategy to improve drug uptake. For TDM-1,
our model suggests that a 10-fold dose escalation leads to significant improvement in both drug
penetration and cellular uptake as compared to control (non-FUS). Sensitivity analysis also indicates that
alternative therapeutic strategies should aim to modify the transmembrane transport for both drugs and

improve perfusion for larger molecule drug (convection-dominated transport).
CONCLUSIONS Taken together, our study demonstrates that focused ultrasound-induced blood-tumor
barrier disruption overcomes the transvascular transport barriers in the brain tumor microenvironment
and increases drug penetration and cellular uptake. This work forms the basis for the rational design of
the anticipated clinical trials (Phase III) of this technology in primary brain tumors and, ultimately, for
identifying FUS-nanomedicine combinations for optimal intratumoral penetration and uptake.
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RESTING STATE FUNCTIONAL MRI FOR EVALUATION OF FOCUSED ULTRASOUND INDUCED
DISRUPTION OF THE BLOOD BRAIN BARRIER
Nick Todd1 , Yong-Zhi Zhang1 , Michael Arcaro2 , David Borsook3 , Margaret Livingstone2 , Nathan
Mcdannold1
1. Brigham and Women’s Hospital, Boston, Massachusetts, United States.
2. Harvard Medical School, Boston, Massachusetts, United States.
3. Boston Children’s Hospital, Boston, Massachusetts, United States.
OBJECTIVES Focused ultrasound (FUS) with microbubbles can transiently open the blood brain barrier
(BBB) for targeted delivery of pharmaceuticals into the brain without damaging local tissue. However,
open questions remain about the severity of secondary effects that FUS BBB opening has on the
immune system, neuronal function and vascular hemodynamics. Resting state functional MRI (rs-fMRI)
is one effective tool to probe these questions as it provides information about neuronal and vascular
behavior based on metrics of functional connectivity between brain regions.
In this study we use rs-fMRI in a rat model to investigate the effects that FUS BBB opening has on local
and long range functional connectivity metrics.
METHODS Resting state fMRI data was collected in Sprague-Dawley rats after they underwent either
Sham FUS BBB opening (N=8) or actual FUS BBB opening (N=8). Functional connectivity for the three
groups was investigated using connectivity matrices, seed-based correlation maps, and independent
component analysis (ICA).
BBB opening: BBB disruption was targeted to the primary somatosenory cortex hindlimb region (S1HL)
in the right hemisphere. Microbubbles were injected (Optison, 200 µl/kg) and 690 kHz transcranial FUS
was applied using 10 ms bursts at 1 Hz for 120 seconds. The extent and location of BBB opening were
evaluated after the fMRI sessions with T1-weighted contrast imaging. Sham FUS sessions were identical
except no FUS sonications were applied.
rs-fMRI: Images were acquired on a Bruker 7T scanner with a single shot EPI sequence (TR = 1.5 s, TE
= 18 ms, 18 slices, 0.5 x 0.5 x 1.0 mm resolution, 300 images). The data were realigned, coregistered to
a T2w anatomical image, normalized, and spatially smoothed (SPM12). The data were further
temporally filtered (0.01 to 0.1 Hz bandpass), motion traces and a white-matter MRI signal were
regressed out, and the mean signal over time was removed on a voxel-by-voxel basis.
Data Analysis: 34 anatomical brain regions were defined and 1.5 mm diameter spherical seed ROIs
were placed in the center of each anatomical region. The full matrix of region-to-region functional
connectivity was constructed by correlating the time courses from every pair of anatomical seed ROIs.
Whole brain correlation maps were produced by correlating the seed ROIs with every voxel in the brain.
Finally, group Independent Component Analysis (ICA) was used to separate the MRI signal into different
spatial components without any a priori knowledge of anatomy.
RESULTS Figure 1A shows the location and extent of BBB opening in each of the eight rats. The 34
anatomical regions defined for the study are shown in Figure 1B.
The region-to-region connectivity results are shown in Figure 2, focusing on the right and left S1HL
regions. The top row depicts the connectivity from the left (top row) and right (bottom row) S1HL region
to the 33 other brain regions. The BBB Open group shows significantly reduced connectivity between the
right S1HL and other sensorimotor ROIs. This is not the case for the left S1HL region. Figure 3
demonstrates that the effect of reduced connectivity between the left and right S1HL regions is
correlated with the extent of BBB Opening.
Figure 4 shows seed-based correlation maps and ICA maps for seven of the anatomically defined
regions. For the BBB Closed group, all regions show strong bilateral patterns as expected. For the BBB
Open group, the bilaterality is much reduced for the S1HL region in both the seed-based and ICA maps.
CONCLUSIONS Resting state fMRI is a valuable tool for assessing neuronal and vascular function in
the brain. These results are further evidence that even safe levels of FUS BBB opening have an effect on
the neuronal and/or vascular processes that drive the signal measured by fMRI.

Figure 1. A) T1w Gadolinium difference images (percent change) for each rat with hyperintense regions
indicative of BBB disruption. B) 34 anatomical regions used in this study. 1.5 mm diameter spherical
ROIs were placed at the center of each region as seed ROIs.

Figure 2. Correlations between left S1HL (top row) and right S1HL (bottom row) and all other regions,
comparing cases of BBB closed vs BBB open. In the graphs the strength of correlation between two
regions is represented by the thickness of the line connecting them. The plots show the correlation value
between the left (or right) S1HL region and all other regions (mean and standard error over all rats).
Significant differences between correlation values for the BBB closed and BBB open cases are indicated
by * (p<0.01, uncorrected) and † (p<0.05, corrected for multiple comparisons).

Figure 3. Functional connectivity as a function of the extent of BBB opening. Scatter plot of correlation
values between the right and left S1HL regions as a function of Gadolinium change seen in the right
S1HL region. For the BBB closed case, the Gadolinium change is assumed to be zero and the
correlation coefficients are plotted as mean and standard deviation over all eight rats. Linear fit to the
data is shown in blue. Smaller correlation values between the pair of left/right S1HL seed ROIs are
correlated with a greater extent of BBB opening (correlation value is R = -0.45).

Figure 4. Top Rows: seed-based correlation maps using seeds from 7 different ROIs comparing BBB
Closed vs BBB Open groups. Bottom rows: 7 of the Group ICA components, organized according to the
best anatomical match. Reduced bilaterality is seen for S1HL when the BBB is open in both the
seed-based and ICA maps.
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OBSERVED EFFECTS OF WHOLE BRAIN RADIATION THERAPY ON FOCUSED ULTRASOUND
BLOOD-BRAIN BARRIER DISRUPTION
Phillip Jason White1 , Yong-Zhi Zhang1 , Chanikarn Power1 , Natalia Vykhodtseva1 , Nathan Mcdannold1
1. Radiology, Harvard Medical School, Brigham and Women’s Hospital, Boston, Massachusetts, United
States.
OBJECTIVES As the use of focused ultrasound for transient blood-brain barrier (FUS-BBB) disruption
has progressed to human application, it has become necessary to consider the potential effects of prior
treatments. It is highly likely that patients who undergo FUS-BBB disruption to enhance drug delivery will
have had prior therapy, including radiation therapy, chemotherapy, minimally-invasive surgery, and
traditional surgery. Combined effects could potentially yield safety concerns or improvements in
therapeutic efficacy. Using a murine model, we examined the effects of fractionated whole brain
irradiation on localized FUS-BBB disruption.
METHODS Localized microbubble-assisted (Optison, 100 µL/kg) transcranial FUS-BBB disruption
(0.69-MHz, 0.58-0.62 MPa, 10-ms bursts at 2 Hz PRF for 95 sec) was performed unilaterally at the left
corpora striatum of CD-1 mice while the contralateral sides served as unsonicated controls. Half of the
experimental cohort was subjected to daily 3-Gy whole brain irradiation from a Cs-137 source (Best
Theratronics, Ottawa, Canada) for 10 consecutive days. FUS-BBB disruption was performed four days
post-irradiation, and was evaluated by fluorescence imaging of post-sonication extravasated trypan blue
(960 Da) in horizontal brain sections. Histological analysis (H&E staining) was also performed to assess
both irradiation and sonication effects.
RESULTS Consistent with our previous work, targeted FUS-BBB disruption was readily identified at all
sites by direct observation of discoloration at the targeted regions (Fig. 1) and more conspicuously by
filtered fluorescence imaging (Fig. 1). Hemorrhagic petechiae were also observed in irradiated
specimens (Fig. 1-2), uncorrelated to sonicated regions, and not in the controls. Using analysis of
variance (ANOVA), significant differences (p  0.001) in fluorescence intensity were observed between
all four conditions: (1) FUS-BBB with irradiation; (2) FUS-BBB without irradiation; (3) irradiation without
FUS-BBB disruption; and (4) neither FUS-BBB disruption nor irradiation (Fig. 3).
CONCLUSIONS That the remnant effects of irradiation therapy have an enhancing effect on FUS-BBB
disruption is a significant finding for future applications of this technique in humans. Patients who have
had radiation therapy prior to planned FUS-BBB procedures may require additional safety and efficacy
considerations during treatment planning. Continued examination of these effects will include variations
on the irradiation/FUS-BBB treatment schedule, and the inclusion of tumor models.

Fig. 1. Fluorescence and optical imaging of an irradiated and sonicated specimen. (A) Fluorescence
imaging demonstrating FUS-BBB disruption in the left corpus striatum. (B) Optical scan demonstrating
slight discoloration at the sonicated site (black arrow) while hemorrhagic petechiae are observed at sites
away from the sonication target (red arrowheads)

Fig. 2. Hematoxylin and eosin (H&E) stain demonstrating hemorrhagic petechia away from the
FUS-BBB disruption target in an irradiated and sonicated specimen

Fig. 3. Fluorescence intensity of trypan blue at sites receiving different combinations of irradiation and/or
FUS-BBB disruption (95% confidence interval in red, 1 SD in blue)
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EFFECT OF SIZE ON DRUG CARRIER DELIVERY TO BRAIN ASSISTED BY FOCUSED ULTRA
SOUND-MEDIATED BBB DISRUPTION
Seiichi Ohta1 , Emi Kikuchi2 , Ayumu Ishijima3 , Etsuko Kobayashi3 , Takashi Azuma1 , Ichiro Sakuma3 ,
Taichi Ito1
1. Center for Disease Biology and Integrative Medicine, The University of Tokyo, Tokyo, Japan.
2. Department of Bioengineering, The University of Tokyo, Tokyo, Japan.
3. Department of Precision Engineering, The University of Tokyo, Tokyo, Japan.
OBJECTIVES With the advancement of an aging society, number of patients with neurodegenerative
disorders is rapidly increasing. For the treatment of neurodegenerative disorders, drug delivery using
nano-sized carriers has attracted much attentions. However, the blood-brain barrier (BBB), which
protects brain from foreign substances, hamper the delivery of drug carriers.
Recently, focused ultrasound (FUS) has been recognized as a powerful tool to overcome BBB. With the
combination with microbubbles, FUS transiently open gaps in BBB to enhance drug permeation.
Enhanced delivery of small molecular drugs, plasmid DNA, and antibodies to brain by FUS-mediated
BBB disruption has been reported so far. However, there is a few report on the use of FUS-mediated
BBB disruption for nano-sized drug carrier delivery. For applying BBB disruption for drug carrier delivery,
an important question is how large the opened BBB gaps are, and how long these gaps last. In this
study, FUS-assisted BBB permeation of gold nanoparticles (AuNPs) with different size are examined in
vitro and in vivo for elucidating the optimum design of nanoparticles for brain drug delivery.
METHODS AuNPs with different size were synthesized via reduction of HAuCl4 using tannic acid and
sodium citrate. The obtained AuNPs were PEGylated by mixing with thiol-terminated PEG.
For in vitro evaluation, mouse brain endothelial cell line bEND.3 was cultured on Transwell .
Sonazoid
microbubbles were added to the culture media, followed by FUS irradiation with a burst
length of 10 ms and a repetition frequency of 1 Hz for 40 s. The resonant frequency and acoustic
pressure was 1 MHz and 88 kPa. Immediately after the FUS irradiation, AuNPs with different size were
added to Transwell . After 8h, AuNP concentration in outer media was measured by atomic absorption.
For in vivo evaluation, Sonazoid
and AuNPs were injected into a tail vein of mice. Immediately after
the injection, brain was sonicated transcranially with the same condition as above except for acoustic
pressure. After 4h, the brain was collected and digested, followed by the quantification of Au content
using ICP-MS.
RESULTS Fig. 1 shows TEM images of synthesized AuNPs with different size. The average diameters
were 3.7 nm, 14.4 nm, and 120. 4 nm, respectively. These AuNPs are termed as 3 nm, 15 nm, and 120
nm particles hereafter.
In vitro BBB model was prepared for evaluating size-dependent BBB permeation of AuNPs assisted by
FUS irradiation (Fig. 2). The amount of permeated AuNPs was significantly increased by FUS irradiation
for 3 and 15 nm particles, whereas no significant difference was observed for 120 nm particles. The
permeated amount increased with decreasing AuNP size. These result suggested that size of gaps in
disrupted BBB model was approximately between 15 to 120 nm.
Size dependence of the FUS-assisted delivery of AuNPs into brain was further examined in vivo (Fig. 3).
Significant increase in delivery efficiency by FUS irradiation was observed for 3 and 15 nm particles,
while no significant difference was observed for 120 nm particles. The delivery efficiency was increased
with increasing acoustic pressure. Regarding on particle size, 15 nm particles showed highest efficiency.
These results demonstrated that smaller particles are not necessarily better, and there is an optimum
size for the FUS-assisted nanoparticle delivery to brain.
We hypothesized that the observed size-dependence was induced by the competition between
permeation through disrupted BBB gaps and blood half-life. While smaller particles are better for the
permeation through small BBB gaps, they are rapidly excreted from blood stream by renal clearance.
This competition would determine the observed optimum particle size. Based on this hypothesis, we
modeled the kinetics of nanoparticle permeation into brain through disrupted BBB as follows;

V br dC br /dt = C b0 exp(-kt)Ab P (rp, rg)
, where V br , C br , C b0 , k, Ab represents volume of brain, AuNP concentration in brain, initial AuNP
concentration in blood, rate constant for clearance, and surface area of blood vessels, respectively.
P (r p, r g) represents the permeability of disrupted BBB as a function of particle size r p and BBB gap size
r g . Fig. 4 shows the result of model calculation. Simulated results were almost consistent with trends of
experimental results, suggesting the validity of our hypothesis.
CONCLUSIONS Effect of particle size on nanoparticle delivery into brain assisted by FUS-mediated
BBB disruption was examined in vitro and in vivo. It was found that smaller size was not necessarily
better, and there was an optimum size for accumulation in brain. It was suggested that we have to
optimize the size of drug carriers for satisfying both good permeability through disrupted BBB gaps and
long circulation time to achieve efficient drug carrier delivery to brain via FUS-mediated BBB disruption.

Figure 1 TEM images of (a) 3 nm, (b) 15 nm, and (c) 120 nm AuNPs.

Figure 2 (a) Experimental setup for the evaluation of BBB permeation of AuNPs assisted by FUS in vitro.
(b) Effect of particle size on the amount of permeated AuNPs though in vitro BBB model irradiated by
FUS.

Figure 3 (a) Experimental setup for the evaluation of BBB permeation of AuNPs assisted by FUS in vivo.
(b) Effect of particle size on the delivery efficiency of AuNPs into brain assisted by FUS-mediated BBB
disruption.

Figure 4 Estimation of the size-dependence of the delivery efficiency of AuNPs into brain assisted by
FUS-mediated BBB disruption. Solid lines represent the simulated results using different BBB gap size,
while plots represent the experimental results.
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PFUS COUPLED WITH EITHER OPTISONTM OR DEFINITY TO OPEN THE BLOOD BRAIN
BARRIER CAN STILL CAUSE A STERILE INFLAMMATORY RESPONSE
Zsofia I Kovacs1 , Joseph A. Frank1
1. National Institutes of Health, Bethesda, Maryland, United States.
OBJECTIVES There is a large variety of clinically available microbubble (MB) contrast agents that were
designed for ultrasound imaging however, there is still no indication on the FDA approved product insert
for MB dose to be used with pulsed focused ultrasound (pFUS). We have previously reported about a
graded cellular and molecular response in the brain following pFUS coupled with OptisonTM (O)
exposures being advocated to increase drug or gene delivery through the disruption of the blood brain
barrier (BBBD) [1]. We have also shown that combining pFUS with O infusion (5-8x107 MB) in ⇠200g
rats resulted in increased expression of pro and anti-inflammatory cytokines, chemokines and trophic
factors (CCTF) and cell adhesion molecules (ICAM) indicative of a sterile inflammatory response (SIR)
[1]. A recent study has suggested that pFUS with passive cavitation detection (PCD) feedback to control
peak negative pressure in combination with clinical imaging dose, 10µl/kg of intravenous (IV) Definity
(D) did not result in a SIR based on changes in mRNA at 6hr post sonication [2]. The purpose of this
work was to investigate the potential microbubble-dependence in proteomic changes due to pFUS+IV
MB D or O treatment associated with BBBD at 1, 6 and 12hr post sonication.
METHODS Female rats (n=35) weighing ⇠200g were divided into three groups: D (n=15), O (n=15) and
sham (n=5). All animals were anesthetized with isoflurane and 100% oxygen that had been shown to
shorten the MB half-life (T1/2 ) from 1.3min to 0.42min [3]. MRI-guided pFUS (LP100, FUS Instruments,
Toronto, ON) was performed at 0.3MPa with 10msec US burst and <1% duty cycle (120sec/9 focal
points) created by a single-element spherical FUS transducer (center frequency: 550kHz; focal number:
0.8; active diameter: 7.5cm). PCD data was collected by a line hydrophone within the transducer during
sonication. OptisonTM (GE Healthcare, Little Chalfont, UK) 500µl/kg (5-8x107 MB/200g rat) or Definity
(Lantheus Medical Imaging, N. Billerica, MA) 1:10 dilution 32.5µl/kg (7.8x106 MB/200g rat) was
administered IV at the rate of 100µll/min over 1min starting 30sec before pFUS. Gd-enhanced
T1-weighted images (GdT1wMRI) were obtained with a 3.0T MRI (Philips Healthcare, Amsterdam,
Netherlands). Proteomic analysis was performed with Milliplex rat multiplex ELISA (Merck KGaA,
Darmstadt, Germany). Proteomic results at each time point were normalized to sham and statistical
analysis was performed by one-way ANOVA corrected for multiple comparisons.
RESULTS pFUS with either O or D resulted in BBBD by GdT1wMRI while animals were anesthetized
with isoflurane in 100% O2. The dose of D was chosen for this study based on Gd enhancement. At
lower D doses Gd enhancement was not detected due to 100% O2 inhalation. There was no evidence of
inertial cavitation on PCD during pFUS+MB-mediated BBBD. In addition, pFUS+O or D induced a rapid
increased expression of pro-inflammatory and anti-inflammatory CCTF and CAM originating from
components of the neurovascular unit lasting up to 12 hours post sonication (Figure 1). Figure 1 is a
stacked box plot of CCTF and ICAM that reached statistical significance (p<0.05, ANOVA) at each time
point compared to sham. Overall, we observed slight difference in rats receiving O at 500µl/kg versus
low dose D at 1:10 dilution 32.5µl/kg as far as induced expression of pro and anti-inflammatory CCTF
and CAM at 1 and 6 hours post sonication. Significantly increased expression in interleukin (IL) 1a, IL1b,
interferon gamma (IFNg), interferon gamma-induced protein 10 (IP-10), macrophage inflammatory
protein (MIP1a, MIP2), vascular endothelial growth factor (VEGF) as well as intracellular CAM (ICAM) at
6hr in both D and O cohorts, which is a consistent signature pattern for SIR observed with insults or
injury to the neurovascular unit (NVU).
CONCLUSIONS The temporal molecular response to pFUS+MB is indicative of a SIR in the
parenchyma originating from the NVU. Proteomic changes consistent with a SIR occurred with both O
and D especially prominent at 6hr post sonication. The increase in CCTF at 6hr would also suggest that
any induction of mRNA resulting in increased protein expression started before the 6hr time point.

Transcriptomics (mRNA detection) do not directly translate into protein expression at a given time point.
Moreover, based on pharmacokinetic modeling, infusion rate, oxygenation status and the timing of pFUS
in relationship with the start of MB infusion can ultimately affect the CCTF and CAM changes in brain
parenchyma associated with BBBD. These results indicate that both low dose D and high dose O
resulted in SIR caused by pFUS associated with BBBD.
1. Kovacs, Z.I., Proc Natl Acad Sci U S A, 2017. 114(1): p. E75-E84.
2. McMahon, D. and K. Hynynen, Theranostics, 2017. 7(16): p. 3989-4000.
3. McDannold, N., Ultrasound Med Biol, 2017. 43(2): p. 469-475.

Figure 1. Stacked box plot of CCTF and ICAM that reached statistical significance (p<0.05, ANOVA) at
1, 6 and 12hr post sonication compared to sham.
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IMPLEMENTS OF BACKSCATTERED STATBLE CAVITATION LOCALIZATION AND BEAM
RECONSRUNCTION VIA SPHERIALLY FOCUSED MULTIPLE-CHANNEL TRANSMIT/ RECEIVE
ULTRASOUND PHASE ARRAY
Lin Wei2 , Chih-Hung Tsai1 , Hao-Li Liu1
1. Department of Electrical Engineering, Chang Gung University, Taoyuan City, Taiwan.
2. Department of Electrical Engineering, Chang Gung University, Taoyuan, Taiwan.
OBJECTIVES Burst-mode focused ultrasound (FUS) exposure combined with microbubbles (MBs) has
been shown to induce temporal and local blood-brain barrier (BBB) opening. It has been previously
shown that stable cavitation activity can correlate with the scale of microbubble microstreaming and can
well reflect the occurrence and scale of BBB opening. The use of backscattered focal-beam
reconstruction via a dual transmit/ receive mode FUS phased array has the potential to not only detect
the stable cavitation occurrence, but also capable of localizing the origin of stable cavitation activity. This
study aims to perform stable cavitation identification and reconstruct its distribution via a self-designed
multiple-channel dual transmit/receive mode FUS phased array system.
METHODS A 256-channel ultrasound phased array driving system was designed and employed to
support 256-channel FUS transducer transmission (fundamental frequency = 400 KHz), with a transmit
pulse ranged 5µ-150µs of burst length, 1 Hz of pulse repeated frequency (PRF). On the other hand, a
16-32 channels were designed to be operated in dual-mode to receive RF signals. During the
experiments, polyethylene tube was positioned with the flowed MBs concentration from 0.01% to 1%.
The backscattered focal beam distribution was reconstructed via passive beamforming algorithm either
reconstructing the RF signals either at fundamental frequency (400 kHz) or at ultraharmonic frequency
(600 kHz) to compare their sensitivity to stable cavitation occurred at microbubble-perfused in-vitro PE
tube.
RESULTS We first demonstrated the influence of the point spread function (PSF) under different
transmitting pulse lengths (from 2 to 30 cycles) with its corresponding signal intensity (SI) analysis.
Figure 1(a, c) shows SI and its corresponding mapping reconstruction at fundamental frequency of 400
kHz, whereas comparing to figure 1(b, d) that demonstrating the image reconstructed at ultraharmonic
frequency of 600 kHz.
The SI reconstructed from fundamental-frequency reconstruction did not show correlation with stable
cavitation activity modulated by microbubble concentration. In the contrast, the reconstructed PSF from
ultraharmonic frequency showed correlation with the cavitation activity change via varying microbubble
concentration. With the transmission When transmitting 2 cycles as example, the SI while varying
microbubble concentration ranging 0, 0.01% 0.1% and 1% MBs contributes to 0.6±0.1, 0.73±0.03,
1.15±0.08, and 1.47±0.04. The burst cycle setting to 2 was found to keep sufficiently high CNR and in
the same time to preserve sufficiently good spatial resolution, and was considered to be an optimal
solution for PSF reconstruction.
CONCLUSIONS We have demonstrated the usefulness of using multiple channel dual transmit/receive
mode phased array system to perform backscattered focal beam reconstruction to identify and localize
stable cavitation activity. The strategy might be useful to be implemented to conduct intraoperative
monitoring of BBB-opening for application of CNS drug delivery.

Figure 1. (a, c) Signal intensity as well as PSF reconstruction at fundamental frequency 400 kHz under
various transmit pulse cycle. (b, d) Signal intensity as well as PSF reconstruction at ultraharmonic
frequency 600 kHz various transmit pulse cycle. Various microbubbles were perfused into PE tube to
generate various scale of stable cavitation activity.
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MULTIPLE COURSES OF BLOOD BRAIN BARRIER OPENING WITH PFUS AND MICROBUBBLES
PROMOTES PHOSPHORYLATED TAU PRODUCTION
Zsofia I Kovacs1 , Maggie Sundby1 , Joseph A. Frank1
1. National Institutes of Health, Bethesda, Maryland, United States.
OBJECTIVES Blood-brain barrier (BBB) opening with pulsed focused ultrasound and microbubbles
(pFUS+MB) has been proposed as a novel strategy for Alzheimer’s disease therapeutics either by
reducing the number of plaques with anti-Aß antibody or by microglia activation [1-5]. Pathologies and
dementias of the nervous system such as Alzheimer’s disease and Parkinson’s disease are associated
with Tau proteins that no longer stabilize microtubules properly, and is associated with Tau
hyperphosphorylation. The goal of this study was to investigate the impact of multiple courses of BBB
opening with pFUS+MB on potential phosphorylated Tau (pTau) production.
METHODS Female rats (n=6) received 6 weekly pFUS+MB OptisonTM (GE Healthcare, Little Chalfont,
Buckinghamshire, UK) in the striatum and the contralateral hippocampus. 100µl OptisonTM was infused
over 1min starting 30sec before pFUS while rats inhaled 100% O2 . 3 daily doses of 300mg/kg BrdU
(Sigma Aldrich, St. Louis, MO) was administered intraperitoneally before sonication to label proliferating
cells in vivo. Peak negative pressures of 0.3-0.5MPa was applied in 10msec burst length and 1% duty
cycle (120 sec/9 focal points – cortex (C), 120sec/4 focal points – hippocampus (H)) using a
single-element spherical FUS transducer (center frequency: 548.00kHz; focal number: 0.8; aperture:
7.5cm; FUS Instruments, Toronto, ON). T2, T2* and Gd-enhanced T1-weighted images (GdT1wMRI)
were obtained by 3.0T MRI. Animals were euthanized one week after the sixth pFUS treatment.
Histological evaluation for microglia and astrocytes, neurogenesis, micro hemorrhage and pTau was
performed. Statistical analysis was performed comparing sonicated to contralateral brain.
RESULTS After each sonication GdT1wMRI demonstrated BBB disruption in the C and the H. T2*wMRI
showed hypointensities indicative of metallophagocytic cells and ferritin accumulation in both treated
regions associated with brain atrophy. Histological evaluation showed astrocyte and microglia activation,
and the increase in BrdU+ cells consistent with neurogenesis. In addition to the cellular activation,
hyperphosphorylated Tau positive neurons occurred in the C and H evidence of neuronal injury following
multiple weekly courses of pFUS+MB.
CONCLUSIONS Various multiple pFUS+MB treatment protocols have been used in both normal and
experimental models with demonstrating limited damage by MRI or by histological examination [6].
However, this study demonstrates that weekly pFUS+MB exposures in rats resulted in morphological and
pathological changes on MRI and histology that demonstrated evidence of vascular damage with
persistent BBB disruption, microhemorrhages by MRI, and astrocytic and microglial activation, neuronal
loss and damage with significant increase in pTau present both cortical and hippocampal neurons.
Moreover, increased evidence of neurogenesis based on BrdU+ neurons were observed in areas of brain
atrophy. These results demonstrate the pFUS+MB induced sterile inflammation [7] resulted in cumulative
parenchymal damage and pTau production that was detected by MRI and on histology underlying the
importance of long term monitoring of the brain following multiple sonications before its clinical
translation. In particular, the presence of hyperphosphorylated Tau in neurons needs further
investigation.
1. Jordao, J. F., et al. (2010). ”Antibodies targeted to the brain with image-guided focused ultrasound
reduces amyloid-beta plaque load in the TgCRND8 mouse model of Alzheimer’s disease.” PLoS One
5(5): e10549.
2. Miller, D. B. and J. P. O’Callaghan (2017). ”New horizons for focused ultrasound (FUS)
- therapeutic applications in neurodegenerative diseases.” Metabolism 69S: S3-S7.
3. Meng, Y., et al. (2017). ”Focused ultrasound as a novel strategy for Alzheimer disease therapeutics.”
Ann Neurol 81(5): 611-617.
4. Burgess A, et al. (2014) Alzheimer disease in a mouse model: MR imaging-guided focused
ultrasound targeted to the hippocampus opens the blood-brain barrier and improves pathologic

abnormalities and behavior. Radiology 273(3):736–45.
5. Leinenga G, Gotz J (2015) Scanning ultrasound removes amyloid- and restores memory in an
Alzheimer’s disease mouse model. Sci Transl Med 7(278):278ra33-278ra33.
6. McDannold N, Arvanitis CD, Vykhodtseva N, Livingstone MS (2012) Temporary disruption of the
blood-brain barrier by use of ultrasound and microbubbles: Safety and efficacy evaluation in rhesus
macaques. Cancer Res 72(14):3652–3663.
7. Kovacs, Z. I., et al. (2017). ”Disrupting the blood-brain barrier by focused ultrasound induces sterile
inflammation.” Proc Natl Acad Sci U S A 114(1): E75-E84.
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CONTROLLING BLOOD-BRAIN BARRIER DISRUPTION IN A CLOSED-LOOP: ACOUSTIC
PERFORMANCE AND CHEMOTHERAPEUTICS DRUG DELIVERY ASSESSMENTS
Tao Sun1,2 , Yong-Zhi Zhang1 , Chanikarn Power1 , Phillip Alexander1 , Jonathan Sutton1 , Eric Miller2 ,
Nathan Mcdannold1
1. Radiology, Brigham and Women’s Hospital, Harvard Medical School, Boston, Massachusetts, United
States.
2. Electrical and Computer Engineering, Tufts University, Medford, Massachusetts, United States.
OBJECTIVES Microbubble-mediated cavitation can induce localized and reversible blood-brain barrier
disruption (BBBD), aiding in targeted drug delivery to the brain. Previous studies have shown using
cavitation detection for monitoring bubble activities during treatment; however it lacks a closed-loop
system of manipulating cavitation during BBBD that can modulate the drug delivery dose while
maintaining a safe exposure level. Here, we demonstrate an acoustic emissions-based controller to
modulate the drug delivery based on the feedback from harmonic emission (HE), while suppressing the
likelihood of brain damage by monitoring the inertial cavitation components (broadband emission, BE).
Sub- and ultra-harmonic emissions (SE, UE) would also be discussed in terms of detection windows and
their feasibility in optimizing the controller.
METHODS This controlling system has been tested in a preclinical dual-transducer setup at a clinically
relevant acoustic frequency (274.3 kHz). A homogenous treatment profile that was fully contained within
the rat brain was realized via temporal interference modulation (details published in Sun et al., Appl.
Phys. Lett, 2017). Cavitation activities were monitored using a passive detector (central frequency: 650
kHz). Administrations of Optison bubbles in rats (n = 60) were performed using a computer-controlled
injector that constantly rotated the syringe to keep the microbubbles mixed. Cavitation emissions were
monitored in real time and used as the basis for control of the next FUS pulse. To minimize the potential
damage caused by inertial cavitation, the exposure level was reduced if BE was detected and terminated
in the event it crossed a set threshold. Drug delivery assessments were performed using epi-fluorescent
imaging of the harvested brain samples (Trypan Blue dye or liposomal Doxorubicin, DOX).
RESULTS We first investigated the signal linearity, detection thresholds and windows of the stable
cavitation emissions (HE, SE and UE) prior to BE detection. Optison dose of 400 µl/kg offered a
successful detection rate of 100%, 16.7% and 50%, for HE, SE and UE, respectively. SE, UE and BE
detection thresholds were found to be 0.71 ± 0.13 MPa, 0.73 ± 0.10 MPa, and 0.74 ± 0.05 MPa. UE
and BE thresholds were significantly different (t-test, P < 0.001), suggesting a potential to use UE for
finer cavitation control compared to BE only. We then tested of the cavitation controller by adjusting the
PRF and microbubble injection protocol. A 4-Hz PRF and microbubble infusion administration were
found to have optimal HE stability and lower likelihood of BE detection (ANOVA, P = 0.001 for both
factors). Finally, controlled delivery of Trypan Blue and DOX were achieved by sonicating until preset HE
goals. The strength of total HE was well correlated with fluorescent intensities of Trypan Blue in healthy
brain (R 2 = 0.80) and DOX in F98 tumor models (R 2 = 0.74). The maximum concentration level of
delivered doxorubicin exceeded levels previously shown (using uncontrolled sonication) in our group to
induce tumor regression and improve survival in rat glioma.
CONCLUSIONS In both normal and tumor-bearing rats, we demonstrated that our cavitation controller
can be used to modulate the delivery of chemotherapeutics while improving safe control. HE was used
mainly for tailoring BBBD, while BE was conservatively suppressed to prevent potential damage. SE and
UE showed lower detection sensitivity compared to HE, but may be useful for serving as alarm signals of
undesired bubble activities

Figure 1. A representation of the feed-back controlled ultrasound system. Serving as the acoustic
indicator of bio-effects (BBB opening, drug delivery or vascular damage), the microbubble emission
signal y(t) is used to find the expected controller output u(f) which is fed back to help control ultrasound
transducer transmission.
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ASSESSMENT OF FOCUSED ULTRASOUND WITH MICROBUBBLES INDUCED BBB DISRUPTION
ON TIGHT JUNCTION MORPHOLOGY
Tara Kugelman1 , Maria Eleni Karakatsani1 , Shutao Wang1 , Claire Sunha Choi1 , Dritan Agalliu1 , Elisa
Konofagou1,2
1. Biomedical Engineering, Columbia University, New York, New York, United States.
2. Radiology, Columbia University, New York, New York, United States.
OBJECTIVES Focused ultrasound (FUS) with systemically delivered microbubbles has been
established to locally, reversibly and non-invasively increase the permeability of the blood brain barrier to
facilitate targeted drug delivery to the brain. Although a promising therapeutic technique, the cellular
mechanism of FUS-mediated BBB opening has yet to be fully described. Immunoelectron microscopy
and diffusion studies implicate both paracellular and transcellular routes of transport across the barrier
following FUS with microbubbles. Our study examines the structural integrity of the entire length of the
tight junction (TJ) strand following FUS with microbubbles and compares TJ strand morphology among
arterioles, venules, and capillaries.
METHODS To examine TJ morphology following FUS-mediated BBB opening, Tg eGFP-Claudin-5 mice
were utilized. Polydisperse microbubbles were intravenously co-injected with the small molecular weight
fluorescent tracer, 5-(and-6-) tetramethylrhodamine biocytin (biocytin-TMR, MW = 869 Da) prior to
sonication. The FUS parameters used were as follows: center frequency 1.5 MHz, peak-rarefactional
pressure 0.45 MPa or 0.75MPa, pulse length 10 ms, pulse repetition frequency 10 Hz, and a duration of
120 s. Mice were allowed to survive for one hour and biocytin-TMR leakage and TJ integrity was
examined with confocal imaging of the brain (25µm).
RESULTS The biodistribution of biocytin-TMR was assessed in the caudate putamen by fluorescent
imaging and the mean pixel intensity was significantly higher (p<0.05) in the treated hemisphere at both
450kPa and 750kPa, indicating BBB disruption. TJ strand abnormalities including complete removal of
the TJ strand, strand discontinuities, and bulbous protrusions from the TJ strand were observed in
arterioles, venules, and capillaries after focused ultrasound induced BBB opening, at both 450 kPa and
750 kPa. In the treated hemisphere at 750 kPa there was a significantly (p<0.001) greater percent of TJ
strands with gaps only in capillaries at 750 kPa, but not 450kPa. No other TJ structural abnormalities in
either arterioles or venules, at 450 kPa or 750 kPa, were found to be significantly different between
treated and untreated hemispheres.
CONCLUSIONS These findings point to a pressure dependent route of transport, in which lower
pressures promote transcellular transport and higher pressures promote paracellular transport.
Furthermore, for the first time the full removal of the tight junction strand is visualized one hour following
FUS-mediated BBB opening. This is an intriguing finding, especially since it is known that the barrier is
functionally intact 72 hours following FUS-mediated BBB opening. Thus, under ongoing investigation is
the remodeling and structural integrity of Claudin-5 tight junction strands at 72 hours, and the role of
other elements of the neurovascular unit such as microglia and astrocytes that might also play an
important role in BBB repair and remodeling.
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REAL-TIME CAVITATION-BASED MONITORING TO CONTROL THE DEGREE OF INFLAMMATION
AFTER ACOUSTIC CAVITATION-MEDIATED BLOOD-BRAIN BARRIER OPENING
Robin Ji1 , Mark Thomas Burgess1 , Morgan Smith1 , Maria Eleni Karakatsani1 , Elisa Konofagou1,2
1. Biomedical Engineering, Columbia University, New York, New York, United States.
2. Radiology, Columbia University, New York, New York, United States.
OBJECTIVES Acoustic cavitation-mediated blood-brain barrier (BBB) opening has been shown to
induce a degree of inflammation in the sonicated region of the brain. Since BBB opening is linked to
acoustic cavitation and its interaction with the surrounding blood vessels in the brain, it can be
hypothesized that the degree of acoustic cavitation (i.e. cumulative dose) can be used to predict the
extent of inflammation. Therefore, the objective of this study was to explore the relationship between
acoustic cavitation and the resulting inflammation marker expression after BBB opening in mice.
METHODS A single-element FUS transducer (center frequency: 1.5MHz, focal depth: 60mm, diameter:
60mm) was used for BBB opening in male C57BL/6 mice. Confocally aligned with the FUS transducer
was a single-element, passive cavitation detector (center frequency: 10MHz, focal length 60mm), which
was used to passively acquire acoustic cavitation emissions during BBB opening. In-house generated
polydispersed lipid-shell microbubbles were used for these experiments and injected as a bolus at ten
times the clinical dose of Definity (0.01uL/g). Two sonication schemes were used for these experiments:
(1) fixed pressure sonication (0.75 MPa) peak negative pressure), (2) varied pressure (0.005 to 0.75
MPa peak negative pressure) sonication using an acoustic cavitation-based controller. Both sonication
schemes used a pulse length of 10 ms and a pulse repetition frequency of 2 Hz. The left caudate
putamen was sonicated, while the contralateral side was used as a control. To be able to cover the
complete caudate putamen structure, two locations were sonicated for 1 minute each. For the second
sonication scheme, an acoustic cavitation-based controller was used slowly ramp the PNP until the
radiated acoustic cavitation emissions reached a certain value relative to the control and then held at that
pressure until the pre-defined cumulative cavitation dose was reached. For this study, the cumulative
cavitation dose was defined as the sum of all acoustic cavitation emissions from 2.5MHz to 13.5MHz.
Post-sonication, contrast-enhanced, T1-weighted magnetic resonance imaging (MRI) was taken to
assess BBB opening. The mice were then survived for a 6hr period and then sacrificed through
transcardial perfusion. The brains were immediately extracted and left in RNA Stabilizing Reagent
(Qiagen, Hilden, Germany) for quantitative real-time polymerase chain reaction (qRT-PCR). RT2 Profiler
PCR Array Mouse NFkB Signaling Pathway (Qiagen, Hilden, Germany) was chosen to be capable to
assess the array of genes associated to inflammatory response and apoptosis. Quantification of
qRT-PCR was done within each animal, where a log2 fold change was calculated relative to the
contralateral side.
RESULTS Following the first sonication scheme with fixed pressure, different cumulative acoustic
cavitation doses resulted in a different inflammation response. Table 1 summarizes the results of specific
genes that had a greater than 2-fold increase compared to the contralateral side. Specifically, the bolded
rows highlight large differences in gene upregulation between the higher relative acoustic cavitation dose
(2.47 x 105 V*s) and the lower relative acoustic cavitation dose (1.87 x 105 V*s), leading to a greater
inflammatory response in the mouse with greater acoustic cavitation dose. Using the second sonication
scheme, the acoustic cavitation-based monitoring system was tested. The left hemisphere was
sonicated at a lower cavitation threshold compared to the right hemisphere, however all 4 locations had
the same total cavitation dose target. Figure 1 shows the contrast enhanced T1w MR image of the 4
sonicated locations. Using the feedback system at different pressures, it can be observed that even with
different pressure thresholds, sonicating for a fixed total cavitation dose (rather than fixed time), BBB
openings were very similar in terms of size and enhancement for each respective structure
(hippocampus vs caudate putamen). Experiments using the feedback system for different cut off
cavitation doses and relating it to the inflammatory response are currently ongoing.
CONCLUSIONS Cavitation dose has been shown to be possibly linked to the inflammatory response of

FUS induced BBB opening. Using a cavitation-based controller, cavitation dose has been shown to be a
reliable metric to predict the size of the opening. Currently, the inflammatory response of FUS induced
BBB opening is being assessed using the cavitation-based controller set to different cavitation cuff offs.
Real-time cavitation dose feedback is shown capable of preventing inflammatory response will be a
critical step translating this technology to the clinic in a safe and efficient manner.

Table 1: Genes of interest that showed the greatest amount of change in the qRT-PCR analysis. Relative
cavitation dose was used to compare between the two mouse samples, as both were sonicated using
sonication scheme 1.

Figure 1: Contrast enhanced T1w MR image showing the BBB opening of the 4 sonicated locations
using the cavitation-based controller (indicated by arrows). Each boxed group represents sonications
with the same cavitation threshold, while all four sonications had the same overall cumulative cavitation
dose. The green box had a cavitation dose that was 12dB above the noise floor, while the red box had a
cavitation dose 18dB above the noise floor.
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CHARACTERIZATION OF THE SPEED OF SOUND OF AN 8-YR OLD PEDIATRIC SKULL
Samuel Pichardo1 , Elodie Constantiel-Collas2 , Luc Larocque2 , Chris Giverin3,2 , Thomas Looi2 , Adam
Waspe2 , James Drake2
1. Radiology, University of Calgary, Calgary, Alberta, Canada.
2. CIGITI, The Hospital for Sick Children, Toronto, Ontario, Canada.
3. Mechanical Engineering, Lakehead University, Thunder Bay, Ontario, Canada.
OBJECTIVES A precise knowledge of the acoustic properties of the skull is critical to ensure a correct
focusing of ultrasound for non-invasive transcranial applications. There have been several studies to
characterize the acoustic properties of adult skulls, but there is little to no data on these properties for
pediatric skulls. In this study, the longitudinal speed of sound of an 8-yr old pediatric skull was
determined, using numerical modeling, as a function of the apparent density calculated from
computed-tomography (CT) scans.
METHODS An 8-yr old skull cap was degassed for 48h at -1 bar after initial reception and then
degassed again for 12h before each experiment. A 0.2 mm-diameter PVDF needle acoustic hydrophone
(Precision Acoustics, Dorset, UK) was placed in a tank of degassed water at the focus of a 256-element
clinical HIFU transducer (Sonalleve V1, Profound Medical, Toronto, Canada). The focal length is 12 cm
and each element has a radius of 3.3 mm. The hydrophone signal was filtered, amplified and recorded
by an oscilloscope. The signals of each of the transducer elements were acquired without (baseline) and
with the skull. The MatHIFU software toolkit (J. Ther. Ultrasound, 2013, 1,1–12) was used to drive each
transducer element individually in pulsed mode (30 cycles and 1 Wac), one after another. Each pulse (30
cycles and 1 Wac) was repeated every 3 s to average each measure 64 times. The acquisitions were
performed for three different angular orientations of the skull (-15 , 0 , +15 ) according to the sagittal and
coronal axes. In total, 1536 acquisitions were performed, which were enough to cover approximately
50% of the skull cap surface. Acquisitions were performed for ultrasound frequencies of 1.0 MHz and 1.2
MHz. Magnetic resonance imaging (MRI) of the skull and the transducer was performed for each skull
orientation using a dual-channel flex coil in a 3T scanner (Achieva, Philips Healthcare, Best,
Netherlands) and a T2-weighted 3D FFE sequence with the following parameters: TR = 7 ms, TE = 3
ms, flip angle = 7 , voxel resolution = 0.6 x 0.6 x 0.6 mm3 , FOV = 186 x 200 x 200 mm3 , NEX = 32. A
segmented CT-image of the skull was rigidly co-registered with the segmented MRI of the skull to
increase voxel resolution and correlate the apparent density to the acoustic path. The CT scan was
performed (SOMATOM, Siemens, Erlangen, Germany) with the following parameters: 120 kVp, 215 mA,
and a voxel size of 0.45 x 0.45 x 0.6 mm3 . The positioning of the transducer with respect to the skull was
known from the MRI images. A viscoelastic model (Phys. Med. Biol., 2017, 62, 6938–6962) was used for
simulations, and a subvolume of apparent density data (Phys. Med. Biol. 2002, 47 3925–44) of 130 x 5.6
x 5.6 mm3 was used to simulate sound propagation between the transducer element and the
hydrophone. The delay caused by the presence of the skull was calculated for both experimental (dE )
and simulated (dS ) data. Published relationships of the speed of sound as a function of apparent density
were adjusted until finding the relationship that produced the smallest normalized root-mean-square
error (NRMSE) and a 1:1 relationship with a minimal offset bias between dE and dS . The relationships of
longitudinal speed of sound at 740 kHz (Phys. Med. Biol. 2002, 47 3925–44), 836 kHz and 1.4 MHz
(Phys. Med. Biol. 2011, 56, 219–250) were used as initial functions. Only the function of longitudinal
speed was varied. The longitudinal attenuation, shear speed, and shear attenuation were based on the
functions for 836 kHz (Phys. Med. Biol. 2011, 56, 219–250 and Phys. Med. Biol., 2017, 62, 6938–6962).
RESULTS Figure 1 shows the functions for the of longitudinal speed of sound used as a reference and
the optimal function that minimized the NRMSE. Figures 2 and 3 show the scatter plots of dE vs. dS for
1.0 and 1.2 MHz, respectively. For 1.0 MHz, the reference functions at 740 kHz and 836 KHz produced
an overestimation of the delay showing an NRMSE of 10% and 5.6%, respectively, and linear
relationships of dS = 1.6dE +0.14 and dS = 1.5dE +0.14, respectively. The optimal function for 1.0 MHz
produced slower values of the speed of sound and showed an NRMSE of 1.4% and a linear relationship

of dS = 0.9dE +0.07. A similar trend was observed for 1.2 MHz. The reference functions at 836 kHz and
1.4 MHz produced an overestimation of the delay showing an NRMSE of 8% and 6.3%, respectively, and
linear relationships of dS = 1.5dE -0.2 and dS = 1.2dE +0.07, respectively. The optimal function for 1.2 MHz
produced slower values of the speed of sound and showed an NRMSE of 1.6% and a linear relationship
of dS = 1dE +0.02.
CONCLUSIONS The results of this study suggest that the speed of sound in pediatric skulls shows a
relationship between the speed of sound and apparent density that is slower than an adult skull. These
results are relevant for a better design of therapeutic applications targeting this young population.

Figure 1. Reference and optimal functions of the speed of sound for 1.0 MHz (top) and 1.2 MHz (bottom).

Figure 2. Scattered plots of experimental and simulated delay for reference and optimal functions for 1
MHz.

Figure 3. Scattered plots of experimental and simulated delay for reference and optimal functions for 1.2
MHz.
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PRESSURE CHARACTERIZATION FOR TRANSCRANIAL SONICATION OF A NEONATAL SKULL
Thomas Looi1,4 , Ryan Tennant1 , Elodie Constantiel-Collas1 , Samuel Pichardo2 , Adam Waspe1,4 ,
Kullervo Hynynen3 , James Drake1,4
1. Hospital for Sick Children, Toronto, Ontario, Canada.
2. University of Calgary, Calgary, Ontario, Canada.
3. Sunnybrook Research Institute, Toronto, Ontario, Canada.
4. University of Toronto, Toronto, Ontario, Canada.
OBJECTIVES Transcranial sonication through an adult skull has been well studied where it has been
shown that density-based corrections to the speed of sound are required to achieve re-focusing. There
has been little data into the investigation of transcranial sonication for pediatric skulls, where in particular
they possess different anatomical characteristics that could be advantageous to focused ultrasound
transmission. The goal of this study to measure the magnitude and map the distribution of acoustic
pressure from an MR-guided focused ultrasound system through a neonatal (1 month old) skull.
METHODS The neonatal skull was re-hydrated in water for a period of 48 hours where it was de-gassed
in a seal vacuum chamber at -30mm of Hg for 24 hours. A tank of deionized water was set up on the 256
element-phased array of a Philips Sonalleve system (Profound Medical, Mississauga, ON, Canada) with
a custom 3D printed skull holder. The skull was placed into the tank and the water was de-gassed until
the dissolved oxygen levels < 1PPM. A 3-axis positioning system was used to carry a 50 micrometer
diameter fiber optic hydrophone system (FOH, Precision Acoustics, Dorset, UK) and measure the
pressure field. A triangulation algorithm was used to align the hydrophone along the acoustic axis of the
transducer. The pressure field was measured with an acoustic power of 50 W, 27 pulses and frequency
of 1.2MHz. Spatial measurements were done every 0.2mm. Measurements were taken in water-only
conditions and with the skull.
RESULTS Using the water measurements as a baseline, the peak pressure values through the skull
were reduced by 10.4-15.6%. The full width half maximum of the lateral profile was 1.7 mm and the axial
profile is 9.2 mm. As compared to water, the pressure profile remained the same laterally and
lengthened axially by 0.2 mm. A 3D mapping of the pressure field showed that the overall ellipsoid focus
remained similar in shape to the water with a single peak at the focus. As expected the peak values
through the skull was lower and the focus had a flatter tip. In addition, the focus was shifted by 1.2 mm
closer to the transducer.
CONCLUSIONS Based on the anatomical features, the neonatal skull is thinner compared to an adult
skull (⇠1mm vs 6-8mm) with a natural opening present. Earlier results had indicated that pediatric skulls
have lower attenuation. The results of this study show that transcranial sonication through a neonatal
skull has minimal impact to the peak pressure value, shape of the focus and final location. This highlights
some of the natural acoustical advantages of transcranial sonication in neonates.
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ULTRAFAST THREE-DIMENSIONAL IMAGING OF CONTRAST AGENT MICROBUBBLE DYNAMICS
IN VIVO DURING PULSED ULTRASOUND EXPOSURES IN THE BRAIN
Ryan M Jones1 , Kullervo Hynynen1,2
1. Physical Sciences Platform, Sunnybrook Research Institute, Toronto, Ontario, Canada.
2. Department of Medical Biophysics and Institute of Biomaterials and Biomedical Engineering,
University of Toronto, Toronto, Ontario, Canada.
OBJECTIVES Multichannel beamforming of remotely detected acoustic emissions is a promising
approach for guiding cavitation-mediated ultrasonic therapies. Our lab has previously developed
transmit/receive, sparse hemispherical transducer arrays for microbubble-mediated brain therapy and
simultaneous cavitation mapping [1-2]. As with traditional pulse-echo systems, the distribution of receiver
elements over a two-dimensional (2D) surface enables three-dimensional (3D) imaging of source field
activity. We have recently demonstrated that 3D transcranial subharmonic microbubble imaging can be
used to calibrate ultrasound exposure levels for transient blood-brain barrier opening without associated
tissue damage on histological examination [3]. In a separate study that investigated sonothrombolysis
without exogenous cavitation nuclei in vitro, megahertz-rate processing of the acquired volumetric
imaging data uncovered details regarding the evolution of cavitation activity that were missed when
temporal averaging was carried out over the duration of ultrasound on-time [4]. The objective of the
current study was to employ ultrafast 3D acoustic imaging to examine the spatiotemporal evolution of
contrast agent microbubble dynamics in vivo during pulsed ultrasound exposures in the brain.
METHODS Experiments were performed on New Zealand White rabbits (2-4 kg) using a clinical
prototype ultrasound brain therapy system consisting of 256 transducer modules (3 concentric cylindrical
PZT4 elements, centre frequency = 306/612/1224 kHz, inner/outer diameter = 1.4l/2.0l, l =
wavelength) distributed over a 30 cm diameter hemispherical shell in a sparse, simulation-optimized
configuration [5]. The array was focused transcranially to the mid-brain under 3T MRI guidance without
aberration correction and low-duty cycle ultrasound (frequency = 612 kHz, pulse length = 10 ms, pulse
repetition frequency = 1 Hz, exposure duration = 5 min) was applied during microbubble infusion
(DefinityTM , 20 µL/kg). Receiver signals were captured throughout each transmit pulse (capture length =
13 ms, sampling rate = 10 MS/s) using elements tuned to the subharmonic frequency (306 kHz) via two
128-channel receivers [6]. Prior to the next transmit pulse, the raw channel data were band-pass filtered
and GPGPU-based delay, sum, and integrate beamforming was carried out over a 3D volume near the
intended target. Temporal averaging was performed over the duration of ultrasound on-time (integration
time = 10 ms). Starting from an estimated peak negative pressure of 10-30 kPa in situ, the pressure level
was increased after each pulse (step size = 10-30 kPa) until subharmonic microbubble activity was
detected on 3D acoustic imaging (p sub ), after which point the pressure level was fixed at 100-150% p sub
for the remainder of the exposure. Short-time analysis of the acoustic emissions data (moving,
non-overlapping rectangular beamforming windows spanning ultrasound on-time, integration times =
100, 10, and 1 µs) was performed offline to assess intra-pulse microbubble dynamics over the course of
each sonication.
RESULTS Spatially-coherent subharmonic activity was successfully detected in vivo with integration
times as short as 1 µs, corresponding to imaging volume rates of up to 1 MHz. Retrospective short-time
analysis frequently (⇡68% of all sonications) revealed sporadic subharmonic activity (duration = 0.5±0.7
ms of 10 ms pulse length) at pressure levels below the threshold that was determined intraoperatively.
For an integration time of 100 µs, the subharmonic pressure threshold was found to be 87±12% of that
obtained via whole-pulse temporal averaging (p sub = 0.65±0.14 MPa in situ, integration time = 10 ms).
Subharmonic activity was present throughout 3±4 ms (9±2 ms) of the 10 ms pulse length for sonications
carried out at (above) 100% p sub . Shorter integration times revealed intra-pulse microbubble activity over
larger spatial volumes (cumulative -3 dB volume for 1 µs/10 µs/100 µs/10 ms =
102±28/73±17/36±9/14±3 mm3 ).

CONCLUSIONS Volumetric imaging of ultrasound contrast agents in vivo over microsecond timescales
uncovered details regarding the spatiotemporal evolution of microbubble dynamics that were missed
when whole-pulse temporal averaging was carried out. Sporadic cavitation activity was observed near
the pressure threshold for subharmonic emissions, demonstrating the need to capture channel data over
the full duration of ultrasound on-time when performing acoustic-based treatment monitoring. The
information provided by ultrafast 3D acoustic imaging is expected to aid in the development of active
exposure control strategies for cavitation-mediated ultrasound treatments.
REFERENCES:
[1] O’Reilly et al, IEEE TBME (2014)
[2] Deng et al, PMB (2016)
[3] Jones et al, IEEE IUS (2016,2017)
[4] Acconcia et al, PMB (2017)
[5] Jones et al, PMB (2013)
[6] Cheung et al, IEEE UFFC (2012)
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CHARACTERIZATION OF TRANSCRANIAL FOCUSED ULTRASOUND DELIVERY IN THE
PRESENCE OF TARGETING UNCERTAINTIES
Parker Dean O’Brien1 , Hasan Aldiabat1 , Dalong Liu1 , Emad S Ebbini1
1. Electrical and Computer Engineering, University of Minnesota–Twin Cities, Minneapolis, Minnesota,
United States.
OBJECTIVES Transcranial Focused Ultrasound (tFUS) continues to gain recongnition as a potential
treatment for many different neurological disorders. Dual-mode ultrasound arrays (DMUAs) can provide
imaging to identify the structures in the skull and deliver therapeutic levels of focused ultrasound (FUS).
Previous work developed a 3D view of a rat skull by mechanically rasterizing the DMUA over the skull
and rendering the imaging frames in a 3D viewer to identify the bregma and lambda suture points.
Identifying target locations in the brain based upon markers in the skull is a promising technique, but it’s
tolerances to multiple sources of error have yet to be characterized fully. This study analyzes the
changes in therapeutic delivery based upon both fine errors resulting from the landmark identification
displacements or physiological differences and gross displacements from user errors.
METHODS A 3.5 MHz dual-mode ultrasound array (DMUA) prototype (64 elements, concave with
40-mm spherical radius of curvature) was used. The DMUA was used to image, generate 3D scans, and
deliver therapeutic focused ultrasound (FUS) beams through rodent skull samples ex vivo in a water
bath. Similar to atlasses of the rat’s brain, the location of these targets were determined from the location
of the skull’s suture lines visible in 3D ultrasound volume scans using the DMUA. The 3D ultrasound
scans (demonstrated in previous work) generated by mechanically rasterizing the DMUA in
Synthetic-aperture (SA) imaging mode over the length of the skull and and rendering the results in a 3D
viewer. Figure 1 demonstrates the DMUA’s ability to view and identify structures within the rats skull from
a simulated C-scan generated from the volume scans. The ”X” target points in Figure 1 represent largely
spaced targets though which more global descriptions of transkull transmission can be made. The red
circle targets in Figure 1 show a fine 0.5 mm grid centered around one of the target points where
measurements can simluate therapy differences from minor landmark displacements and physiological
differences between subjects. The extracted skulls were placed in degassed waterbaths with a 200 µm
diameter submersible Hydrophone (Onda Corp., HNP-200). The skull and hydrophone were placed to
simulate in vivo delivery of FUS to the deeper middle portion of the brain. The hydrophone was scanned
in the lateral-elevation plane at the depth of 6.5 mm to measure the target plane.
RESULTS Figure 2 shows the wide variability in total therapeutic delivery across targets spaced 1 mm
or more away from each other. The normalized plots show more energy is shown to be transmitted to the
targets closer to the median suture line than those more lateral. Less energy is transmitted to the target
locations which are closer to the lambda, which is a hypothesized result from the thicker bone closer to
the lambda. The most lateral target points show severe focus shifting and distortion which is close to a
full split focus. These results can be easily predicted from the nature of the skull and previous work. Also,
the angle of skull orientation with respect to the DMUA causes the most significant amount of focus shift
in the elevation direction. The primary cause for focus shift in the lateral dimension is the skull curvature
and any non-perpendicular placement by the user. From the results in Figure 2, each target location
must be evaluated separately to establish the bounds of therapeutic variance for landmark displacement
due to limitations in the imaging quality. Figure 3 displayes the measured therapuetic delivery for a grid
defined approximately around a given target point and the limitations in isolating the exact position of
skull landmarks. Firstly, the Spatial Peak Temporal Peak Intensity measurements (ISPTP), mean and
standard deviation, appear to remain constant across therapy power ranges normalized to the highest
target therapy measured in the linear region(Fig 4). The region defined by the ISPTP -20 dB down
changes by less than +/- 0.5mm2 without any shifting over 0.1 mm2 . The visual distribution of the energy
at the focus does change even with these submillimeter displacements.
CONCLUSIONS The results show a measureable level of variability in focusing gain when targeting

different structures within the brain with a focused ultrasound beam. This is due to the variable thickness
and curvature of the skull surface in regions that overlap with the FUS wavefront. This variability was
observed even when the uncertainty in the target location is within submillimeter, which could render the
characterization of the of the bioeffects difficult. These results suggest the need for refocusing and other
measures for improving the quality of tFUS beams.

Ultrasonic C-Scan generated from 3D DMUA Volume Scan

Focus Distortions and Normalized Effective Delivery over 1 and 1.5 mm Movements

Focus Distotions and Normalized Therapeutic Delivery over 3x3 Grid with spacing 0.5 mm

Measuring Mean and Variance Differences at the Nine-Point Grid for the Linear Intensity Range
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WIDEBAND IMAGE-BASED REFOCUSING OF TRANSCRANIAL ULTRASOUND BEAMS USING
DUAL-MODE ULTRASOUND ARRAYS: EX VIVO RESULTS
Hasan Aldiabat1 , Parker Dean O’Brien1 , Dalong Liu1 , Emad S Ebbini1
1. Electrical Engineering, University of Minnesota, Minneapolis, Minnesota, United States.
OBJECTIVES Transcranial focused ultrasound (tFUS) is capable of providing subtherapeutic and
therapeutic ablative treatments for a variety of brain disorders. A major challenge towards widespread
use of tFUS-based therapies stems from the complexity of the skull, which could result in severe loss of
focusing gain as well as focus distortion. Using extensive transskull hydrophone scans at different
operating frequencies, we have documented a range of tFUS beam distortions from mild shifting to
complete splitting. These distortions could compromise the specificity of targeting brain circuitry and/or
cause collateral damage at unintended locations. We present first ex vivo results demonstrating the
feasibility of image-based refocusing utilizing the full transducer bandwidth to maximize the localization
and reclaim the focusing gain.
METHODS A 64-element, concave with 40-mm radius of curvature dual-mode ultrasound array (DMUA)
prototype was used. The DMUA was utilized to image and generate therapeutic focused ultrasound
beams through rodent skull samples ex vivo. All experiments were performed at a set of 32 discrete
frequencies in the range 1.9 MHz - 5.0 MHz. Transskull measurements using a wideband 0.2 mm
hydrophones were performed in degassed water tank. The hydrophone was positioned at and near the
geometric focus of the DMUA behind the skull sample (Fig. 1 (a)) to measure the pressure waveforms at
the target locations. In other experiments, skull samples were embedded in a tissue-mimicking phantom
(Fig. 1 (b)) and positioned at a distance of approximately 33-mm from the apex of the DMUA
(corresponding to the skull position during in vivo experiments). A thermocouple was inserted so that its
junction was closest to the geometric focus. Two modes of imaging along with a 3D skull volume scan
were used: 1) Synthetic-aperture imaging, which provided larger field of view to guide the placement of
the tFUS beam, and 2) Single-transmit focus (STF) imaging, which allowed for the characterization of the
tFUS beam interaction with the skull. SA images were used to place control points used by the
refocusing algorithm. Raw echo data received by each array element were used to form data matrices
corresponding to the selected points. These matrices were used to solve an optimal refocusing problem
based on the concept of propagation operators from the array elements to the target point(s). The
refocusing algorithm ran automatically once the user specified the control points. It was implemented on
a software-defined ultrasound (SDUS) architecture that allowed the real-time computation of the
refocused excitation vector and immediate download to the driver within milliseconds. To demonstrate the
improvement in focusing gain, we have directly measured the temperature rise due to therapeutic tFUS
beams with geometric focusing and optimal refocusing at each frequency band. In addition, heating rates
of each measurement were computed by taking the time derivative of the measured temperature profiles.
RESULTS The transmission efficiency of tFUS beams at a specific location over the skull varied as a
function of frequency in a nonmonotonic manner. Fig. 2 shows the normalized acoustic intensity
(normalized with respect to the received intensity without the presence of the skull) behind two different
locations of the same skull measured at the geometric focus of the DMUA using the hydrophone.
To demonstrate the increased therapeutic gain due to refocusing, the geometric focusing beam was used
in therapeutic mode to produce heating at the thermocouple for a duration of 10 seconds followed by a
refocused beam. Figure 3 shows the temperature rise produced by the geometric focus and the
refocused beam as measured by the inserted thermocouple. It is quite clear that the refocusing gain was
increased at all used frequencies, however, the improvement was varied from one frequency to another.
In addition, heating rates were estimated from the measured temperature profiles in order to quantify the
improvements due to refocusing in o C/sec. (Fig. 4). This result was typical, but variations in the
refocusing gain improvement were observed depending on the operating frequency and which part of the
skull was traversed by the tFUS beam.

CONCLUSIONS The results demonstrate the dependence of focusing gain on the frequency and the
portion of the skull being traversed by the tFUS beam. The feasibility of refocusing the ultrasound beam
using DMUA echo data at discrete frequencies coverying the transducer bandwidth has been
demonstrated. The degree of improvement depends on the skull geometry in the region of interaction
with the tFUS beam, but image-based refocusing was shown to provide improvement in focusing gain at
all frequencies and in all tested locations.

Fig. 1: (a) Water tank experiments setup for characterizing tFUS beam Distortions. (b) A schematic
diagram of tissue-mimicking phantom showing the location of the skull and thermocouple.

Fig. 2: Normalized ultrasound intensity of two different locations of the same skull measured at the
geometric focus of the DMUA.

Fig. 3: Temperature change measurements using geometric focused and refocused ultrasound beams.

Fig. 4: Heating rate values using geometric focused and refocused ultrasound beams.
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INVESTIGATION OF SONODYNAMIC THERAPY ON RAT C6 GLIOMA MODEL USING MRI-GUIDED
FOCUSED ULTRASOUND AND MRI THERMOMETRY
Sheng-Kai Wu1,3 , Marc Antonio Santos1,3 , Stuart L. Marcus2 , Kullervo Hynynen1,3
1. Physical Sciences Platform, Sunnybrook Research Institute, Toronto, Ontario, Canada.
2. Sun Pharmaceutical Industries Inc., Princeton, New Jersey, United States.
3. Medical Biophysics, University of Toronto, Toronto, Ontario, Canada.
OBJECTIVES Sonodynamic therapy (SDT) is an emerging modality for cancer treatment using
ultrasound with sonosensitizers to produce cell killing effects. It has been known that ultrasound
exposure can cause thermally and non-thermally biological effects. The temperature change in real-time
during the sonication in SDT was poorly verified. To optimize the ultrasound parameters in SDT,
MRI-guided focused ultrasound and real-time MRI thermometry are used to monitor the therapy.
METHODS Sprague Dawley Rats were implanted with C6 glioma tumor cells (4 x 105 cells). Treatments
were performed about 7 days following tumor implantation when the tumor has reached a diameter of 1-3
mm as determined by MRI. 5-aminolevulinic acid (5-ALA) was injected at the dose of 60 mg/kg 6 hours
before sonication. FUS was delivered at 13.8 W/cm2 and 1.06 MHz for 20 min. MRI thermometry was
acquired to monitor the temperature change in the brain. The tumor growth responses for the control,
5-ALA alone, FUS alone, and 5-ALA + FUS were evaluated with MRI every week after the treatment.
RESULTS With the fixed power sonication, the temperature within the targeted brain tumor area was
elevated by approximately 2 degrees. Both the tumor growth inhibition and survival were significantly
improved in the 5-ALA + FUS group with 32 degrees and 37 degrees body temperature baseline;
however, the 5-ALA alone and FUS alone did not have therapeutic effects.
CONCLUSIONS This result indicates that low power ultrasound in conjunction with the sonodynamic
agent can produce promising tumor inhibition effects. Further investigation of the ultrasound parameters
is needed to achieve the optimized therapeutic efficacy.

Figure 1. (A) Treatment setup was shown with the temperature distribution in the brain tumor area. (B)
Typical temperature responses from different temperature baseline at the tumor area with 20 min fixed
power sonication.

Figure 2. Representative T1-weighted images of tumor growth were shown in different groups after
tumor implantation. The treatment was performed on day 7. Note that no control rats survived long
enough to get the Day 21 follow-up images.

Figure 3. (A) Tumor volume was measured based on MR images. Treatment was executed on day 7
after tumors implanted, and the images were obtained every week. Note that both 5-ALA+FUS at 32
degrees and 37 degrees baselines markedly inhibited the brain tumor growth. Data are presented as
mean ± SD. *Represents p < 0.05, the comparison between control and 5-ALA+FUS group. (B)
Kaplan-Meier survival curves showed tumor-bearing rats with different treatment conditions. 5-ALA+FUS
significantly increased the lifespan of tumor-bearing rats.
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FOCUSED ULTRASOUND IN COMBINATION WITH MICROBUBBLES FOR ENHANCING
RADIATION THERAPY OF GLIOBLASTOMA IN AN ORTHOTOPIC MOUSE MODEL
Lifei Zhu1 , Michael Altman3 , Yimei Yue1 , Ari Partanen2 , Dinesh Thotala3 , Dennis Hallahan3 , Hong
Chen1,3
1. Biomedical engineering, Washington University in St. Louis, Saint Louis, Missouri, United States.
2. Clinical Science MR Therapy, Philips, Bethesda, Maryland, United States.
3. Department of radiation oncology, Washington University School of Medicine in St. Louis, Saint Louis,
Missouri, United States.
OBJECTIVES Glioblastoma multiforme (GBM) is the most frequent primary brain tumor in adults with a
median survival of about 14.6 months. Almost all patients with newly diagnosed GBM receive radiation
therapy (RT); however, GBM is one of the most radio-resistant solid tumors, yielding poor treatment
outcomes. It is imperative to develop new techniques which enhance the radio-sensitivity of GBM to RT
to improve the treatment outcomes of RT. A wide variety of pharmaceutic drugs have been evaluated for
their radiosensitization effects, but most of the drugs have systemic toxicity which limits their application
as radiosensitizers. Ultrasound disruption of the blood vessels is an approach proposed for
radiosensitization and has shown an enhanced radiation effect in prostate, breast and bladder cancer in
xenograft mouse models. Compared with the use of pharmaceutic drugs, the ultrasound method has the
advantages of precisely targeting the tumor with minimum toxicity to healthy tissues and organs. Despite
the enormous potential of this approach, no study has been performed to evaluate its feasibility in
enhancing RT therapy of GBM. The objective of this study was to assess the radiosensitization effect of
focused ultrasound (FUS) combined with microbubbles (MBs) in GBM treatment using a mouse model.
METHODS An orthotopic mouse model of GBM was established by stereotactic implantation of mouse
glioma cells (GL261) (30k cells/mouse) into the brains of adult female mice (age 6-8-week, NCI Charles
River). Mice were recruited into this study when the tumors reached 2 mm in diameter as measured by
MRI. They were divided into four groups: (1) FUS + MBs, (2) RT only, (3) FUS + MBs + RT, and (4)
Control group with no treatment. For mice in Group 1, FUS sonication was performed using a clinical
MR-guided HIFU system (Sonalleve V2, Profound Medical) configured for small animal study by adding
an adaptor placed above the acoustic window of the HIFU transducer. The adaptor (FUS Instrument Inc.
Toronto, Ontario, Canada) consisted of a small animal coil, a HIFU standoff, and a mouse bed. The
software of the MR-guided HIFU system was modified to achieve tumor targeting under the guidance of
MR images of mouse brains acquired using the small animal coil. It was also modified to perform pulsed
FUS sonication at low-pressure levels. MBs were bolus injected into the mouse tail vein at a
concentration of 8*108 #/mL and volume of 30 µL. Immediately after MBs injection, FUS sonication was
applied. The FUS parameters (1.44 MHz central frequency, 2 min sonication duration, 5 Hz pulse
repetition frequency, 1.5 MPa peak negative pressure, and 3.33% duty cycle) were selected with the
intention to disrupt the vasculature within the tumor. Mice in Group 2 were irradiated using a 160 kVp
photon beam at a total dose of 3 Gy per fraction five days per week for two weeks. During RT, the mouse
body was shielded by a lead plate, leaving only the head exposed to the radiation beam. For mice in
Group 3, FUS treatment was followed by RT, using the same treatment procedures as described above
with a 6-hour delay between FUS and RT. The intensity of the contrast-enhanced MR images at the
tumor area was quantified to verify the disruption of the vasculature by the FUS treatment for mice in
Groups 1 and 3. Tumor volumes in all mice were measured using contrast-enhanced MRI scanning. The
body weights of all the mice were monitored twice weekly. All mice were sacrificed at the end of week
two. Standard H&E staining was used for accessing erythrocyte extravasation and tumor cell damage in
ex vivo brain slices.
RESULTS Vascular disruption within the tumor by the customized MR-guided HIFU system was
confirmed with contrast-enhanced MRI showing statistically significant enhanced permeability (p<0.05)
at the FUS-targeted tumor location after treatment (Figs. A, B). Tumor volume measurements (Fig. C)
presented that the combination group (FUS+ MBs +RT) resulted in a significant delay in tumor growth

compared with the control group (p<0.01), while the FUS only and radiation only group did not achieve a
significant difference compared to the control (p>0.05). The histological staining (Figs. D, E) displayed
larger areas of erythrocyte extravasation and more tumor cell death in slices from mice in the
combination treatment group as compared with all other groups.
CONCLUSIONS This study demonstrated that FUS combined with MBs exerted a synergistic effect with
RT in increasing tumor killing and delaying tumor growth in a mouse model of GBM. This technique
provides a physical approach for generating localized radiosensitization effects in GBM tumors without
affecting other healthy brain tissue or organs. It may have a high potential to be combined with RT to
improve the treatment outcome of GBM patients.
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EFFECT OF DUTY CYCLE ON THE EFFICACY OF 220 KHZ ULTRASOUND-ENHANCED RT-PA
THROMBOLYSIS IN VITRO
Robert T Kleven1 , Himanshu Shekhar2 , Kunal B Karani3,2 , Kevin Joseph Haworth2,1 , Christy K Holland2,1
1. Biomedical Engineering, University of Cincinnati, Cincinnati, Ohio, United States.
2. Internal Medicine, University of Cincinnati, Cincinnati, Ohio, United States.
3. Radiology and Medical Imaging, Cincinnati Children’s Hospital Medical Center, Cincinnati, Ohio,
United States.
OBJECTIVES Ultrasound-enhanced rt-PA thrombolysis (UET) is under development as an adjuvant
ischemic stroke therapy and requires adequate penetration across the skull to reach the location of the
occlusion, typically occurring in the middle cerebral artery (MCA) (http://doi.org/10.1161/01.STR.29.1.4).
Low frequency ( 500 kHz) ultrasound exhibits minimal attenuation across the temporal bone and does
not require a complex alignment protocol (https://doi.org/10.1088/0031-9155/57/23/8005). Our group has
previously demonstrated UET with an intermittent continuous wave ultrasound (ICW-US) insonation
scheme (https://doi.org/10.1161/STROKEAHA.110.595348). However, the long wavelength at 220 kHz
can lead to constructive interference in the intracranial fossae (see Fig 2). Constructive interference has
been associated with detrimental bioeffects including intracerebral hemorrhage in human clinical trials
(https://doi.org/10.1161/01.STR.0000170707.86793.1a). Pulsed ultrasound insonation could help reduce
the likelihood of constructive interference. The goal of this study was to evaluate the thrombolytic efficacy
of UET using a pulsed 220 kHz ultrasound insonation scheme that avoids constructive interference in the
brain.
METHODS A previously reported finite difference model of ultrasound propagation (doi:
10.1088/0031-9155/57/23/8005) was used to select pulsing parameters. Based on data from computed
tomography scans of 20 patients with MCA occlusions, a 15-cycle pulse (68 µs pulse duration) was
chosen to avoid constructive interference between the transmitted pulse and subsequent internal
reflections within the skull. Three ultrasound insonation schemes were tested: pulsed ultrasound with
duty cycles of 33% and 62.5%, and intermittent continuous wave ultrasound. A 33.3% duty cycle (4.9
kHz pulse repetition frequency, PRF) was selected to reduce the possibility of constructive interference.
A 62.5% duty cycle (9.2 kHz PRF) was chosen in order for the temporal average power over the
treatment duration to be the same as in the ICW-US insonation scheme.
Human whole blood was drawn from four donors following an approved Institutional Review Board
protocol. Blood clots were formed around 7-0 silk suture within borosilicate glass capillary tubes (1.12
mm inner diameter). Clots were suspended inside a 2.15 mm diameter glass micropipette by the suture
and placed in flow (0.65 mL/min) using a syringe pump in withdrawal mode. An inverted microscope was
used to examine the proximal end of the clot to monitor average clot width over 30 minutes. Images were
captured at a frame rate of 2.33 Hz. A total of 80 clots were used in this study (4 clots per donor per
experimental arm, with five experimental arms). The experimental arms included plasma alone (negative
control), plasma with rt-PA, plasma with rt-PA and Definity
(2 µL/mL), and one of three different
ultrasound exposure schemes. Experimental arms with rt-PA had a concentration of 3.15 µL/mL, which
is the steady state concentration of rt-PA achieved in human ischemic stroke treatment. Ultrasound
exposure employed a 220 kHz unfocused transducer that was positioned with the maximum beam
intensity located at the clot with a peak-to-peak pressure of 0.44 MPa (Fig 1).
The instantaneous clot width was evaluated using a Sobel edge detection algorithm in MATLAB (The
Mathworks , Natick, MA, USA) and the fractional clot loss (FCL) and average lytic rate (ALR) were
calculated. If the clot completely separated from the suture during lysis, FCL and ALR were calculated
based on the time point and clot width before separation.
RESULTS The clot width loss observed with plasma alone and plasma with rt-PA was 2.3 ± 2.6% and
34.8 ± 28.4%, respectively (Fig 3). All ultrasound insonation schemes produced a statistically significant
reduction in the clot width relative to the plasma and rt-PA treatment (p < 0.01 and p < 0.05 respectively).
No statistically significant differences in FCL and ALR were measured among the US groups (p > 0.05).

CONCLUSIONS We demonstrated that pulsed ultrasound schemes with duty cycles of 33.3% and
62.5% offer comparable lytic efficacy to an intermittent continuous wave scheme in vitro. The duration of
ultrasound exposure did not affect the fractional clot loss and the average lytic rate at these duty cycles.
These results could inform the choice of ultrasound insonation schemes for future translational studies
on 220 kHz ultrasound-enhanced thrombolysis.

Fig 1: Schematic of the in vitro time-lapse microscopy system used to measure 220 kHz pulsed
ultrasound enhanced thrombolysis in human whole blood clots.

Fig 2: Acoustic path and intracranial distance for insonation of an MCA occlusion in a human stroke
patient simulated with 220 kHz continuous wave ultrasound. The acoustic path distance was defined
along the central axis of the beam between the internal faces of the temporal bone. Acoustic interference
is most prevalent in the tissue between the transducer and proximal temporal bone, but significant
interference patterns are present in the cranial fossae and distal temporal bone.

Fig 3: Fractional clot loss obtained for plasma only, rt-PA, rt-PA combined with Definity
and intermittent
continuous wave ultrasound, rt-PA combined with Definity
and pulsed ultrasound (62.5%), and rt-PA
combined with Definity
and pulsed ultrasound (33%). The rt-PA concentration was 3.15 µg/mL, and
the 220 kHz ultrasound peak-to-peak acoustic pressure amplitude was 0.44 MPa. ANOVA results
compared rt-PA alone to ultrasound treated experimental arms.
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INVESTIGATION OF THE IMMUNOLOGICAL EFFECTS OF THERAPEUTIC ULTRASOUND IN A
PRE-CLINICAL MODEL OF PANCREATIC CANCER
Petros Mouratidis1 , Gail ter Haar1
1. The Institute of Cancer Research, Sutton, United Kingdom.
OBJECTIVES Tumours develop, grow and metastasize in part because of their ability to evade detection
by the immune system. During the present decade advances in immunotherapy have revolutionized the
treatment of cancer providing long lasting cures to patients with previously untreated disease. However
this clinical benefit has not yet been realised in pancreatic cancer, which is characterised by low
antigenicity and dense stroma. For this reason novel therapeutic modalities that could work in
combination with immunotherapies in order to enhance the anti-cancer immune response need to be
identified. Therapeutic ultrasound can destroy cancer tissue by mechanical disruption and by raising
temperature to ablative levels. Both of these processes could increase the anti-cancer immune response
and make tumours more susceptible to immunotherapeutic treatments. The aim of our pre-clinical study
is to determine the effects of continuous and pulsed therapeutic ultrasound exposure regimes on the
immune response of subjects carrying ortohopic pancreatic tumours.
METHODS Syngeneic orthotopic pancreatic KPC tumours (KrasLSL.G12D/+; p53R172H/+; PdxCre
tg/+) (cells embedded in matrigel) were grown in murine C57BL/6 subjects (> 15 weeks old). Tumour
growth was monitored using imaging ultrasound. The small animal Alpinion VIFU 2000 system was used
to expose tumours to therapeutic ultrasound. The exposure parameters were designed to result in either
heating (continuous, 65 W, exposure duration = 2 seconds, duty cycle = 100 %, 6 repeats) or cavitation
(pulsed, 200 W, duty cycle = 1 %, pulse repetition frequency = 1, 60 repeats) in the target tissue. A
passive, weakly focused, broadband (0.1 to 20 MHz) sensor was used to detect cavitation. The biological
effect of the treatment on the tumour cells and the extracellular matrix was investigated using H&E and
trichrome staining of formalin-fixed, paraffin-embedded histological sections. The immunological effects
of therapeutic ultrasound were determined by quantifying infiltration of the tumour by lymphocytes, and
important immune cell subsets in the treated and sham-exposed tumours, spleen and blood of subjects.
Infiltration was investigated by immunohistochemical analysis of CD4+ and CD8+ cells and quantified
using the ImageJ IHC profiler densitometry program. Multi-color flow cytometry of white blood cells and
splenocytes was used to determine their immune phenotype and quantify their relative abundance.
RESULTS Continuous and pulsed therapeutic ultrasound exposures resulted in cell and collagen
depleted regions in the tumours, with minimal or no, skin damage. Significant broadband signal
(suggestive of cavitation) was seen only in the pulsed ultrasound exposures. In addition a regulation of
the immune response was determined within a week after treatment. This regulation manifested itself as
an increase in the ratio of CD8+ to CD4+ cells in the tumour, the blood and the spleen of subjects treated
with therapeutic ultrasound relative to sham-exposed subjects, and an increase of CD8+ cells in the
tumour area.
CONCLUSIONS Therapeutic ultrasound exposure parameters that could regulate the immune response
of subjects carrying orthotopic pancreatic tumours have been identified. These results provide a
rationale for the use of therapeutic ultrasound therapies in combination with current immunotherapeutic
approaches in order to improve the control of pancreatic tumour growth.
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FOCUSED ULTRASOUND ABLATION AS AN IMMUNOMODULATORY STRATEGY FOR
METASTATIC BREAST CANCER THERAPY
Alexandra Witter1 , Natasha Diba Sheybani2 , Aaron Stevens1 , Richard J Price2 , Timothy N Bullock1
1. Pathology, University of Virginia, Charlottesville, Virginia, United States.
2. Biomedical Engineering, University of Virginia, Charlottesville, Virginia, United States.
OBJECTIVES Metastatic breast cancer (BrCa) is incurable, with a 5 year survival of only 22%. While
immunotherapies are capable of generating durable responses in many forms of cancer, immune
rejection of BrCa is very rare. Indeed, immunotherapies (e.g. checkpoint blockade) for BrCa are limited
by poor functional CD8+ T cell infiltration and immunosuppression in the tumor microenvironment. Thus,
adjunct strategies that render BrCa tumors responsive to immunotherapies are in critical demand.
Focused ultrasound (FUS) ablation has been demonstrated to cause tumor cell damage and death while
preserving the integrity of sensitive surrounding tissues. It is now understood that the thermal and/or
mechanical bioeffects of FUS ablation can further elicit immune modulatory effects within the tumor
microenvironment, microvasculature, and lymphatics located in the peri-ablative region. FUS has been
demonstrated to mediate increased tumor antigen presentation, heat shock protein release, cytokine
release, and upregulation of other mechanisms that ultimately bolster systemic CD8+ T cell response to
the tumor. Thus, the goal of this study is to evaluate the hypothesis that ultrasound-guided FUS thermal
ablation can serve as an auto-vaccine for treatment of BrCa with immunotherapy.
METHODS In an ectopic model of metastatic mammary carcinoma, 8-week old female BALB/c mice
were inoculated subcutaneously with 4T1 cells expressing hemagglutinin (4T1-HA). At 14 days following
tumor implantation (mean tumor volume ⇠150-200 mm3 ), anesthetized mice were positioned in a
temperature-controlled degassed water bath with the tumor bulk ultrasonically coupled to an offset 3
MHz single-element focused ultrasound transducer with embedded linear ultrasound imaging array.
Tumors were partially thermally ablated at 30W derated acoustic power for 4 seconds in order to reach
temperatures exceeding 60o C. Concomitant with FUS treatment, treatment with gemcitabine and/or
anti-PD1 was initiated. Gemcitabine and anti-PD1 were administered intraperitoneally once every 7 and
3 days, respectively. Tumor outgrowth was monitored by digital caliper measurements. Moreover, at 5 or
7 days following initiation of treatment(s), 4T1-HA tumors and secondary lymphoid organs including
tumor-draining lymph nodes (TDLN) were harvested for flow cytometry.
RESULTS FUS partial ablation of 4T1-HA tumors under ultrasound guidance was demonstrated
feasible, with hyperechoic signatures appearing on occasion at targeted sites following ablation (Fig.1a).
At one week following FUS treatment, we observed a ⇠3-fold increase in mature dendritic cells
(CD11c-hi/CD86+), as well as an increasing trend in M1 macrophage representation by flow cytometry
(Fig.1b). While FUS did not confer changes in intratumoral CD8+ and CD4+ T cells, likely due to an
overwhelming immunosuppressive burden imposed by myeloid derived suppressor cells (MDSCs),
infiltrating T cells did express PD1. Therefore, we extended our approach to incorporate a combination
treatment of FUS + gemcitabine and/or anti-PD1. This combination treatment elicited a ⇠50% reduction
in 4T1-HA tumor growth at 5 days post-FUS ablation, suggesting that partial thermal ablation of BrCa
tumors with FUS may represent a promising immunoadjuvant approach (Fig.1C).
CONCLUSIONS These results suggest that FUS partial thermal ablation enhances mature dendritic cell
representation in draining lymph nodes of 4T1-HA tumor-bearing mice. However, this effect alone is not
sufficient to confer tumor growth control or increased intratumoral CD4+ and CD8+ T cell representation
due to the immunosuppressive burden imposed by tumor-associated myeloid derived suppressor cells.
With the addition of gemcitabine and/or anti-PD1, FUS confers growth control in 4T1-HA tumors. Taken
together, these results suggest that combination of partial ablation with FUS and immunoadjuvants
abrogating immunosuppression may enable FUS to stimulate anti-tumor immunity in BrCa.

Figure 1. (A) Representative B-mode ultrasound image of subcutaneous 4T1-HA tumor prior to and
following FUS thermal ablation. Hyperechoic marks occasionally appear at the site of sonication. (B)
Absolute fraction of CD86+ CD11c-hi dendritic cells across harvested organs one week following FUS
ablation (4T1-HA tumor infiltrating leukocytes, TILs; axillary draining lymph nodes, aDLN; inguinal
draining lymph nodes, iDLN; non-draining lymph nodes, nDLNs). (C) 4T1-HA tumor outgrowth restriction
conferred by the combination of anti-PD1 and/or gemcitabine with partial FUS thermal ablation.
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COMBINATION OF CALRETICULIN INDUCING AGENT AND HIFU THERAPY ACTIVATES
IMMUNOGENIC CELL DEATH AND ANTI-TUMOR EFFECT IN MURINE MELANOMA
Nandhini Sethuraman1 , Mohit Singh1 , Girish Patil1 , Shitao Li1 , Jerry Malayer1 , Ashish Ranjan1
1. Center for Veterinary Health Science, Oklahoma State University, Stillwater, Oklahoma, United States.
OBJECTIVES Immunotherapy is rapidly becoming established as the 4th treatment modality for
malignant melanoma. However, not all patient respond adequately due to variations in the mutational
burden of tumors, recruitment of M2 type tissue repair macrophages that suppress adaptive immunity,
and dose-related toxicity. We hypothesized that our novel combination of High Intensity Focused
Ultrasound (HIFU) and agents that stimulate immunogenic cell death (ICD) in tumors will achieve
dependable anti-tumor immune effects. ICD occurs when tumor cells die in a manner that stimulates the
immune system and induce a variety of danger associated molecular signals (DAMPs) including
calreticulin (CRT). CRT expression in tumor enhances interaction with antigen presenting cells (APCs)
and immune-mediated clearance. However, little is known on how to guide and leverage this approach
for therapeutic use in clinics. Towards this goal, the objective of this project was to investigate a novel
agent for the intratumoral expression of CRT (CRT-A) in combination with HIFU.
METHODS CRT-A formulation was incubated with B16F10 melanoma cell, and the intracellular
expression of CRT protein was determined by flow cytometry and confocal microscopy. To characterize
the in vivo effect of CRT-A, we compared the following groups in a murine model of B16F10 melanoma
(⇠50mm3 ): 1) Control, 2) HIFU, 3) CRT-A, and 4) CRT-A + HIFU. HIFU treatments (⇠15min) was
administered by aligning the center of the tumor at a fixed focal depth using alpinion transducer of 1.5
MHz central frequency, 45 mm radius and 64 mm aperture diameter with central opening of 40 mm in
diameter. Endpoints were to assess intratumoral induction of ICD by flow cytometry analysis, and
characterization of the therapeutic efficacy by measurement of tumor growth delay and histopathology.
RESULTS Data suggested that the CRT-A combined HIFU-treatment resulted in a significant increase in
the overall fluorescence of CRT compared to all other groups. Additionally, the combined treatment of
CRT-A/HIFU enhanced adaptive immunity to expand the CD4+ and CD8+ T cells, and polarized
macrophage to tumor suppressing M1 phenotype. These microenvironmental changes caused a
significant tumor growth delay for CRT-A/HIFU treatment compared with control, CRT-A or HIFU alone.
CONCLUSIONS Our data suggest that activation of ICD in tumors using CRT-A/HIFU can be an
innovative modality to achieve dependable clearance of melanoma cancer cells. Additional
characterization of the proposed combinatorial modality for abscopal effect, and translation in
spontaneous canine melanoma is currently in works.
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THERMAL ABLATION ENHANCES THE NUMBER OF UNIQUE CDR3 REARRANGEMENTS AND
T-CELL RECEPTOR (TCR) OVERLAP BETWEEN TUMOR AND BLOOD
Matthew Silvestrini1 , Michael Chavez1 , Elizabeth Ingham1 , Brett Fite1 , Lisa M Mahakian1 , Sarah Tam1 ,
Asaf Ilovitsh1 , Arta Monjazeb1 , William Murphy1 , Neil Hubbard1 , Ryan Davis1 , Clifford Tepper1 ,
Alexander Borowsky1 , Katherine W Ferrara1
1. University of California Davis, Davis, California, United States.
OBJECTIVES Pairing magnetic resonance-guided focused ultrasound (MRgFUS) ablation with
immunotherapy is a particularly attractive strategy for enhancing the tumor immune infiltrate in non-T-cell
inflamed tumors. Previously, we demonstrated the utility of a two-step process, whereby a potent
immunotherapeutic regimen immunotherapy (CpG+anti-PD-1) administered prior to thermal ablation
increased the fraction of T-cells in directly-treated and distant tumors. Here, we sought to assess the
impact of thermal ablation and immunotherapy on T-cell diversity in a syngeneic (HER2+) murine model
of mammary adenocarcinoma.
METHODS We sequenced the CDR3 region of the TCR beta chain of tumor-infiltrating T-cells from
treated and distant lesions in mice treated with immunotherapy-only (IO), ablative-immunotherapy (AI), or
no treatment control (NTC) one-week after ablation.
RESULTS TCR sequencing demonstrated that immunotherapy, either with or without ablation,
significantly contracted the TCR repertoire compared to that of the NTC. Pairwise analysis revealed that
the proportion of shared TCR amino acid sequences (TCR overlap) between all samples revealed
treatment-specific patterns, where immunotherapy increased the TCR overlap between tumors of
different mice by two-fold as compared to the NTC cohort. Interestingly, the inclusion of thermal ablation
(AI treatment) reduced the variability of the cumulative frequency of the top 50 clones and dramatically
increased the number of unique CDR3 rearrangements in the distant tumor compared with
immunotherapy alone. Additionally, we assessed the systemic TCR repertoire of T-cells in the blood from
mice treated with the AI therapy both prior to and after treatment (AI-Pre and AI-Post, respectively). TCR
overlap between tumors and blood was significantly greater after than before treatment in both
directly-treated and distant tumors (mean overlap exceeding 0.2 for blood and distant tumors after
treatment). Further, AI treatment increased the cumulative frequency of the top systemic clones by 1%.
CONCLUSIONS Thus, these data suggest that AI-treatment results in the systemic clonal expansion of
TCR specific clones.
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IMMUNE CELL MODULATION OF PULSED FOCUSED ULTRASOUND (PFUS) IN MELANOMA
MURINE TUMOR MODEL
Omer Aydin1 , Parwathy Chandran1 , Scott R Burks1 , Joseph A. Frank1
1. Radiology, NIH, Bethesda, Maryland, United States.
OBJECTIVES Immunotherapy is now considered an important component of the armamentarium
available to deploy in the treatment of cancer. An obstacle to utilizing immunotherapy in combating
malignancy is the immune suppressive microenvironment, which limits the efficiency of cellular and
molecular-based immunotherapy. Recent studies report a potential role for non-thermal pulsed focused
ultrasound (pFUS) in manipulating the immune response against malignancy. In this study, we
investigated how pFUS at various peak negative pressures (PNP) altered the tumor microenvironment by
changing the phenotype of the immune cell population in spleen, lymphoid tissues, and tumors.
METHODS B16 murine cancer cells were subcutaneously bilaterally implanted into C57Bl/6 mice (N=4
or 5 MICE/PNP) and allowed to reach min ⇠5 mm in diameter. Ultrasound-image-guided pFUS (VIFU
2000, Alpinion) was administered at 1 MHz over a range of PNP (0, 2, 4, 6, and 8 MPa). The entire
tumor volume was sonicated with a 2-mm spacing between points using a 10-sec pulse length, 10% duty
cycle and a pulse repetition frequency of 10 Hz. At days 1, 3, and 5 post-sonication, tumors were
harvested for histology, immunohistochemistry, and FACS analyses of disassociated tissues. FACs
analysis was performed by staining fresh fixed immune cells from spleen (Sp), inguinal lymph nodes (LN)
and B16 tumor. The heat map was generated from the FACS analysis calculated from the mean of
percentage of all treated samples of each immune cell type and normalized data to the average of the
control group (0 MPa) at each time point.
RESULTS Histology showed that pFUS treated tumors had elevated numbers of leukocytes, with a large
population of TUNEL+ tumor cells. There was a trend towards PNP = 6MPa and 8 MPa to cause the
greatest percent differences by FACS analysis for each cell type in the tumor, spleen and lymph nodes.
The summary heat map (Figure 1) for immune cell types at 1-,3-, and 5-day post-sonication fall all PNPs
for cells in Sp, LN, and B16 tumor peaked at day 3 except Th1 in B16, Treg in Sp and F4/80 in LN.
Interestingly most of the immune cell types in tumor bed at day 1 and 5 was decreased compared to day
3 following pFUS. At Day 5 post pFUS, NK cell population was increased at day 5 in Sp, LN and B16
tumor and Tcyto cells were increased in SP and LN but not tumor. Macrophage populations in the tumor
peaked at Day 3 post sonication. Moreover, there was a shift of cell populations toward the LN, with
increases in Treg , Tcyto , NK, F4/80, M1 and M2 cells at day 5 compared to other tissues.
CONCLUSIONS pFUS can induce tumor responses to enhance immune cell infiltration presumably
through altering the tumor microenvironment towards a proinflammatory phenotype. The heat map
revealed that pFUS causes tropism of cytotoxic immune cell populations from the Sp and LN into the B16
tumor peaking at Day 3 and then clearing from the tumor by Day 5. Modulation of immune cell
populations in the Sp and LN over 5 days post sonication suggests the possibility of tumor antigens
priming dendritic cells to antigen presenting cells (APCs) that can stimulate an immune response against
the tumor. The increased infiltration of cytotoxic immune cell populations into the tumor on day 3 requires
further investigation as this result may indicate that the immune cell responses may benefit from
repeated pFUS treated every third day.

Figure 1. Heat map of fold changes for the mean of all PNP of FACS results of immune cells from spleen
(Sp), lymph nodes (LN), and B16 tumor (B16) at Day 1, 3, and 5 compared to control (0 MPa). Th1=
CD4+ Tcells, Treg= CD25+ Tcells, Tcyt= CD8+ Tcells, NK = Natural Killer CD335+ Tcells, F4/80=
macrophages, M1=CD86+ proinflammatory macro’s, and M2=CD206+ anti-inflammatory macro’s.

Tuesday, May 15, 2018
1:00 PM/Poster 125

Ballroom C & Atrium

Poster SessionImmunotherapy

FOCUSED ULTRASOUND-INDUCED MILD HYPERTHERMIA IMPROVES IMMUNE CELL
INFILTRATION IN A MOUSE INTRACRANIAL GLIOMA MODEL
Anastasia Velalopoulou1 , Yutong Guo1 , Arpit Patel1 , Johannes Leisen1 , Costas Arvanitis1
1. Mechanical Engineering, Georgia Institute of Technology, Atlanta, Georgia, United States.
OBJECTIVES The remarkable advances of immunotherapy in the field of oncology over the past few
years have resulted in several promising therapeutic approaches. While immunotherapy has not yet
shown clinical activity in primary brain tumors, recent work has demonstrated that immunotherapies can
have a beneficial effect in mouse models of GBM and metastatic brain cancer. We hypothesize that
focused ultrasound (FUS) can increase the immunogenicity or accessibility of the tumors, thereby
increasing the infiltration and/or activity of anti-tumor immune cells. In this study, we investigated the
feasibility of FUS-induced mild hyperthermia to enhance immune responses in mouse intracranial
glioblastoma (GBM). In order to test our hypothesis, we evaluated changes in immune cell
subpopulations both in the tumor microenvironment and systemically in mice treated with focused
ultrasound mild hyperthermia and compared it with non-exposed littermates.
METHODS We used an orthotopic immunocompetent GL261-luc2 C57 BL/6 albino female (6-10 weeks,
Jackson Laboratory) mouse GBM model (6 control and 6 treated). To attain reproducible exposure
conditions, we used an MR guided FUS system that we have developed for small animal
experimentation. This fully calibrated system allowed us a real time control of the focal heating, using
real-time MR temperature imaging (MRTI) based controller. The controller set point temperature was set
to 41.5 C, for 10 minutes. One week after the sonications, the changes in the immune cell
subpopulations both in the brain tumor microenvironment and systemically (superficial cervical lymph
nodes and spleens) were evaluated by flow cytometry. Specifically, immune cell subpopulations, such as
T helper cells (CD4+ ), cytotoxic T cells (CD8+ ), T regulatory cells (CD4+ FoxP3+ ), activated natural killer
(NK) cells and myeloid-derived suppressor cells (MDSC; CD11b+ Gr1+ ) were analyzed as well as the
expression of immunoinhibitory receptors such as PD-1 and TIM-3 coexpression (PD-1+ /TIM3+ ) in the
tumor-infiltrating T cells.
RESULTS Our analysis revealed that FUS-induced mild hyperthermia (40.5 ±0.9 0 C) caused a
significant decrease in the number of T regulatory cells (CD4+ FoxP3+ ) (P < 0.05) as well as a significant
infiltration of activated natural killer (NK) cells (P < 0.01) in the brain tumor microenvironment of the
exposed cohort of mice as compared to the untreated one. There were no observed changes at the
systemic level, after the flow cytometric analysis of the cervical lymph node and spleen immune cell
subsets.
CONCLUSIONS In conclusion, our study established feasibility on the ability of FUS-mild hyperthermia
to improve immune cell infiltration in a mouse intracranial glioma model. The pronounced decrease in the
density of regulatory cells with increases in NK cells in the tumor microenvironment demonstrate the
potential of FUS to modulate immune response. More work in this direction and in combination with
advanced immunotherapies is warranted.
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CAVITATION ACTIVITY OF PIOGLITAZONE ECHOGENIC LIPOSOMES USING AN EKOSONIC
CATHETER
Kevin Joseph Haworth1 , Alexander S Hannah2 , Himanshu Shekhar1 , P. Arunkumar1 , Shao-Ling Huang3 ,
Tao Peng3 , Misty Vranish2 , David McPherson3 , Curtis Gentsler2 , Christy K Holland1
1. Internal Medicine, University of Cincinnati, Cincinnati, Ohio, United States.
2. EKOS Corporation, Bothell, Washington, United States.
3. Internal Medicine, University of Texas Health Science Center at Houston, Houston, Texas, United
States.
OBJECTIVES Persistent restenosis is a major complication following percutaneous intervention for both
peripheral arterial disease and coronary arterial disease. Drug-eluting stents have shown promise for
reducing the occurrence of restenosis in the coronary arteries but require long-term dual antiplatelet
therapy [https://doi.org/10.1016/S0140-6736(08)60922-8]. Ultrasound-mediated drug delivery post
bare-metal stent deployment is an alternative treatment strategy. Echogenic liposomes are theragnostic
particles that are loaded with a drug and a bubble to nucleate cavitation. The feasibility of stabilizing
atheroma has recently been shown using octafluoropropane-filled, pioglitazone-loaded echogenic
liposomes (OFP-pio-ELIP). Pioglitazone is a peroxisome proliferator-activated receptor gamma (PPAR-g)
agonist with anti-inflammatory effects. The objective of this study was to determine whether stable
cavitation and inertial cavitation could be nucleated using an EkoSonic
catheter and OFP-pio-ELIP in
an in vitro flow phantom.
METHODS The type and duration of bubble activity nucleated from OFP-pio-ELIP insonified by an
EkoSonic
catheter (EKOS Corp., Bothell, WA, USA) was assessed in a physiologic flow phantom
using passive cavitation imaging. The EkoSonic
catheter was inserted into a flow phantom containing
phosphate-buffered saline (PBS) with a physiologic flow rate and pulsatile hydrodynamic pressure
mimicking porcine subclavian arterial flow (Fig.1). Air-saturated PBS (negative control) or OFP-pio-ELIP
in PBS were infused through the drug delivery port of the EkoSonic
catheter. The EkoSonic
drug
delivery ports were modified to enable OFP-pio-ELIP to flow past the six 2.3 MHz transducers spaced 1
cm apart along the catheter. OFP-pio-ELIP were infused at 0.3 mL/min for 4.5 minutes, followed by a 10
minute PBS flush. The EkoSonic
catheter was driven to produce peak negative pressures of 0.3 MPa,
0.7 MPa, or 1.5 MPa. The pulse duration was 5 ms and pulse repetition period 100 ms. Cavitation
emissions were observed with an L7-4 linear array connected to a Vantage 256 Verasonics ultrasound
research scanner (Fig. 2). The cavitation emissions were beamformed in the frequency domain to form
passive cavitation images (Fig. 3) [https://doi.org/10.1109/TUFFC.2016.2620492]. The three most
proximal elements of the EkoSonic
catheter were within the field of view of the L7-4 imaging array.
Inertial cavitation activity was assessed as the inharmonic emission energy averaged over frequency
bands from 5.15 to 5.35 MHz and 6.15 to 6.35 MHz. Stable cavitation activity was assessed via
ultraharmonic emissions at 5.75 MHz. The average inharmonic energy was subtracted from the
ultraharmonic energy to isolate cavitation activity associated solely with a distinct ultraharmonic peak.
The amplitude and duration of cavitation within regions of interest (ROIs) encompassing the three
EkoSonic
elements were computed (Fig. 4).
RESULTS Cavitation activity was observed at acoustic outputs above 0.3 MPa in ROIs around each
transducer along the catheter. At 0.3 MPa and 0.7 MPa, significant (p<0.05) increases in ultraharmonic
emissions were detected with OFP-pio-ELIP relative to PBS infusion for all three elements. At 0.3 MPa, a
significant increase in inharmonic emissions was detected only on the most proximal element. At 1.5
MPa, a significant (p<0.05) increase in ultraharmonic emissions was detected with OFP-pio-ELIP
relative to the PBS infusion only for the most distal element. At 1.5 MPa a significant increase in
inharmonic emissions was detected for all three elements. The ultraharmonic emissions increased 26±4
fold as the insonation pressure amplitude was increased from 0.3 MPa to 0.7 MPa. When ultraharmonic
or inharmonic emissions were detected, there was no statistically significant difference in the duration of

the emissions between insonation pressure amplitude, element location, or emission type. Cavitation
emissions were sustained over the duration of the OFP-pio-ELIP infusion and waned as PBS was used
to flush the EkoSonic
catheter. The duration of emissions corresponded to the approximate time
needed to flush the EkoSonic
catheter.
CONCLUSIONS This study demonstrated that stable cavitation and inertial cavitation were nucleated
using an EkoSonic
catheter and OFP-pio-ELIP infusion. Depending on the insonation pressure
amplitude, primarily stable or inertial cavitation activity could be nucleated. Cavitation duration was
predominately dictated by the presence of cavitation nuclei flowing through the catheter. Thus longer
infusions could be used if extended treatments are needed. Our long-term objective is to optimize
therapeutic delivery at the time of stent placement to stabilize the arterial bed and minimize persistent
restenosis.

Fig. 1: Schematic of in vitro physiologic flow phantom. Representative pressure and flow recordings are
shown. ELIP were infused through the drug delivery lumen of the EkoSonic
catheter.

Fig. 2: Representative beamformed spectra nucleated from the most proximal element of the
EkoSonic
catheter. The inharmonic and ultraharmonic bands are denoted by the vertical orange and
blue bars, respectively.

Fig. 3: Representative passive cavitation images of the ultraharmonic and inharmonic emissions, which
map the stable and inertial cavitation activity, respectively. Beamformed emissions are plotted on a
decibel scale. Cyan boxes denote the regions of interest analyzed about each element.

Fig. 4: Representative plots of cavitation as a function of time. Region A (yellow shading) corresponds to
the ELIP travel time through the dead volume of the EkoSonic
catheter. Region B (green shading)
corresponds to the time when no infusion occurs (before the saline flush). Region C (blue shading)
corresponds to the same time duration as region A but during the saline flush.
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ULTRASOUND AND MICROBUBBLES ENHANCE DELIVERY OF FLUORESCENT COMPOUNDS IN
THE PORCINE SMALL INTESTINE
Mihnea Vlad Turcanu1 , Fraser Stewart2,8 , Driton Vllasaliu3 , Manlio Tassieri4 , Ben Cox6 , Eddie R
Clutton5 , David Lines7 , Maya Thanou3 , Helen Mulvana1 , Inke Näthke2 , Sandy Cochran1
1. Medical and Industrial Ultrasonics, University of Glasgow, GLASGOW, United Kingdom.
2. Cell and Developmental Biology, University of Dundee, Dundee, United Kingdom.
3. Institute of Pharmaceutical Science, Kings College London, London, United Kingdom.
4. Biomedical Engineering, University of Glasgow, Glasgow, United Kingdom.
5. Clinical Sciences, University of Edinburgh, Edinburgh, United Kingdom.
6. School of Medicine, University of Dundee, Dundee, United Kingdom.
7. Diagnostic Sonar Ltd., Livingston, United Kingdom.
8. School of Engineering, University of Dundee, Dundee, United Kingdom.
OBJECTIVES The epithelium of the small intestine acts as a barrier to most molecules. Small
molecules, such as drugs < 500 Da, permeate this barrier, but macromolecules, such as biological
drugs, cannot cross it. Focused ultrasound (US) is being actively researched as a tool for promoting
tissue permeability and intestinal absorption of macromolecules (Castle et al., 2013).
The aim of this study was to determine the potential of US technology as a tool for safe,
minimally-invasive delivery of macromolecular therapeutic agents. Preliminary data suggest that
microbubbles (MBs) and US can transiently open tight junctions in the intestinal epithelium facilitating the
passage of large molecules. The objectives of this study were (1) to quantify the delivery of fluorescent
compounds as model drugs in the presence of US and MBs through a cell monolayer in vitro and (2) to
determine whether US and MBs can promote the retention of fluorescent compounds in vivo in the
porcine small intestine.
METHODS In vitro experiments
Caco-2 cells (American Type Culture Collection (ATCC), Rockville, MD) were used throughout this work.
Cells were seeded on 12-well ThinCert filters (Greiner Bio-One, Kremunster, Austria) and cultured for a
minimum of 21 days. A suspension of 0.1 mg/ml of 3 kDa dextran fluorescently-labelled with Alexa
Fluor
488 (ThermoFisher Scientific, UK) with or without 5% MBs (2 - 5x108 MBs/ml in saline, 2 - 8 µm
average diameter, SonoVue, Bracco) was prepared in PBS. The suspension was introduced into the
apical compartment, the ThinCert, using a syringe pump (NE-1000, New Era Pump Systems Inc., USA)
through a central delivery channel in a bespoke focused US transducer (4 MHz, 1016 kPa, 15 mm focal
distance, cross-sectional area at focus 0.018 mm2 ) [Fig. 1]. The suspension was delivered for 60 s at a
rate of 60 ml/h. US was applied as a continuous wave for 90 s: 30 s prior to administration and 60 s
during administration of the suspension. Permeability of the epithelial layer was determined by taking
samples at 10 min intervals for 1 hr and quantifying the fluorescent dextran in the basal chamber,the
well, using a plate reader and comparing values obtained with and without US +/- MBs.
In vivo experiments
The small intestine of anaesthetized 6 month-old female Landrace X Large pigs was accessed through
an intestinal stoma and irrigated with PBS. A tethered capsule with a transducer and a delivery channel,
replicating the device described above, was inserted into the intestine. Details of the capsule were
reported previously (Stewart et al., 2017). The suspension was as described above but dextran was
replaced by 5% CdSeS/ZnS quantum dots (QDs) (Sigma UK). Following insonation with the suspension,
the tissue was washed three times with PBS at 37 C. A UV lamp with 365 nm emission wavelength (UVP
LLC, USA) was used to identify retention of the QDs. The experiments were performed at the Wellcome
Trust Critical Care Laboratory for Large Animals, Roslin Institute, after Ethical Review board and Home
Office (UK) approval (PPL 70/8812).
RESULTS Fluorescence intensity recovered in the basal chamber of the ThinCerts showed that,
although not statistically significant, US and MBs enhanced delivery of dextran across Caco-2 cell
monolayers more than US alone [Fig. 2]. The in vivo experiments revealed that QD delivery to and

retention in the bowel wall coincided with the site of insonation and US and MBs facilitated QD retention
in the small intestine at four out of five locations. Tissue exposed solely to US or QDs did not retain any
fluorescence [Fig. 3].
CONCLUSIONS Preliminary results from this work suggest that focused US and MBs can open
epithelial tight junctions transiently to enhance the passage of large molecules. We also found that an
ingestible capsule with an US transducer and a delivery channel can mark intestinal tissue by facilitating
QD retention in porcine small intestine in vivo. Further experiments will determine the effect of US and
US-driven MBs on the delivery of fluorescently-labelled particles across an epithelial cell layer. This will
include characterisation of the range of particle size and volume which can be delivered across the
epithelial layer using our approach. Transepithelial electrical resistance will be used to directly measure
the extent and duration of tight junction opening and how this affects the process of dextran delivery.
References:
Castle, J., Butts, M., Healey, A., Kent, K., Marino, M. and Feinstein, B. (2013) ‘Ultrasound-mediated
targeted drug delivery: recent success and remaining challenges.’, Am J Physiol Heart Circ Physiol,
304(3), pp.350-7.
Stewart, F., Newton, I.P., Cox, B.F., Huang, Z., Nathke, I., and Cochran, S. (2017) ‘Development of a
Therapeutic Capsule Endoscope for Treatment in the Gastrointestinal Tract: Bench Testing to
Translational Trial’. IEEE Int. Ultrasonics Symp. (IUS).

Figure 1. Focused US applied to a cell monolayer through a channel in a bespoke ultrasonic transducer.
The ThinCert’s working volume was 0.6 ml, whereas the well’s working volume was 2 ml (Stewart et al.,
2017).

Figure 2. US + MB + Dext is effective at facilitating drug delivery through a Caco-2 monolayer. Error
bars represent standard deviation of averages for n = 4. Dext = Dextran.

Figure 3. (a) Fluorescent QDs lodged into tissue after a combination of insonation MBs and QD delivery
but they were not observed when (b) the sample was only insonated and (c) the sample was only
exposed to QDs.
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CELL-CYCLE SPECIFIC CELLULA RESPONSES TO SONOPORATION
Pengfei Fan1 , Juan Tu1 , Xiasheng Guo1 , Dong Zhang1
1. Institute of Acoustics, Nanjing University, Nanjing, Jiangsu, China.
OBJECTIVES Microbubble-mediated sonoporation has shown its great potential in facilitating
intracellular uptake of gene/drugs and other therapeutic agents that are otherwise difficult to enter cells.
However, the biophysical mechanisms underlying microbubble-cell interactions remain unclear.
Particularly, it is still a major challenge to get a comprehensive understanding of the impact of cell cycle
phase on the cellular responses simultaneously occurring in cell membrane and cytoskeleton induced by
microbubble sonoporation.
METHODS Efficient synchronizations were performed to arrest human cervical epithelial carcinoma
(HeLa) cells in individual cycle phases. The, topography and stiffness of synchronized cells were
examined using atomic force microscopy. The variations in cell membrane permeabilization and
cytoskeleton arrangement induced by sonoporation were analyzed simultaneously by a real-time
fluorescence imaging system.
RESULTS The results showed that G1-phase cells typically had the largest height and elastic modulus,
while S-phase cells were generally the flattest and softest ones. Consequently, the S-Phase was found
to be the preferred cycle for instantaneous sonoporation treatment, due to the greatest enhancement of
membrane permeability and the fastest cytoskeleton disassembly at the early stage after sonoporation.
CONCLUSIONS The current findings may benefit ongoing efforts aiming to pursue rational utilization of
microbubble-mediated sonoporation in cell cycle-targeted gene/drug delivery for cancer therapy.
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ADAPTING AN OFF-THE SHELF IMAGING TRANSDUCER FOR IMAGE-GUIDED THERAPY AND
VASCULAR PERFUSION MONITORING
Jiro Kusunose1 , Meredith Jackson2 , Craig Duvall2 , Charles Caskey1,3
1. Institute of Imaging Science, Vanderbilt University, Nashville, Tennessee, United States.
2. Biomedical Engineering, Vanderbilt University, Nashville, Tennessee, United States.
3. Radiology and Radiological Sciences, Vanderbilt University, Nashville, Tennessee, United States.
OBJECTIVES Focused ultrasound therapy (FUS) is a non-invasive, versatile tool capable of initiating
effects ranging from vascular disruption, mild hyperthermia, and tissue ablation. Effective and safe
ultrasound treatment requires guidance via MRI or ultrasound imaging, typically achieved by using
separate imaging and therapy systems. An off-the-shelf imaging system that could be modified for
dual-mode therapeutics would be cost effective and eliminate the need for co-registration of imaging and
therapeutic planes. Low frequency phased-array imaging transducers make great candidates, since they
image contrast agents well and operate at frequencies closer to those used for therapy. In this study we
implemented image-guided therapy on a commercial, low frequency imaging transducer and used it to
deliver large macromolecules into tumors.
METHODS The image-guided therapy sequence was programmed on the Vantage system using
MATLAB for the commercial, low frequency, imaging transducer, P4-1. The therapy sequence was set up
such that anatomical B-mode images were first acquired at 3.9MHz, the user then selected the treatment
target on the B-mode image, and the treatment focus was steered to treatment location and treated at
1.8 MHz (4 MPa, N = 1000, 2 Hz, 120 seconds). For the study, nude, Balb/c mice with bilateral BxPC3
xenografts implanted in the flank were prepared. The transducer was coupled to the tumor through a
custom imaging-bowl filled with warm water (Figure 1). The effects of microbubble (MB)-enhanced
therapy were characterized by monitoring vascular perfusion before and after therapy with a pulse
inversion MB imaging sequence (N = 3). A preliminary study of the effects of MB-enhanced therapy on
particle extravasation was conducted by co-injecting MBs with Texas-red labeled dextran (70kDa) as an
initial model for a drug-loaded nanomedicine, and treating one of the bilateral tumors and comparing
fluorescence (flux/mass) ex vivo under IVIS 24 hours post treatment (N = 4).
RESULTS MB-enhanced focus therapy had an immediate effect on tumor vascular perfusion post
treatment. A 39% (p < 0.01, two-tailed, heteroscedastic student’s t-test) reduction in contrast agent flow
was observed inside ROIs over the therapeutic focus vs the entire tumor (Figure 2). For tumors that were
co-injected with Texas-red dextran and treated, we observed a trend of increased particle accumulation
(40 ± 47%, p = 0.17) in those tumors that received treatment, as compared to the bilateral controls
(Figure 3).
CONCLUSIONS Overall, we show that an image-guided ultrasound therapy can be implemented on a
commercial, phased-array imaging transducer. Though parameters remain to be characterized for
optimal treatment effects, we show that when administered in conjunction with MB, image-guided therapy
from a low-frequency imaging transducer can be used to affect vascular perfusion, and potentially
enhance nanomedicine accumulation. We believe that this can be a robust, more affordable tool in
enhancing targeted drug delivery.
ACKNOWLEDGEMENTS: The work presented here was supported by the Vanderbilt University
Institutional Discovery Grant (#IRG-58-009-56), the R25 training grant in cancer imaging (NCI
R25CA092043), and the T32 Radiation therapy training grant (5T32CA093240-16).

Figure 1 – imaging and therapeutic setup for image guided therapy

Figure 2– Monitoring changes in vascular perfusion post MB + FUS treatment. A) Mean pulse-inversion
signal over 10 seconds (5 to 15 seconds after MB injection) just before and 7+ minutes after FUS
treatment. The blue dotted line outlines the tumor and the green dotted line outlines the FUS treatment
focus. B) Comparison of focal signal relative to the entire tumor, before and after FUS treatment. Mean
pixel intensity for tumor and focus were averaged over 10 seconds (5 to 15 seconds post MB injection)
for each mouse (N = 3)

Figure 3 – IVIS characterization of tumors treated with MB-enhanced ultrasound and Texas-red dextran.
A) Fluorescence image acquired using IVIS. B) Comparison ratio of treated vs untreated tumor for each
mouse, of flux normalized by tumor mass. Overall, MB-enhanced ultrasound therapy led to a 40%
increase in fluorescence captured.
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ULTRASOUND-ENHANCED DRUG DELIVERY FOR TREATMENT OF ONYCHOMYCOSIS
Alina Kline-Schoder1 , Vesna Zderic1 , Zung Le2
1. Department of Biomedical Engineering, The George Washington University, Washington, District of
Columbia, United States.
2. Department of Podiatry, The George Washington University, Washington, District of Columbia, United
States.
OBJECTIVES Onychomycosis is a fungal nail disorder that is characterized by thick and yellow nails
that can be extremely painful and lead to psychosocial issues. In onychomycosis, the fungus lives on the
nail bed. Current antifungal drugs are applied to the top of the nail, but due to the poor permeability of the
nail they are unable to reliably reach, and therefore treat the fungus. These drugs only have non-serious,
infrequently reported side effects, but a cure rate of only 36% after 6 months of daily application. The aim
of this study was to determine the efficacy and safety of using ultrasound to increase the permeability of
the nail. To do this, we used low-intensity ultrasound at different parameters to perform in vitro
permeability measurements and utilized PZFlex software to perform safety modeling experiments.
METHODS Two sets of ultrasonic experiments were performed using porcine nails: the luminosity
experiments and the diffusion cell experiments. In all experiments, planar ultrasound transducers were
used to sonicate nails with an intensity of 1 +/- 0.1 W/cm2 , a continuous duration of 5 min and
frequencies of 400 kHz, 600 kHz, 800 kHz, and 1 MHz.
In the luminosity experiments, pieces of nail were placed in a 100 mL beaker, 45 mm beneath the
transducer. The beaker was filled with a drug-mimicking hydrophilic blue dye and then sonicated. After
sonication, the nails were cut in half and photographed. The image of the nails’ cross section was
analyzed using Photoshop in order to compare the average brightness - and therefore permeation of dye
through each of the nails.
In the diffusion cell experiments, a Franz Diffusion Cell was used (Figure 1). In the first set of the
diffusion cell experiments, the receiving compartment was filled with saline and the donor compartment
was filled with the same blue dye as was used in the luminosity experiments. In the second set of the
experiments, the receiving compartment was filled with ethanol and the donor compartment was filled
with Ciclopirox, the drug used in clinic for onychomycosis treatment. The nail was sonicated from a set
distance and the absorbance of the receiving compartment below the nail was measured after
experimentation to determine the permeation of dye or Ciclopirox through the nail.
In the third and final set of experiments, a modeling study of the safety of ultrasonic application to the
human toe was investigated. Tests were only performed at 1 MHz. However, temperature increases with
applied frequency, so the three other frequencies used in vitro would have smaller temperature
increases. Using PZFlex software, the transducer was placed at the DFF distance for the transducer
which was calculated to be 30.75 cm. The applied intensity was 1 W/cm2 . The exposure times were 1
min, 2 min, 3 min, 4 min, and 5 min.
RESULTS In all sets of in vitro experiments, a higher frequency of ultrasound was found to correlate to
more permeation through the nail. In the luminosity experiments, the results at 800 kHz and 1 MHz
frequencies were statistically significant (p<0.05) with an increase in dye delivery of up to 95% as
compared to control values. The 1 MHz trial had the most diffusion through the nails with an average
luminosity value of 0.18 compared to the average control luminosity value of 0.09 (Figure 2).
The dye diffusion cell results were statistically significant (p<0.05) at all four frequencies, with an
increase in dye delivery of up to 70% as compared to the control (Figure 3). Again, the highest
permeation was in the 1 MHz experiment with an average dilution of 0.13 g/mL as compared to the
average control dilution of 0.077 g/mL.
In the Ciclopirox diffusion cell experiments, the 800 kHz and 1 MHz experiments were found to be
statistically significant with an increase in drug delivery of up to six times than that of the control.
In the PZFlex modeling experiments, the temperature increase was found to be close to 4.5 after 5
minutes of ultrasonic application (Figure 5). Using the British Medical Ultrasound Society’s safety

considerations, a temperature increase of 3 C is considered safe, but according to the American Institute
of Ultrasound in Medicine, an increase of 5 C is considered safe. This indicates that the values found in
this study are close to being at the safety limit for application to the human toe. Because of this, pulsing
or shorter application time will be considered in future studies and before this device is safe for in vivo
application.
CONCLUSIONS The methodology presented in this abstract presents a novel technique for drug
delivery through the nail for improved treatment of onychomycosis.

Figure 1: Diffusion Cell

Figure 2: Luminosity Results

Figure 3: Dye Diffusion Cell Results

Figure 4: PZFlex Temperature Modeling Results
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ENHANCEMENT OF EPR EFFECT AND DRUG DELIVERY BY THE COMBINATION OF NEW LIPID
BUBBLES AND ULTRASOUND
Kazuo Maruyama1
1. Faculty of Pharma-Sciences, Teikyo University, Tokyo, Japan.
OBJECTIVES Theranostics is a treatment strategy that combines therapeutics with diagnostics. The
combination of bubble formulation and ultrasound (US) is a good tool for theranostics due to have
multi-potency both of imaging with enhanced echo signal from bubble and therapeutics with
sonoporation of bubble.
The enhanced permeability and retention (EPR) of nanoparticles in tumors has long stood as one of the
fundamental principles of cancer drug delivery, holding the promise of safe, simple and effective therapy.
By allowing particles preferential access to tumors by virtue of size and longevity in circulation, EPR
provided a neat rationale for the trend toward nano-sized drug carriers. Following the discovery of the
phenomenon by Maeda in the mid-1980s, this rationale appeared to be well justified by the flood of
evidence from preclinical studies and by the clinical success of DOXIL . Clinical outcomes from
nano-sized drug delivery systems, however, have indicated that EPR is not as reliable as previously
thought. A closer look reveals that EPR-dependent drug delivery is complicated by high tumor interstitial
fluid pressure, irregular vascular distribution, and poor blood flow inside tumors. Furthermore, the animal
tumor models used to study EPR differ from clinical tumors in several key aspects that seem to make
EPR more pronounced than in human patients.
In recent years, sonoporation, which is based on the combination of US and microbubbles (MB), has
been receiving ever more attention. Via stable and inertial cavitation effects, such as microstreaming, jet
formation and shock waves, cell membranes can be permeabilized and tight junctions in vascular
endothelium can be opened.
Here, we have developed a new lipid bubble suitable for sonoporation. We wanted to freeze-dry the
formulation for good storage stability and ease of handling. We investigated neovasuculature imaging
and enhancement of ERP effect by the combination of lipid bubbles and ultrasound.
METHODS Microbubble : Lipid-stabilized bubbles were prepared by homogenization of a lipid
dispersion in the presence of perfluoropropane gas (Fig. 1). After bubble formation the bubbles were
freeze-dried so that a dry sample containing bubbles was formed. After re-constitution of the samples
they were analyzed for size, gas content and US signal intensity.
Animal experiments 1: Doxorubicin (DOX) and LB were administered to osteosarcoma-bearing mice via
tail vein. Immediately after injection, linear imaging US was exposed to solid tumor site transdermally to
take the neovasuculature imaging. Then, therapeutic US probe was placed directly on the tumor surface
and therapeutic US was exposed (power, 2W/cm2 ; frequency, 2MHz). This treatment was repeated three
times, on days 1, 2 and 4.
Animal experiments 2: DOXIL
and LB were co-administered hemangiopericytoma dog and ultrasound
treatment (power, 2W/cm2 ; frequency, 1MHz) was done two times.
RESULTS Bubbles were in the size range 1-3 µm and could be preserved by freeze-drying and
re-constituted by simple addition of water to the dry sample. In vivo imaging of B16BL6 tumours in mice,
using the most stable bubbles showed half-lives substantially longer than for the commercial bubble
Sonazoid. The bubbles were, also, well suited for visualization of tumor neovasuculature.
The US theranostics capabilities of LB for the solid tumor were studied in osteosarcoma-bearing mice.
The flow of LB in blood was observed and neovasuculature of tumor tissue was imaged clearly (Fig. 2).
Following the recognition of neovasuculature in tumor tissue, therapeutic US was exposed transdermally
over the site of solid tumor tissue. Oscillation and cavitation of LB induced by low intensity US exposure
showed transiently open the tumor blood vessels and allowing DOX co-injected with LB was delivered
into deep area in the tumor tissue. This system achieved an equivalent antitumor effect at about 1/5 the
dose in monotherapy of Doxorubicin (Fig. 3). Thus, new approach by the combination of new LB and US
could help get medicines and gene into tumor tissue and work better.

DOXIL
and LB were administered hemangioperi-cytoma dog and ultrasound treatment was done two
times. Tumor volume was decreased clearly after treatment (Fig. 4).
CONCLUSIONS New LB with 1-3µm in size was stable in vivo for long time. New LB was freeze-dried
and then kept in PFP atmosphere until use.
Oscillation and cavitation of LB induced by therapeutic US exposure showed transiently open the
neovasuculature of tumor tissue and allowing DOX and/or DOXIL
co-injected with LB was delivered
into deep area in the tumor tissue. This new approach by the combination of LB and US could help get
medicines and gene into tumor tissue and work better.
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QUANTIFYING THE IN VIVO EFFECT OF PHOTO-ACTIVATED DOCETAXEL RELEASE USING
CONTRAST-ENHANCED ULTRASOUND
Rachel E. White1 , Christina Marvin2 , Kennita Johnson1 , David Lawrence2 , Paul A. Dayton1
1. Biomedical Engineering, University of North Carolina, Chapel Hill, North Carolina, United States.
2. School of Pharmacy, Division of Chemical Biology and Medicinal Chemistry, University of North
Carolina, Chapel Hill, North Carolina, United States.
OBJECTIVES Photo-activated drugs show promise for enhancing localized drug delivery, thus reducing
unwanted side effects. These photosensitive compounds absorb light, promoting site specific release.
The Lawrence lab recently developed a strategy for light-mediated drug delivery using red blood cell
(RBC) carriers and a cobalamin (vitamin B12) scaffold [1,2]. Cobalamin is non membrane permeable,
but the chemotherapeutic is membrane permeable allowing for delivery. Drug attaches to cobalamin via
a weak axial bond. A far red fluorophore antenna that absorbs within the optimal tissue penetration
window attaches to the lower ribose group. Subsequent illumination with far red light causes drug
release. Chemotherapeutics, such as docetaxel, attached to the axial bond remain bound until
light-facilitated release [2,3]. Confirming site-specific release and measuring drug efficacy are important
components for developing phototherapeutics. Intravital imaging was previously used to observe
docetaxel release and its impact on vasculature. However, this technique is limited to single vessels.
Contrast-enhanced ultrasound (CEUS) offers the ability to capture the response to docetaxel on a larger
scale, such as within a tumor. Ultrasound contrast agents (microbubbles) circulate in vasculature until
dissolution [4,5]. Docetaxel causes localized vascular disruption resulting in microbubble movement out
of circulation. This improves microbubble retention, enhancing signal intensity in the tumor. The vascular
effects of docetaxel can be measured via changes in microbubble signal intensity. We expect an
increase in microbubble signal due to light-mediated docetaxel release. In combination with CEUS, this
novel phototherapeutic has applications for cancer treatment and vascular remodeling.
METHODS Tumor-bearing mice were placed in four groups: saline with light treatment, treated
mock-loaded RBCs, untreated drug-loaded RBCs, and treated drug-loaded RBCs. Seven mice were
imaged and three others were used to harvest RBCs for drug loading. A 655 nm laser was aligned to the
tumor, followed by five cycles of light treatment (1 min on, 15 s off). 10-minute ultrasound scans were
collected before, during, and after light treatment. A baseline scan was collected to measure initial
microbubble response, followed by a treatment scan. Two post-treatment scans were collected to
observe prolonged and delayed effects of docetaxel release. Before all scans a 25 uL microbubble
solution was injected into the mouse, followed by saline. Before treatment scans an injection of 100 uL of
either mock-RBCs, drug-RBCs, or saline was given, followed by saline.
RESULTS Docetaxel release was evaluated via time-intensity curves and contrast enhancement.
Time-intensity curves show changes in average contrast intensity in the tumor over time (Fig 1,2). The
drug group saw an increase in contrast after illumination. The saline and mock groups did not see a
substantial increase in contrast following illumination. The untreated drug saw an increase in contrast,
although not as drastic as the drug group. The increase in contrast was likely due to the presence of free
and surface drug. Contrast enhancement, the difference in the area under the curve compared to
baseline, quantified the effect of docetaxel (Fig 3). The mock group had the lowest contrast
enhancement. Treatment, post-treatment 1, and post-treatment 2 values were 5186, 1384, and 2467,
respectively, with standard error of 5472, 1834, and 1889. Saline was on the same order of magnitude
for treatment and post 1, and was slightly higher for post 2, with values of 8388, 4038, and 18950. The
untreated drug was on the same order of magnitude as the drug group, but had a lesser effect. The
contrast enhancement values were 26246, 21360, and 31643 for untreated, and 39662, 34623, and
38589 for light-treated. Standard error for treated was 4051, 3748, and 5905. These values were an
order of magnitude higher than those for saline and mock.
CONCLUSIONS These results suggest successful light-mediated drug delivery and vascular disruption

caused by docetaxel. This was validated by the increase in contrast following illumination in drug-loaded
RBCs compared to mock-loaded RBCs and saline. The increase in contrast points to the presence of
docetaxel within the tumor and to microbubble retention caused by docetaxel-induced vascular
disruption. A more comprehensive study, with a larger sample size, is underway to further validate these
preliminary results obtained on photo-activated docetaxel release. These results show the potential of
RBCs for photo-activated drug release and demonstrate the ability of CEUS to evaluate drug delivery
platforms.
[1] Shell, et al (2015), Acc Chem Res. [2] Hughes, et al (2016), Angew Chem Int Ed Engl. [3] Grant, et al
(2003), Int J Cancer. [4] Borden, et al (2002), Langmuir. [5] Ferrara, et al (2007), Annu Rev Biomed Eng.

Figure 1. Time-intensity curves showing microbubble wash-in and wash-out through the center slice of a
tumor using light-treated drug-loaded RBCs. Baseline values were lower than subsequent values,
indicating docetaxel release and vascular disruption as seen by increased microbubble retention.

Figure 2. Time-intensity curves showing microbubble wash-in and wash-out through the center slice of a
tumor using light-treated mock-loaded RBCs. Baseline values were similar to subsequent values,
suggesting a lack of microbubble retention due to the absence of docetaxel and showing how
microbubble contrast quantifies the effects of docetaxel.

Figure 3. Contrast enhancement for each group - saline, mock, untreated drug, and drug. The data
shows that increases in microbubble signal correspond to docetaxel release. Average values and
standard error are shown for groups with n>1.
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MICROBUBBLE-MEDIATED SONOPORATION TO INCREASE THE UPTAKE OF REFILLABLE
DRUG DEPOTS: A PROOF OF CONCEPT
Ange Gloria Nyankima1 , Christopher Moody1 , Virginie Papadopoulou1 , Yevgeny Brudno1 , Paul A.
Dayton1
1. Biomedical Engineering, University of North Carolina at Chapel Hill and North Carolina State
University, Chapel Hill, North Carolina, United States.
OBJECTIVES By implanting a drug-capturing system in the presence of systemically circulating
therapies, one can achieve a locally sustained release of therapy within the guidelines of current clinical
practices. Compared to other drug delivery systems, a refillable drug depot can be replenished as the
therapy is administered systemically, and most importantly, maintain a sustained release long after
systemic presence is gone. Our drug-capturing device utilizes a unique chemical process to capture
diffusing therapies and can release active drug in a controlled manner into surrounding tissue. In the
case of organ systems or diseases with barriers, like the brain and heavy stroma bearing tumors,
opening the barriers temporarily to allow the uptake of circulating drugs expands the application of the
refillable device. Microbubble-mediated sonoporation is an ideal technique to couple with our refillable
device to overcome these barriers and improve therapeutic presence in these impact difficult regions.
We hypothesize that low intensity, low frequency ultrasound will sufficiently increase permeability, with
the help of microbubble contrast agents, and allow significant capturing of drug mimic to the refillable
device, beyond that of passive diffusion.
METHODS In a proof of concept study, we tested 16 CD-1 female mice for increased uptake of a
fluorescent molecule (cy7 probe), acting as a drug mimic, in the presence of sonoporation treatment.
Sonoporation treated depots were compared to non-treated depots and non-targeted depots. Muscular
tissue in the hind leg of the mouse was chosen as an accessible tissue with a vascular barrier. Each
subject was given a 50µL injection of the depot solution on their right and left leg, where it would
polymerize. Only one depot per animal would receive the sonoporation treatment, though both hindlimbs
would be exposed to administered microbubbles. Eight animals would receive depots lacking the targets
necessary to capture the drug. Uptake of drug mimic was measured with a whole body in vivo optical
imaging system. Regions of interest were drawn in fluorescent images of the mice around the location of
the depot injections. Intensity readings were averaged for each group and compared statistically using
paired T-test.
A single-element 1 MHz piston transducer was driven with a wave-generator and amplifier. Treatments
were conducted at ⇠280 kPa, (peak negative) and 40% duty cycle. Microbubbles were made in-house at
a concentration of ⇠1x1010 agents per mL and an average diameter of ⇠1µm. Our lab formulation
included a lipid shell and a decafluorobutane (C4 F10 ) core. A dose of 1:9 microbubbles-saline was
continuously administered for 12 minutes at a flow rate of 15µL per min. After 2mins of infusion, the
ultrasound system was turned on for 10mins of treatment.
RESULTS We hypothesize the presence of therapeutic ultrasound will significantly increase the uptake
of the drug-mimic, as compared to non-treated depots. In the absence of targets for drug capturing, it is
expected that minimal presence of drug mimic will be shown.
CONCLUSIONS Looking to the future, it is vital to optimize ultrasound parameters to improve the
opening of vessels for drug escape. With this foundation, we aim to move into diseased locations, such
as orthotopic glioblastoma and pancreatic tumor models. Clinically, these locations are known to be
challenging for drug uptake. Microbubble-mediated sonoporation can open these barriers, allowing the
passage of effective therapies into the refillable depot and slowly release the needed therapy for
improved outcomes.
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SAFETY AND EFFICACY OF MR-GUIDED FOCUSED ULTRASOUND FOR THE TREATMENT OF
CHRONIC OSTEOARTHRITIC KNEE PAIN
Motohiro Kawasaki1 , Shudai Muramatsu1 , Masashi Izumi1 , Shota Oda2 , Hiroshi Kondo2 , Takahiro
Ushida3 , Masahiko Ikeuchi1
1. Dept. of Orthopaedic Surgery, Kochi Medical School, Kochi University, Nankoku, Japan.
2. Rehabilitation department, Kochi Medical School Hospital, Nankoku, Japan.
3. Dept. of multidisciplinary pain center, Aichi Medical University, Nagakute, Japan.
OBJECTIVES A major symptom of knee osteoarthritis (OA) in the elderly is chronic knee pain, which
has a significant influence upon patients’ quality of life (QOL). Although total knee arthroplasty (TKA) is
the validated and reliable treatment for alleviating refractory knee pain, it cannot often be performed due
to refusal to undergo surgery or poor health condition in elderly patients with knee OA. Therefore, some
alternative options for alleviating knee pain other than conventional treatments are necessary. It has
been reported that MR-guided Focused Ultrasound (MRgFUS) can be an effective option for relieving
pain arising from various type of bone and joint diseases. The aim of this study is to elucidate the safety
and efficacy of MRgFUS using the ExAblate 2100 conformal bone system (InSightec Ltd.) for the
treatment of refractory knee pain derived from medial compartment of the OA knee.
METHODS This study protocol has met with approval of the institutional review board of Kochi
University. Twenty patients (4 males and 16 females with a mean age of 78 years) who had been
suffering from severe pain and tenderness at the medial side of the OA knee and were eligible for TKA
resistant to other conservative treatments for more than 6 months were included in this study. All patients
had varus knee OA of Kellgren-Lawrence grade III or IV. In all cases, a single-session treatment was
given only for either of the knees ached more. Local anesthesia before the procedure used 0.75%
ropivacaine at the treated sites. Transducer was fixed to the medial side of the knee, which generated
ultrasonic waves concentrated on around osteophytes of medial femorotibial joint and the temperature
rise of the bone surface was targeted at 55 degrees Celsius. Patients have been monitored at the 1
week, 1, 3, 6 months and 1 year post-treatment to see if some treatment-related complications occur.
We also checked the intensity of the worst knee pain in the past 24 hours using numerical rating scale
(NRS) pain score, health-related QOL measures using the Western Ontario and McMaster Universities
Arthritis Index (WOMAC) and EuroQol 5D (EQ-5D) and performance-based functional outcomes using
Timed Up and Go (TUG) test. MRI and CT findings were included in the investigation.
RESULTS Nineteen patients completed the planed treatment, but one patient interrupted the treatment
due to transient pain and anxiety during ultrasonic irradiation. There were 14 (70%) responders of the
treatment who had relieved 50% or more in NRS within 1 month after treatment compared to
pre-treatment, and 13 patients at the 1 year post-treatment. In non-responders, two patients underwent
TKA. NRS pain score of the treated knee significantly decreased from 7.2 +/- 1.3 (mean +/- SD) at the
pre-treatment to 3.1 +/- 2.2 (p<0.0002) at the final follow-up in 17 patients. We also observed a
significant improvement in the WOMAC scores at the 1-month up to 1-year post-treatment and EQ-5D
scores at only 3-month post-treatment. In 14 of 17 patients, average time to perform the TUG test was
shorter at the final visit than pre-treatment. There were not any serious adverse events associated with
the treatment. Although no destruction of the treated sites was observed on CT, changes in MRI intensity
signals were observed in all patients.
CONCLUSIONS MRgFUS therapy has the possibility to provide an improvement in patients’ quality of
life by relieving chronic pain of OA knee noninvasively.
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THE EEFFECT OF THERAPEUTIC ULTRASOUND COMBINED WITH SPIRONOLACTONE ON
MYOCARDIAL FIBROSIS AFTER MYOCARDIAL INFARCTION IN RATS
Shaul Atar1,2 , Elias Daud1 , Offir Ertracht3
1. Cardiology, Galilee Medical Center, Nahariya, Israel.
2. Azrieli Faculty of Medicine, Safed, Israel.
3. Eliachar Research Laboratory, Galilee Medical Center, Nahariya, HaZafon, Israel.
OBJECTIVES Myocardial infarction (MI) is a major cause of collagen deposition leading to heart
remodeling and heart failure. A major remodeling mechanism is the renin angiotensin aldosterone
(RAAS) system. Spironolactone, post MI, attenuates cardiac remodeling and subsequent fibrosis. We
hypothesized that the application of non-invasive therapeutic ultrasound (TUS) with the addition of
aldosterone inhibitor may attenuate collagen deposition after MI.
METHODS All animals underwent baseline cardiac function evaluation by echocardiography, and MI
was induced by ligation of the left anterior descending artery (LAD). Rats were divided into four groups:
1. Control; 2. treated with spironolactone (20 mg/kg); 3. treated with TUS; 4. received dual treatment of
spironolactone and TUS. Cardiac function was re-evaluated 4 weeks after insult. The rats of the second
and fourth groups were treated daily with S.C. spironolactone. Rats of the third and fourth groups were
treated with TUS administered three times a week for four weeks directly on the thorax. TUS was
administered for 3 minutes at a frequency of 1 MHz and intensity of 0.5 W/cm2 , using an ultrasound head
with an effective radiating area (Figure 1), while the control groups (#1&2) will be manipulated in the
same way but with US equipment turned off. At the end of experiment, the concentration of collagen was
estimated histologically.
RESULTS The rat’s basal cardiac function as measured by ejection fraction (EF) (70±2%) deteriorated
following MI induction to 36±3% (P<0.001 vs. baseline). TUS treatment alone did not affect the
measured EF, 4 weeks after MI (45±3%). Spironolactone alone increased the EF (50±2%, P<0.05 vs.
no treatment). A possible synergistic effect can be found in the dual (Spironolactone + TUS treatment) as
EF was 54±3% (P<0.001 vs. no treatment). In histological analysis, we found reduced collagen
deposition both at the scar and at remote areas following each treatment (spironolactone, TUS or the
dual treatment).
CONCLUSIONS We suggest that though anti-fibrotic effect is attributed to all the above mentioned
treatments, only the dual treatment has a potentially physiological and clinical efficacy.
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THE EFFECT OF THERAPEUTIC ULTRASOUND ON ANGIOGENESIS IN A RAT MODEL OF
FEMORAL ISCHEMIA
Shaul Atar1,2 , Nava Kesner3,2 , Offir Ertracht3
1. Cardiology, Galilee Medical Center, Nahariya, Israel.
2. Azrieli Faculty of Medicine, Nahariya, HaZafon, Israel.
3. Eliachar Research Laboratory, Galilee Medical Center, Nahariya, HaZafon, Israel.
OBJECTIVES Therapeutic ultrasound (TUS) is a non-biologic method used for stimulating biological
response. Studies proved that TUS maybe useful as an angiogenesis stimulator. However, this
application is not clinically available yet. We thus tested the efficacy of several profiles of TUS as
angiogenic stimulator.
METHODS A set of 9 TUS profiles differed by their frequencies (f ) (1, 1.5 and 3MHz) and intensities (I)
(0.03, 0.05 and 0.07 W/cm2 ) was established. Chronic ischemia was applied by a femoral artery
intra-muscular branch permanent ligation. TUS treatment was administered 3 weeks after ligation using
an ultrasonic transducer (V106-SB, Olympus, Waltham, MA, USA). TUS treatment was given for 2 weeks
5 times a week 10 min each day. The contra-lateral untreated artery used as control. TUS angiogenic
efficacy was evaluated physiologically by the Pearl
Trilogy Small Animal Imaging System (Li-Cor,
Lincoln, NE, USA) and by the expression of Galectin-1, as marker for angiogenesis. In in-vitro model of
human umbilical vein endothelial cells (HUVECs) tube formation ability was assessed as well.
RESULTS The f =1 MHz, I=0.05 W/cm2 profile affected beneficially both perfusion (Figure 1) and
Galectin-1 expression (Figure 2) in the in vivo setting. In the in-vitro tube formation both the f =1 MHz,
I=0.05 W/cm2 and the f =1 MHz, I=0.07 W/cm2 profiles were comparable. The profiles also increased
tube formation as precursor of blood vessels (Figure 3).
CONCLUSIONS This study suggests a new, simple and applicable treatment method for increased
angiogenesis in cases of chronic ischemia. This method may be used as an adjunctive treatment to the
current methodology. The results of this study should lead to further experiments in other clinical
scenarios and higher phylogenetic species.

Figure 1. The TUS profile and its effect on tissue perfusion

Figure 2. The effect of TUS on the expression of Galectin-1 assesed by immunofluorescence analysis.
Area = area covered by Galectin-1, Density = density of Galectin-1 expression. Intensity = intensity of the
immunoluoresensce signal.

Figure 3. The effect of TUS on tubes formation as a precursor of angiogenesis.
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THE EFFECT OF THERAPEUTIC ULTRASOUND ON CLOT LYSIS IN A RAT MODEL OF FEMORAL
ISCHEMIA
Shaul Atar1,2 , Nava Kesner2,3 , Offir Ertracht3
1. Cardiology, Galilee Medical Center, Nahariya, Israel.
2. Azrieli Faculty of Medicine, Safed, Israel.
3. Eliachar Research Labboratory, Galilee Medical Center, Nahariya, HaZafon, Israel.
OBJECTIVES Therapeutic ultrasound (TUS) is a non-biologic method used for stimulating biological
response. Studies proved that TUS accelerate in-vivo fibrinolysis rate. However, TUS is currently
underused in the clinical arena. We tested several physical profiles of TUS in order to increase the
thrombolytic efficacy of TUS.
METHODS A set of 9 TUS profiles differed by their frequency (f ) (0.3, 0.5 and 0.7 MHz) and intensities
(I) (0.75, 1.5 and 3 W/cm2 ] was established. Acute clot induction model was induced in a rat femoral
artery by FeCl3 administration. TUS was administered 30 minutes after clot formation. The treatment
included i.v. streptokinase administration followed by repeated sessions of 10 seconds of TUS
application every 10 min until blood flow resolution or up to 2.5 hours. TUS thrombolysis efficacy was
evaluated physiologically by the perfusion rate with the Pearl
Trilogy Small Animal Imaging System
(Li-Cor, Lincoln, NE, USA) and by specific histological clot stain - PTAH (phosphotungstic
acid-hematoxylin) stain.
RESULTS The f =0.5MHz, I=3W/cm2 and f =0.3MHz, I=3W/cm2 profiles showed the highest post TUS
perfusion rates (Figure 1) and concomitantly decreased clot area as seen in PTAH staining (Figure 2).
Other profiles, mainly those with lower intensities (<3 W/cm2 ) fail to induce clot thrombolysis. TUS
enhanced streptokinase thrombolysis efficacy in a rat model, mainly as a function of TUS intensity.
CONCLUSIONS This study suggests a new, simple and applicable thrombolysis treatment method in
cases of acute ischemia. This method may replace the current invasive intervention, as an adjunctive
treatment to the current methodology. The results of this study should lead to further experiments in
other clinical scenarios and higher phylogenetic species.

Figure 1. Augmentation of perfusion by the various TUS profiles 24 hours post femoral artery occlusion

Figure 2. PTAH (phosphotungstic acid-hematoxylin) stain showing clot lysis according to the TUS profile
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DYNAMIC IN-VITRO ASSESSMENT OF MICROBUBBLE-MEDIATED DUAL-FREQUENCY HIGH
INTENSITY FOCUSED ULTRASOUND (HIFU) INDUCED THROMBOLYSIS
Bala Govind1 , Dingjie Suo1 , Paul Dayton2 , Yun Jing1
1. North Carolina State University, Raleigh, North Carolina, United States.
2. BME, UNC Chapel Hill, Chapel Hill, North Carolina, United States.
OBJECTIVES Investigation of optimizing the use of High Intensity Focused Ultrasound (HIFU) for
recanalization of occluded blood vessels is gaining traction. This yields an alternative therapy to the use
of thrombolytic drugs in the treatment of ischemic stroke. HIFU treatment, used in conjunction with
enhanced cavitation of microbubbles (MBs) in the fluid stream, serves to augment the dissipation of the
blood clot. In this study, using an in-vitro approach, we implement a flow system to simulate the dynamic
dispersion of blood clots using single-frequency HIFU (SFFU) and dual-frequency HIFU (DFFU). We
quantify the effects of varying Peak Negative Pressure (PNP) and driving frequency on the rate of
disintegration.
METHODS Bovine blood clots are mounted on a three-axis stage in a water tank as shown in Fig. 1.
Each clot has an effective length of 9.5 - 10 cm and is subjected to flow of water (effected by a peristaltic
pump) and a steady infusion of lipid-based MBs (at a rate of 100 µl/min) to study the influence of fluid
akin to that in a blood vessel. Influence of permutations of acoustic pressure amplitude and
single-frequency and dual-frequency HIFU excitation are examined. PNPs employed are 2.5 MPa, 3
MPa, 3.5 MPa, 4 MPa and 4.5 MPa. A single-element transducer effects Single-Frequency Focused
Ultrasound (1.5 MHz) and Dual-Frequency Focused Ultrasound (1.45 MHz + 1.5 MHz) excitations at
sites along the length of each clot. A constant 10% duty cycle is used. During each trial, for a constant
MB concentration of MB/ml, the total blood clot content and efficacy of site-specific lytic action for these
combinations is quantified using digital image processing ( DIP toolbox). This is accomplished by edge
detection and overlays of transient clot condition images throughout the trial (Fig. 2). Further, the
cavitation signals for representative cases of single-frequency sonication and dual-frequency sonication
are measured with a 10 MHz focused transducer coupled to a data acquisition system.
RESULTS The efficiency of thrombolysis is assessed by two parameters-percentage of transient clot
content (Fig. 3) and indentation size (Fig. 4a) for five cases of Peak Negative Pressure (PNP) for both
SFFU and DFFU under microbubble mediation. Here, a control group provides a reference case wherein
HIFU action is absent and the clot is subjected to a free stream of water and microbubble injection. As
Fig.4a shows, the size of dent caused by DFFU excitation increases abruptly from a PNP of 2.5 MPa to a
PNP of 3.0 MPa. SFFU, on the other hand, causes an abrupt increase in dent size from a PNP of 3.0
MPa to a PNP of 3.5 MPa. These observations are corroborated by the rate of dissipation calculated
from a linear fit for each case (Fig. 4b). DFFU produces a faster rate of clot dissipation in comparison
with SFFU on increasing PNP. In an attempt to substantiate this plausibility, the cavitation signals for
SFFU and DFFU for varying PNPs are then measured. Spectral analysis shows that the magnitude of
broadband noise for dual frequency excitation rises strongly for a PNP of 3.0 MPa and that the
magnitude of broadband noise for single frequency excitation rises strongly for a PNP of 3.5 MPa.
CONCLUSIONS The rate of clot disintegration is contingent on the magnitude of PNP and driving signal
and on extraneous factors such as uniformity of clot condition and flow rate. Our observations indicate
that accelerated thrombolysis may be realized by the cavitation threshold of microbubbles excited by
DFFU being lower than that of SFFU excitation. This implies that dual-frequency excitation at lower
PNPs of 3 MPa or 3.5 MPa may be utilized for reasonable thrombolytic effect.

Fig.1. In-vitro experimental setup to examine microbubble-mediated HIFU-induced thrombolysis.

Fig. 2. Image processing and estimation of efficacy of microbubble-mediated HIFU treatment for
individual indentations along the length of the clot.

Fig. 3. Time-transient dissipation of blood clot when subjected to microbubble-mediated SFFU and
DFFU.

Fig. 4. Comparison of (a) indentation size as a percentage of initial clot; (b) overall rate of dissipation.
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HISTOTRIPSY FOR NON-INVASIVE ABLATION OF LIVER TUMOR IN A SUBCUTANEOUS IN VIVO
MURINE HEPATOCELLULAR CARCINOMA (HCC) MODEL
Tejaswi Worlikar1 , Eli Vlaisavljevich2 , Tyler Gerhardson1 , Joan Greve1 , Shanshan Wan3 , Sibu Kuruvilla4 ,
Kimberly Ives1 , Timothy Hall1 , Jonathan Lundt1 , Theodore Welling3 , Fred T. Lee5 , Zhen Xu1
1. University of Michigan, Ann Arbor, Michigan, United States.
2. Virginia Tech University, Blacksburg, Virginia, United States.
3. NYU Langone Health, New York, New York, United States.
4. Stanford University, Stanford, California, United States.
5. University of Wisconsin, Madison, Wisconsin, United States.
OBJECTIVES Current liver tumor ablation methods are primarily heat-based and inherently result in
inconsistent tissue ablation because of irregular thermal dissipation. Histotripsy achieves tissue
fractionation through a mechanical, non-invasive ultrasonic ablation process that precisely controls
acoustic cavitation while utilizing real-time ultrasound imaging guidance. Our study evaluates the
potential, feasibility and tumor volume reduction effects of histotripsy for liver cancer ablation in a
subcutaneous in vivo murine Hepatocellular Carcinoma (HCC) model.
METHODS 14 NSG and 7 NOD-SCID mice were injected with 1-2 million Hep3B cells (human HCC
cell-line) into the right flanks to generate subcutaneous xenograft tumors. The mice were categorized
into three groups: A (acute, NSG with n=9 treatment and n=1 control), B (chronic, NSG with n=2
treatment and n=2 control) and C (chronic NOD-SCID, with n=6 treatment and n=1 control). In each
group, histotripsy was performed on the treatment cohort when the tumors reached >5 mm. 1-2 cycle
histotripsy pulses at 100 Hz PRF (p- >30 MPa) were delivered to the target using a custom built 1 MHz
therapy transducer attached to a motorized positioner guided by an US imaging system and the
transducer focus was scanned by the positioner to traverse the targeted tumor volume. Tumor ablation
was assessed by obtaining T1, T2 and T2* weighted MR images before and after histotripsy. Group A
was sacrificed within 3 days post treatment. Groups B and C were monitored weekly after treatment
using caliper measurements and MRI for 3 months or until tumors reached ⇠1.8 cm. Post euthanasia,
treated tumor, brain, and lung tissue samples were harvested for histopathology.
RESULTS The cavitation cloud generated by histotripsy at the targeted tumor region was visualized on
US imaging enabling real-time feedback. In group A, histopathology showed that the targeted region was
completely fractionated into acellular debris with a sharp boundary separating it from untreated regions.
In groups B and C, MRI monitoring revealed effective tumor volume reduction post treatment as the
homogenate and edema were resorbed within 2-3 weeks. However, as this subcutaneous tumor model
did not allow sufficient treatment margin and the mice were immune-compromised, post-treatment
residual viable tumor cells eventually developed into tumor regrowth at 3-9 weeks after histotripsy.
Treated mice in chronic groups B and C showed no signs of metastasis in the lung and brain.
CONCLUSIONS This study demonstrates the potential of histotripsy for non-invasive HCC ablation in a
subcutaneous murine model. Further work is ongoing to study the biological response of histotripsy in
immune-competent orthotopic liver tumor rodent models.

Histotripsy ablation was assessed using T2-weighted MR images in a group C mouse. The targeted
volume appeared homogeneous and brighter on the post-treatment image as compared to the
pre-treatment image which showed a heterogenous tumor with mottled signal. The homogenized tumor
volume and edema resulting from the treatment were mostly resorbed in 2 weeks post treatment,
however regrowth is observed by week 8. The yellow dashed lines show the tumor and treated
homogenate regions.
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BIOEFFECTS OF PULSED HIFU SONICATIONS USING A CLINICAL MR-HIFU SYSTEM
Avinash Eranki1,2 , Ari Partanen3,2 , Navid Farr2 , Pavel Sergeyevich Yarmolenko1 , Karun Vashist
Sharma1 , AeRang Kim1 , Bradford J Wood2 , Peter C.W. Kim1
1. Children’s National Medical Center, Washington, District of Columbia, United States.
2. National Institutes of Health, Bethesda, Maryland, United States.
3. Philips, Vantaa, Finland.
OBJECTIVES High intensity focused ultrasound (HIFU) is a non-invasive therapeutic technique used
traditionally to destroy tissue via thermocoagulation. HIFU may also be applied using pulsing regimes to
mechanically disrupt tissue with improved spatial precision and reduced thermal effects. Unlike HIFU
thermal ablation that employs continuous wave or high-duty cycle ultrasound exposures, these
histotripsy approaches typically apply pulsing regimes at higher acoustic powers and lower duty cycles,
resulting in mechanical tissue fractionation at the targeted location with variable thermomechanical
bio-effects dependent upon the applied acoustic parameters. Currently, there is a need to understand the
relationship between varying sonication parameters (pulse length, PRF, and total sonication time) at
hundreds of microsecond-long HIFU pulses and resulting temperature and tissue bioeffects using a
clinical MR-HIFU system. The goal of this study was to study the thermomechanical bioeffects in different
tissue types while varying pulsed sonication parameters on a clinical MR-HIFU system. The usage of a
clinical MR-HIFU system will aid in directly translating this work to the clinic in multiple research sites.
METHODS Sonications were performed on a clinical MR-HIFU system (Sonalleve V1, Philips, Vantaa,
Finland). The HIFU system is integrated with a clinical MR imaging system (Achieva 1.5T, Philips, Best,
Netherlands) to perform MRI-based sonication planning. A bath, filled with deionized and degassed
water and sealed with a Mylar membrane at the bottom, was placed over the acoustic window. A
custom-built holder was 3D printed to position and fix the tissues within the water bath (Figure i). A
closed-loop heating system with circulating water was custom built to maintain the tissue temperature at
37.5 C throughout the experiment. Fresh liver tissues were obtained and were immediately cut into
multiple samples to fit the tissue holder, placed in phosphate buffered saline (PBS, 1x), on ice to retain
tissue viability, and degassed. Locations 25 mm deep within the tissue in a 3 ⇥ 3 grid pattern (1 mm
separation) were sonicated. A turbo field echo survey for localizing the tissue sample and a 2D fast field
echo scan to check for the presence of air bubbles in the ultrasound beam path were performed. A
T2-weighted 3D turbo spin echo imaging sequence was used for sonication planning, as well as
post-sonication to visualize the lesion. Table1 details sonication parameters varied to study the resulting
bioeffects in tissues. Tissues were stained with hematoxylin and eosin (H&E) to investigate the structural
integrity of tissues, and vimentin to investigate tissue viability.
RESULTS Sonication using parameter set A resulted in a mechanical tissue fractionation at the focal
region that is surrounded by whitening of tissue (Figure ii), an indicator of denaturation. Sonication
parameter set B resulted in a semi-solid debris at the focal zone. Figure iia1 shows H&E stain of liver
tissue sonicated using parameter set A with partially intact tissue at focal region and intact surrounding
tissue (Figure iia1 & iia2). Contrary to the finding with H&E staining, there is a region of intact but
presumably injured or non-viable hepatic lobules, inferred from the lack of vimentin staining (Figure iib1).
An unsonicated region closer to the sonicated region evidences injured hepatic lobules (yellow
arrowhead), with transition region leading to an uninjured hepatic lobule (Figure iib2). It is important to
note that although the hepatic lobules appear intact on H&E stain, loss of vimentin staining may be a
surrogate for lack of tissue viability, which may ultimately lead to necrosis. Post-sonication, liver tissue
lesions appeared hyperintense on T2-weighted images. In addition, the lesions appeared square-shaped
– consistent with the planned sonication grid pattern (Figure iii). Longer total sonication time and pulse
length (sonication parameter set C & D, respectively) resulted in vacuolated and paste-like lesions,
respectively. These sonication parameters also resulted in higher T2 relaxation times compared to
lesions produced using parameter set A. Furthermore, T2 relaxation times were higher within the lesion
compared to unsonicated liver tissue.

CONCLUSIONS Pulsed sonications using hundreds of microsecond-long HIFU pulses on a clinical
MR-HIFU system can produce a variety of lesion types in liver tissue. Loss of tissue viability was
demonstrated despite tissue structure being retained. Our findings suggest that pulsed sonications may
be modulated for non-invasive oncological applications. Our results also suggest that MRI can be used
to differentiate mechanically fractionated tissues from unsonicated regions. Future clinical translation will
depend on assessing the effects of these sonication parameters in a suitable in vivo model.

Figure i. Experiment setup on the Sonalleve MR-HIFU system with a closed-loop water bath and tissue
sample holder. ii. Representative gross pathology of liver tissue sonicated at 60 Hz, 700W & 800
cycles/pulse. iia1&b1. H&E shows partially fractionated tissue with intact hepatic lobules surrounding this
region (blue box), but vimentin stain shows lack of tissue viability. iiia2&b2. Closer look at H&E reveals no
changes in staining levels. However, vimentin reveals a transition zone with gradual increase in viability
toward the unsonicated zone. iii. Shows a representative MR T2-weighted image of liver tissue after
sonication. Sonicated region (inside blue circle) reveals 9 foci, consistent with the planned sonication.
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FOCAL THERAPY WITH HIGH-INTENSITY FOCUSED ULTRASOUND BASED ON THE
LOCALIZATION OF SIGNIFICANT CANCER WITH MRI-TRUS FUSION IMAGE-GUIDED PROSTATE
BIOPSY FOR THE PATIENTS WITH LOCALIZED PROSTATE CANCER
SUNAO SHOJI1 , Izumi Hanada1 , Takahiro Ogawa1 , Mayura Nakano1 , Hidenori Zakoji1 , Toyoaki Uchida1 ,
Akira Miyajima2
1. Department of Urology, Tokai University Hachioji Hospital, Hachioji, Tokyo, Japan.
2. Department of Urology, Tokai University School of Medicine, Isehara, Kanagawa, Japan.
OBJECTIVES To evaluate the efficacy and invasiveness of functional related anatomical structure
preserved focal therapy with transrectal high-intensity focused ultrasound (HIFU) for localized prostate
cancer patients based on the localization of significant cancer with multi-parametric magnetic resonance
imaging (MRI)-transrectal ultrasound (TRUS).To evaluate the efficacy and invasiveness of the focal
therapy with transrectal HIFU for localized prostate cancer patients based on the localization of
significant cancer with MRI-TRUS fusion image guided prostate biopsy.
METHODS Patients with low- and intermediate-risk significant prostate cancer were prospectively
recruited. The spatial localization of the significant cancer was determined by MRI-TRUS fusion
image-guided transperineal prostate biopsy using a BioJet version 2.0 (D&K Technologies GmbH,
Barum, Germany). Focal therapy targeting the regions of significant cancer without functional related
anatomical structures was performed by transrectal HIFU using a Sonablate 500 (SonaCare Medical,
Indianapolis, IN, USA). Post-operative contrast-enhanced MRI, serum prostate-specific antigen (PSA)
kinetics, and follow-up prostate biopsy were analyzed to determine the treatment efficacy.
Questionnaires and uroflowmetry were performed to evaluate the invasiveness.
RESULTS Ten men with median age of 67 years (range, 48–79), median PSA level of 7.07 ng/ml
(range, 4.67–15.99), median prostate volume of 25ml (range, 19-36) were treated. Median operative
time was 29.5 minutes (range, 14-85). Catheterization was performed within 24 hours after the treatment
in all patients. The median PSA concentration significantly decreased to 1.35 ng/ml (p<0.0001) at 3
months after the treatment. Contrast-enhanced T1-weighted MRI showed the disappearance of blood
flow in all targeted regions of the prostate. MRI-TRUS fusion image-guided prostate biopsy detected the
significant cancer out of the treated region in 1 patient. In urinary function, residual urine was
significantly increased at 3 months after the treatment (p=0.007), but improved to the preoperative level
(p=0.411). There was no significant deterioration in IPSS, IPSS QOL, OABSS, and the urinary function
domain of EPIC between before and 3, 6, 9, and 12 months after the treatment. In sexual function, there
was no significant difference in IIEF-5 and the sexual domain of EPIC between before and 3, 6, 9, and 12
months after the treatment. In quality of life, there was no significant difference in EPIC and SF-36
between before and 3, 6, 9, and 12 months after the treatment. The proportion of men with erections
sufficient for penetration and ejaculation remained unchanged at 100% (5 of 5 patients). No serious
adverse events were recorded.
CONCLUSIONS Focal therapy with HIFU based on the localization of significant cancer with MRI-TRUS
fusion image-guided prostate biopsy has the potential to provide accurate treatment with low morbidity in
patients with localized prostate cancer. Further large studies are required to investigate the effects of the
focal therapy with HIFU for analysis of oncological and functional outcomes in patients with localized
prostate cancer.

Tuesday, May 15, 2018
1:00 PM/Poster 142

Ballroom C & Atrium

Poster SessionThermal Therapies

YOUNG’S MODULUS MAPPING OF THE ABLATED REGION BEFORE DURING AND AFTER HIFU
ABLATION
Alireza Nabavizadeh1 , Yang Han1 , Niloufar Saharkhiz1 , Elisa Konofagou1,2
1. Biomedical Engineering, Columbia University, New York, New York, United States.
2. Radialogy, Columbia University, New York, New York, United States.
OBJECTIVES High Intensity Focused Ultrasound (HIFU) remains the sole noninvasive ablative
technique for tumor treatment due to its capability in transferring a large amount of energy in a localized
region. This delivered energy can cause the local temperature elevation and consequently cell necrosis
in tumors and surrounding tissues [1]. In this abstract, a new, fully quantitative method with the ability to
measure the associated stiffness in the ablated area while performing HIFU is described.
METHODS A Focused Ultrasound (FUS) transducer induces an amplitude-modulated (AM) harmonic
motion at the frequency of 50 Hz. An imaging probe aligned confocally with the FUS transducer acquires
the resulted Radio Frequency (RF) signals simultaneously. To estimate the induced local displacement, a
1-D cross correlation method is used [2].The shear wave can also be extracted at the same time by
applying a 2D directional filter on the displacement [3]. The 2D Young’s modulus map is formed by
measuring the shear wave speed [4].This new, fully quantitative modulus imaging technique can be used
to estimate the stiffness in tissues especially during the HIFU ablation process. To test the feasibility of
this new method, canine liver specimens were used. The 2D Young’s modulus map of the pre-ablated
liver was reconstructed. In the same fashion, the 2D Young’s modulus map of the post-ablated liver
specimen was also generated. In addition, the Young’s modulus behavior of the ablated area during the
HIFU ablation is demonstrated.
RESULTS To validate the performance of this modulus imaging method, canine liver specimens were
ablated for two minutes. Figure 1(a) shows the overlay of the 2D Young’s modulus map onto the
compounding B-mode before ablation while Fig. 1(b) represents the 2D Young’s modulus map generated
five minutes after ablation process in this specimen.
This modulus imaging can map the Young’s modulus not only after termination of HIFU ablation but also
during HIFU application. Figure 2(b) illustrates the Young’s modulus behavior of the ablated area during
HIFU application. This figure shows that the ablated region becomes stiffer during HIFU procedure after
approximately 30 s of ablation and both temporal peak-to-peak displacement decrease [4] and Young’s
modulus increase are in agreement regarding lesioning.
The post-ablated region in the liver specimen was found to be approximately seven times stiffer
compared to the pre-ablated one. In addition, both the peak-to-peak HMI displacement [4] profile and the
Young’s modulus estimation indicate the elevated stiffening during HIFU procedure by reduction and
increase respectively while the Young’s modulus map provided quantitative stiffness estimation.
CONCLUSIONS The results presented herein demonstrate the capability of this new-HMI-based
modulus imaging technique in measuring Young’s modulus before, during and after HIFU ablation.
References
Hill, C., et al., Lesion development in focused ultrasound surgery: a general model. Ultrasound in
Medicine and Biology, 1994. 20(3): p. 259-269.
Konofagou, E.E., et al., ( 2003). Ultrasound in medicine & biology,29(10): p. 1405-1413.
Manduca, A., et al., Spatio-temporal directional filtering for improved inversion of MR elastography
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Han, Y., et al., Fast lesion mapping during HIFU treatment using harmonic motion imaging guided
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PASSIVE ELASTOGRAPHY MONITORING FOR HIFU TREATMENTS
Bruno Giammarinaro1 , Paul Greillier1 , Stefan Catheline1 , Cyril Lafon1
1. LabTAU, INSERM, Centre Léon Bérard, Université Lyon 1, Lyon, France.
OBJECTIVES High Intensity Focused Ultrasound (HIFU) methods are known to allow ablation in deep
tissues. However, monitoring the treatment is required to control limitations due to ultrasound
propagation. Previous studies have demonstrated that the formation of lesion can be observed as a
change in tissue elasticity properties by elastography. Soft tissues elasticity is described by the shear
modulus µ which is related to the shear wave velocity C and the density r by µ=rC2 . Most of these
studies have been performed with shear waves created by acoustic radiation force. This method
presents some difficulties to obtain elasticity in deep tissue. However, in the human body, there is a
natural noise due to, for examples, cardiac activities or arterial pulsatility. Passive elastography, based on
noise correlation, can estimate the shear elasticity from this diffuse wave field and it only depends on
imaging techniques, allowing to measure elasticity of deep tissues. The objective of the present study is
therefore to evaluate the feasibility of the HIFU monitoring by passive elastography in soft tissues.
METHODS For that purpose, a probe composed of 5 MHz 64-elements commercial imaging transducer
and a 3-MHz HIFU transducer was used. The HIFU part was a spherical transducer with a 40 mm radius
of curvature, divided into 8 elements permitting a 17-55 mm dynamic range. Lesions were produced in
vitro in swine liver and heart samples with a 5 min sonication at 7 to 10.5 W.cm-2 acoustic intensity on
the transducer surface (35 % of duty cycle and 0.6 Hz of pulse repetition frequency). With the imaging
array, high frame rate ultrasound acquisitions (700-1000 Hz) were obtained before and after lesion
production using diverging wave emissions with 5 angles compounding. Sum-and-delay method was
performed to beamform raw ultrasound data and speckle tracking algorithm was applied to estimate
shear-wave displacements. Passive elastography maps were computed according to Catheline et al. [1].
Artificial shear-waves were produced by an external vibrator fixed on the sample holder with frequency
sweep between 50-500 Hz.
RESULTS Seven lesions were created and imaged. Every lesion was visible on elastography maps,
showing a tissue stiffening in the targeted area. In liver samples, shear wave speed increased from 1.89
± 0,44 m.s 1 to 6.04 ± 1.36 m.s-1 after sonication. In heart samples, it changed from 3.8 ± 1.8 m.s 1 to
7.35 ± 3.34 m.s 1 . The comparison of the lesions dimensions measured macroscopically and by
elastography showed average differences of -1.2 mm in length and 0.6 mm in width in the imaging plane.
CONCLUSIONS Observation of thermal lesions on macroscopic view and on shear wave velocity maps
demonstrates the feasibility of monitoring HIFU treatments by passive elastography in in vitro tissues.
Work supported by the ANR and the FUS Foundation.
[1] Catheline S, Souchon R, Rupin M, Brum J, Dinh AH, Chapelon JY. Tomography from diffuse waves:
Passive shear wave imaging using low frame rate scanners. Applied Physics Letters 2013;103
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TREATMENT OF BREAST TUMORS USING A TOROIDAL HIFU TRANSDUCER: PRELIMINARY
EXPERIMENTS USING HUMAN SAMPLES FROM MASTECTOMY.
Marine SANCHEZ1 , Victor Barrere1 , Nicolas CHOPIN2 , David MELODELIMA1
1. LabTAU - INSERM - Centre Léon Bérard - Université Lyon 1, LYON, France.
2. Centre Léon Bérard, LYON, France.
OBJECTIVES Breast cancer is the most common cancer among women, comprising 25% of all
cancers, and the leading cause of women mortality from cancer. Currently, breast-conserving surgery
combined with adjuvant therapies is the standard early-stage therapeutic approach. Over the last
decade, the guideline in therapy is the therapeutic de-escalation with less invasive treatments. One of
the most attractive technological advances is High Intensity Focused Ultrasound (HIFU) ablation. HIFU
treatment is a strictly non-invasive procedure. Breast is an organ with an excellent soft-tissue window
providing appropriate access for the ultrasound beam to reach the targeted volume. We previously
developed a toroidal HIFU transducer that enables the destruction of large tissue volumes. This device is
currently used clinically for the treatment of liver metastases. We report here the first use of a completely
non-invasive treatment of breast human tissues using this toroidal HIFU device. In addition,
measurements of ultrasonic attenuation of HIFU-treated and normal breast tissues have been performed.
METHODS In total, 10 HIFU ablations were carried out in vitro in 10 human samples of mastectomy.
When mastectomy is performed, not only the tumor is removed but also all the normal breast. A small
sample of this normal breast tissue was cut for this protocol without any interference with standard
histopathological examination and care for the patient. All patients gave written informed consent.
First, pulse transmission technique was used to measure the attenuation coefficient of the breast tissue
and used for defining appropiate HIFU treatment parameters. A pulse of 10 ns (10 V peak-to-peak) was
generated by a function generator (Hewlett Packard, 8116, Palo Alto, CA) and converted to an acoustic
signal by the emitting transducer with a central frequency of 3-MHz. The pulse-repetition rate was 100
Hz. The radiofrequency (RF) signal from the 3-MHz receiving transducer was digitized at a sampling rate
of 500 MHz and displayed on a digital oscilloscope screen. The attenuation coefficient was determined
by a standard insertion loss broadband technique (i.e. by comparing the spectrum of the pulse with and
without the sample being inserted in the transmission path).
The HIFU transducer has a toroidal shape and was divided into 32 concentric rings of equal surface area
(78mm2 ). The diameter of the transducer and its radius of curvature were 70 mm. The operating
frequency was 3 MHz. A 7.5 MHz ultrasound imaging probe was placed in the center of the device. The
imaging plane was aligned with the HIFU acoustic axis. Lesions in breast tissues were performed
non-invasively by placing the HIFU probe on the skin. Electronic beam steering was used to place the
center of the focal zone at 15 mm under the skin. Ablations were created using a free-field acoustic
power of 110 watts for 60 seconds. Before removing the tissue sample another attenuation
measurement was performed.
RESULTS The attenuation coefficient of normal breast tissues was on average 0.16 ± 0.09
Np.cm-1 .MHz-1 and nearly doubled after HIFU ablation, increasing to an average value of 0.27 ± 0.08
Np.cm-1 .MHz-1 . These values were used to define appropriate HIFU treatment parameters in order to
create ablations in breast tissues without damaging the skin. In total 10 HIFU lesions were created. The
dimensions of the breast HIFU lesions had an average diameter of 27.9 ± 11.3 mm and an average
depth of 20.8 ± 7.6 mm. These HIFU lesions were roughly spherical in shape, with large dimensions and
obtained in a short period of time (60 seconds). The HIFU lesions were located between 5 and 22 mm
deep under the skin. No skin redness or burns were observed in any of the treated samples. These
results suggest that it is possible to ablate a breast tumor of 10-15 mm in diameter with safety margins
using only one non-invasive HIFU exposure. This eliminates the need of mechanically juxtaposing single
HIFU lesions or the need to displace the ultrasound field using electronic beam steering. Ultrasound
images revealed a hyperechoic region that was correlated with the macroscopic analyses of the HIFU
lesions. Necrosis of breast tissues exposed to HIFU was confirmed with histology.

CONCLUSIONS This study demonstrates the feasibility of using a completely non-invasive HIFU
treatment of breast cancer in human breast tissue samples. The toroidal HIFU device used for these
experiments safely created large volume breast tissue ablations (>20 mm in diameter) in 60 seconds,
with a precision of one to two millimeters under ultrasound monitoring. These initial preclinical results
justify the next step in clinical development (phase I-II) in which we will attempt HIFU ablation of small
breast tumors (>15 mm) with safety margins.
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TRANS-FUSIMO - MODEL BASED TREATMENT SUPPORT FOR FUS IN MOVING ABDOMINAL
ORGANS
Sabrina Haase1 , Mario Bezzi2 , Thomas Lango3 , Sébastien Muller3 , Yoav Levy4 , Yeruham Shapira4 ,
Massimo Midiri5 , Michael Müller6 , Christine Tanner7 , Andreas Melzer8 , Nagy Naguib9 , Jürgen W.
Jenne10,1 , Giora Sat11 , Tobias Preusser1,12
1. Fraunhofer MEVIS, Bremen, Germany. 2. Universita Degli Studi Di Roma La Sapienza, Rome, Italy. 3.
SINTEF, Trondheim, Norway. 4. InSightec, Haifa, Israel. 5. Universita Degli Studi Di Palermo, Palermo,
Italy. 6. IBSmm, Brno, Czechia. 7. ETH, Zurich, Switzerland. 8. IMSat, University of Dundee, Dundee,
United Kingdom. 9. Johann Wolfgang Goethe University, Frankfurt, Germany. 10. Mediri GmbH,
Heidelberg, Germany. 11. GE Medical Systems, Haifa, Israel. 12. Jacobs University, Bremen, Germany.
OBJECTIVES Treating liver tumors using FUS poses a great challenge due to the breathing motion of
the target and the occlusion of the anatomical location of the malignancy by the rib cage. To perform
safe, effective and efficient ablation of tumors, sophisticated software systems are needed to tackle this
challenge. In the EU project TRANS-FUSIMO (www.trans-fusimo.eu) we aim at the development and
clinical translation of a system that supports conducting a focused ultrasound treatment in the moving
liver.
METHODS Due to the real-time requirements of performing FUS treatments in moving organs, the
TRANS-FUSIMO treatment system consists of real-time applicable motion compensation pipeline which
runs during a sonication. In update cycles of up to 8 Hz, patient specific data is retrieved from the
connected MRI which is used to capture and track the motion of the liver and especially the target region.
This patient specific data is then fed into a set of dynamic organ models for the physical and biophysical
processes involved in the treatment: (i) an abdominal motion model simulates the patient specific
deformation of the organ during breathing and (ii) a model to capture the patient specific tissue’s
response to the therapy. This real-time information of the patient and the models is then used to steer the
FUS beam accordingly.
RESULTS The model components enriched with patient specific data are capable of simulating the
motion of the organ under breathing and they can capture the tissue’s response to the therapy. To
validate the TRANS-FUSIMO treatment system and its complete motion compensation pipeline and the
models, phantom studies have been performed in static as well as moving scenarios. It was shown that
the software meets the defined requirements: System’s safety requirements as well as functional ones.
Furthermore, we showed in our currently ongoing in-vivo animal study that the software can sonicate
safely in a living pig. Moreover, we will show the feasibility of a treatment using the TRANS-FUSIMO
system in the clinical setting on human patients which have to undergo resection. The talk will give an
update on the current progress of the project.
CONCLUSIONS Using the newly developed TRANS-FUSIMO system it could be shown that it is
capable to perform safe sonications in phantoms under the given requirements for system’s safety and
function. During each performed sonication, the complete pipeline of motion compensation is running
which is based on real-time patient specific information of the patient. All necessary computations are
performed in the background so that the real-time requirement is fulfilled during the complete procedure.
In ex-vivo as well as in in-vivo experiments we could show that the TRANS-FUSIMO treatment system is
capable of compensating organ motion through real-time motion detection, motion modelling and
real-time beam steering. With the ongoing animal study we want to prove that MRgFUS in moving
organs can be performed safely, efficaciously and effectively.
The research leading to these results has received funding from the European Union’s Seventh
Framework Program (FP7/2007-2013) under grant agreements no. 270186 (FUSIMO) and no. 611889
(TRANS-FUSIMO).
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THE INFLUENCE OF MRI PARAMETERS IN PREDICTING THE OUTCOME OF HIFU ABLATION OF
UTERINE LEIOMYOMAS: IMMEDIATE NON-PERFUSED VOLUME OF AT LEAST 90%
Bilgin Keserci1 , Nguyen Minh Duc1 , Hoang Minh Loi2
1. Department of Radiology, Pham Ngoc Thach University of Medicine, Ho Chi Minh City, Viet Nam.
2. Department of Radiology, Hue university of Medicine and Pharmacy, Vinh Ninh Hue city, Viet Nam.
OBJECTIVES
To investigate the influence of magnetic resonance imaging (MRI) parameters in predicting the treatment
outcome of high intensity focused ultrasound (HIFU) ablation of uterine fibroids with a non-perfused
volume (NPV) ratio of at least 90%.
METHODS
One hundred twenty women who underwent HIFU treatment were divided into groups 1 (n = 72) and 2 (n
= 48) comprising of patients with an NPV ratio of at least 90% and less than 90%, respectively.
Multivariate logistic regression analyses were carried out to investigate the potential predictors of the
NPV ratio of at least 90%. The NPV ratios immediately post-treatment, therapeutic efficacy at 6-months
follow-up and safety in terms of adverse effects were assessed.
RESULTS By introducing multiple predictors obtained from multivariate analyses into a generalized
estimating equation (GEE) model, the results showed that the thickness of the subcutaneous fat layer in
the anterior abdominal wall, peak enhancement of fibroid, time to peak of fibroid, and the ratio of area
under curve of fibroid to myometrium were statistically significant, except T2 signal intensity (SI) ratio of
fibroid to myometrium, hence predicting an NPV ratio of at least 90%. No serious adverse effects during
or post-treatment were reported.
CONCLUSIONS
The present retrospective study demonstrated that the achievement of NPV ratio of at least 90% in MRI
guided HIFU treatment of uterine fibroids using multivariate analyses and prediction model as a measure
of technical success appears to be clinically possible. Moreover, the preliminary findings in the
therapeutic efficacy at 6-months follow-up showed that HIFU should aim to achieve the maximum
possible NPV ratio without compromising the safety of patients.
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3D CONFORMAL HIFU TREATMENT WITH AN INTERSTITIAL DUAL-MODE ULTRASOUND
DEVICE: INVESTIGATIONS IN MODELING ON SEGMENTED HEPATOCELLULAR CARCINOMA
VOLUMES
Loı̈c Daunizeau1 , Anaı̈s Nguyen1 , Morgane Le Garrec1 , W. Apoutou N’Djin1 , Jean-Yves Chapelon1
1. LabTAU Inserm u1032, Lyon, France.
OBJECTIVES Interstitial therapies of Hepatocellular Carcinoma (HCC) do not allow conformational
treatment of the tumor and their qualities vary with tissue perfusion. High Intensity Focused Ultrasound
(HIFU) therapy, which is little dependent on perfusion, would remove these limitations as long as the
energy deposition in tissues can be monitored in real-time. Using an interstitial HIFU approach for
generating thermal ablations in liver tissues enables to overcome the ribs issues encountered with fully
noninvasive approaches, as the ultrasound transducer is directly inserted into the tumor. The aim of this
project is to develop a dual-mode interstitial ultrasound system for HIFU therapy guided in 3D by US
imaging, in order to eventually propose a homogeneous and conformal therapy of HCCs.
METHODS An interstitial dual-mode ultrasound probe has been designed to generate HIFU thermal
ablations in the liver under ultrasound guidance. It consists of a 64 elements linear-array (working
frequency: 6 MHz), 13 mm in elevation, 2 mm in azimuth, mounted at the tip of a 9-French rigid catheter.
Given the small size of the transducer, it is mandatory to optimize the energy deposition in order to
achieve a full treatment in a reasonable amount of time. Preliminary investigations on the performances
of this HIFU design for conformal therapy was thus carried out in modeling. The objective was to propose
treatment strategies that can reduce the total treatment duration while conserving a conformal ablation.
The surface acoustic intensity delivered by the device was 20 W/cm2. Realistic human HCC volumes
were obtained after segmentation from clinical CT scan images using the software 3DSlicer. The
simulated probe was inserted into the tumor and a complete treatment consisted in moving the focal
point by dynamic focusing and mechanical rotations/translations of the probe to cover the tumor
envelope in 3D. We developed a strategy that uses abacus previously generated by simulation to
determine for each focal point the duration of a single HIFU exposure necessary to induce a
homogenous ablation. Heat deposition by ultrasound absorption and thermal diffusion induced with
previous HIFU exposures are used to reduce the duration of next HIFU exposures. Matlab scripts were
implemented for data conversion between the 3DSlicer and HIFU modeling environments in order to: i)
automatically generate a conformal HIFU treatment planning, depending on the shape of the tumor, the
position of the probe and the implemented treatment strategy; ii) display and manipulate the HIFU
treatment results in the 3D environment provided by 3DSlicer for further analyses.
RESULTS The HIFU focusing performances of the therapeutic catheter designed in this study were
compatible with the scanning of HCC volumes. The range of dynamic focal distances achievable in liver
tissue without significant secondary and grating lobes extended from 5 to 20 mm. A tissue segment,
2-mm thick (azimuth), extending radially over 20 mm (depth) and 11 mm in elevation could be
homogenously ablated after 10 HIFU exposures spaced by 1mm (elevation) in a 2D treatment planning
(no rotation of the device). Conformal ablation of a full tumor volume in 3D was achievable with this
probe after: i) rotation and repetition of the 2D planning with an angular step of 10 ; ii) translation of the
device to repeat the treatment on 4 stages and cover the entire tumor elevation. The strategy developed
with thermal-dose abacus enabled to reduce the total treatment time while producing a conformal result.
A typical treatment volume was 24 cm3 (tumor volume: 17cm3) for a treatment time of 60 min (instead of
80 min without corrections), for a maximum treated radius of 21 mm. Increasing the space between
exposures in elevation to 2 mm, that is reducing the number of focal spots by 50% led to an 19 cm3
ablation achieved within 37 min. The modeling methods and associated environments enabled to study
various conformal treatment planning strategies in 3D. They enabled to easily import segmented tumor
volumes from 3DSlicer to generate automatically HIFU modeling projects.
CONCLUSIONS The feasibility of generating conformal HIFU treatments of HCC volumes with a

9-French HIFU catheter has been validated in modeling. Although a simple strategy was shown to
reduce significantly the treatment time, more advanced 3D treatment planning can still be investigated to
reduce the time gain. Further experimental investigations should benefit from the presented
development since 3Dslicer is compatible with real-time image fusion and navigation guidance
techniques. This project was supported by the French Public Investment Bank (BPI, PIA, PSPC3, FUI
2015, HECAM project), the French Ministry of Higher Education and Research (MESR, EDISS, 2016)
and the Laboratory of Excellence (LabEx) DevWeCan.

Result of the treatment simulation (final thermal dose higher than 166 CEM43) as seen in the 3DSlicer
environment.
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ON THE USE OF PHASE SHIFT NANODROPLETS AND MULTI-FOCAL ABLATION TO IMPROVE
ABLATION TIMES
Aparna Singh1 , Angie Nyankima2 , Marshal Anthony Phipps3 , Vandiver L Chaplin3 , paul dayton2 , Charles
Caskey3
1. Biomedical Engineering, Vanderbilt University, Nashville, Tennessee, United States. 2. University of
North Carolina/North Carolina State University, Chapel Hill, North Carolina, United States. 3. Vanderbilt
University, Nashville, Tennessee, United States.
OBJECTIVES High intensity focused ultrasound (HIFU) is a promising alternative to invasive ablative
therapies for hepatocellular carcinoma (HCC), such as radiofrequency and microwave ablation, since it
can generate coagulative necrosis without surgical incision or insertion of instruments. In spite of HIFU’s
advantages, long treatment times and off-target heating remain significant challenges. We propose to
overcome this with phase shift nanodroplets (PSNDs) and multi-focal heating since: (1) multiple sites can
be simultaneously activated and treated, yielding a larger heated volume than a single HIFU focus and
(2) PSNDs can be activated to become gaseous microbubbles only within the focal region, thereby
decreasing the acoustic energy required to ablate tissues. In this study, we present activation of PSNDs
and subsequent ablation in phantoms using single and multi-focal ablation
METHODS We examined effects of HIFU on a tissue mimicking egg white-acrylamide phantom with
acoustic properties similar to soft tissues that become opaque upon reaching ⇠60 C (density of 1g/cm3 ,
sound speed of 1540m/s and acoustic attenuation of 0.1dB/cm at 650 kHz). Groups of egg white
phantoms were polymerized with PSNDs (concentration of 0.1mL/mL), which were 1:1 mixture of DFB
(C4 F10 ) and dodecafluoropentane (DDFP, C5 F12 ). We applied HIFU with a 650 kHz randomized array
and examined single and multi-focal ablation after activating the PSNDs. During multi-focal trials, two foci
were generated at lateral locations (+1.5 mm and -2.5mm) relative to the natural focus [1]. B-mode
ultrasound images (L7-4 Verasonics) were acquired at three planes (-5 mm, 0 mm, and +5 mm) and
used to estimate the area of the activated and ablated regions (experimental setup in Figure 1). During
all sonications, nanoparticles were initially activated at the desired foci with a 100 msec pulse with peak
negative pressure (PNP) of 12.8 MPa. The phantoms were then sonicated at either low (28 W) or high
(83 W) power levels with single or dual focus sonication for 60 sec. We sonicated 3 phantoms at each
power level with single and multi-focus sonications with and without nanodroplets. We estimated the
extent and shape of the ablated volume by measuring and summing the area of contiguous hyperechoic
regions of the three B-mode images.
RESULTS During single focus sonications, no ablation was observed at 28 W in the absence of PSNDs
whereas this power level generated approximately an average of 63±26 mm2 ablated region in the
presence of PSNDs. Single focus insonation of 83 W with PSNDs yielded an average of
106.6±17.31mm2 ablated area (Figure 2). At 83 W with a single focus, the resultant lesion was
asymmetric with a larger ablated region proximal to the therapeutic transducer (Figure 1). During
two-point sonications at 28 W amplitude, no regions were ablated, while 83 W showed two distinct
ablation foci (Figure 3).
CONCLUSIONS In these studies, we demonstrate that PSNDs reduce the threshold for ablation
compared to phantoms without PSNDs. Additionally, PSNDs enhanced formation of multiple lesions
simultaneously during multi-focal ablation. To fully assess the use of multi-focal ablation to improve
ablation time, we will perform future experiments in 7T MRI machine to monitor temperature increase
during ablation and compute the volume of ablation accurately.
References
[1] Ebbini, Emad S., and Charles A. Cain. ”Multiple-focus ultrasound phased-array pattern synthesis:
optimal driving-signal distributions for hyperthermia.” IEEE transactions on ultrasonics, ferroelectrics, and
frequency control 36.5 (1989): 540-548.
The authors acknowledge support from NIH R21EB021012

Figure 1: Experimental set up

Figure 2: Comparison of ablation area at different power in phantoms with and without nanodroplets with
single and multi-focus

Figure 3: Two distinct point ablated at 82.9 W
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LOW INTENSITY CHIRPS REVERSIBLY INHIBIT SINGLE NEURON ACTIVITY IN AN
INVERTEBRATE ANIMAL MODEL
Morgan Newhoff1 , Parker Dean O’Brien1 , Karen Mesce1 , Emad S Ebbini1
1. University of Minnesota, Falcon Heights, Minnesota, United States.
OBJECTIVES We sought to determine the effects of low intensity, low duty cycle ultrasound on the
single-unit activity of an identified, spontaneously active motoneuron in the medicinal leech using a
dual-mode ultrasound array delivery system. The leech was chosen due to its size, compatibility with
simultaneous ultrasound delivery and electrophysiological voltage recording, and its extensively
characterized nervous system. We chose to target a motoneuron because this neuronal cell type is not
evolutionarily “built” to respond to mechanical stimulation; thus, mechanical effects observed in this cell
type are likely to have relevance to non-sensory neurons.
METHODS We delivered chirps (3.2 MHz carrier pulse, 2 MHz starting frequency, 4.5 MHz ending
frequency, linear frequency change, 4us chirp length) at a 200 Hz pulse repetition frequency to ex vivo
leech ganglia containing identified motoneuron somata. Neural activity was measured extracellularly via
suction electrodes distal to the site of therapy.
RESULTS Ultrasound delivery across the measured intensities did not produce measurable heat output.
Neural activity was repeatedly and reversibly inhibited. The magnitude of reduction in baseline firing rate
and the time course to inhibition was dependent on chirp intensity; higher intensities yielded more
significant and faster neuronal inhibition. The firing rate of the targeted cell returned to baseline following
an intensity-dependent recovery period, and spike attributes including amplitude were unaffected by
ultrasound, suggesting the cell did not incur demonstrable damage.
CONCLUSIONS Low intensity, low duty cycle chirps reversibly inhibit spontaneous firing of a single,
identified neuron in the leech in the absence of heat. We attribute this effect to mechanical vs. thermal
forces.
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THERMAL RISE DURING ULTRASONIC NEUROSTIMULATION: RETROSPECTIVE NUMERICAL
ESTIMATION IN SEVEN PUBLISHED RODENT SETUPS AND EX VIVO MEASUREMENTS
Charlotte Constans1,2 , Philippe Mateo1 , Mickaël Tanter1 , Jean-François Aubry1
1. Institut Langevin, CNRS UMR 7587, Inserm U979, ESPCI Paris, PSL Research University, Paris,
France.
2. Université Paris Diderot, Paris, France.
OBJECTIVES Multiple groups have reported successful low intensity focused ultrasound (LIFU)
neurostimulation on rodents: movement elicitations1–4 or reduction of anesthesia time5 . Given the low
intensities used in most of them, mechanical effects are more prone to induce neuromodulation2 .
However, in a previous study (ISTU 2017, Nanjing), we simulated the thermal rise in 5 rodent studies
with a bio-heat model without considering perfusion effects and found a maximum temperature rise as
high as 9 C in the brain. Here we present the results obtained by included perfusion in the model.
Results are supported by temperature measurements performed on a mouse with two extreme sets of
ultrasound parameters.
METHODS The acoustic propagation of focused ultrasound was simulated in an entire rat head in order
to investigate the pressure amplitude and spatial distribution. The simulations were performed with
k-Wave. 3D maps of the skull, brain and tissues were extracted from a rat microcomputed tomography
scan. The transducer was modeled according to the materials and methods provided in the
corresponding papers1-5 . Absorption was taken into account in the skull (2.7dB/cm/MHz) and in the brain
(0.21dB/cm/MHz) with a 1.18 power law of frequency. Perfusion rate was set to 0.008 s-1 . For each study,
we back-calculated the pressure at the focal spot in water based on the data provided in each study
materials and methods. The peak negative pressure in the rat head was extracted from the simulation
and thus took into account reflections and absorption effects. The bio-heat equation with perfusion was
discretized and the thermal dose calculated in CEM (cumulative equivalent minutes at 43 C).
We additionally measured the temperature elevation during sonication on a mouse head experimentally,
with two extreme ultrasound sets of parameters from setups which simulations resulted in a significant
difference in temperature rise. A single element transducer (center frequency: 2.25MHz, focal length:
2cm, diameter: 2.2cm, Imasonic, France) was used at the frequency of 2 MHz. Our aim was to
reproduce the ultrasound sonications of setups #4 (1.9 MHz, 1.6 MPa in the brain, 80 ms single pulse)
and #8 (1.9MHz, 1.9MPa in the brain, 50% duty cycle for 1s followed by 1s of cooling, total sonication
time 20 s). However, as the transducer’s power at 1.9 MHz was not sufficient, the frequency was set to 2
MHz. The transmission coefficient through the mouse skull was assumed to be 68%, so the input
voltages were set to 34V and 38V, corresponding to 2.3 MPa and 2.6 MPa pressure amplitude in water,
for setups #4 and #8 respectively.
RESULTS Parameters and results in brain and at the focal spot for all the studies are listed in table 1.
In setups #1 to 61–3 , the thermal dose is less than 0.1 CEM in the skull, brain and skin. Setup #75 , with a
longer sonication time (20 min), exhibits a slightly higher thermal dose (0.1 CEM) but remains below any
reported damage threshold for brain tissues. However in setup #84 the thermal dose is estimated to
reach 15 CEM in the brain (close to the bone), 42.9 CEM in the skin, and 0.75 CEM at the focal spot.
The highest thermal dose was observed close to the bone. For comparison purposes, the commonly
accepted threshold for damage in muscle is 240 CEM. Nevertheless a thermal dose threshold for brain
damages as low as between 17.5 CEM6 (50% probability) and 25 CEM has been reported7 .
Figure 2 displays the temperature rise measurements during the sonications: one “setup #8” type
sequence and four successive “setup #4” type sequences. In order to compare with our simulations, we
report the maximal thermal rise in the skin from simulations and calculated the mean thermal rise on a
1x1x0.5mm area in the cutaneous area next to the skull centered on the propagation axis, excluding the
skull region (table 1).
CONCLUSIONS Our retrospective analysis suggests that thermal effects are negligible in all the
simulated neuromodulation experiments but one. For setups #1 to 71–3,5 , the maximum thermal rise in

the rodent brain is below 1 C. In the case of setup #84 , in which a 50% duty cycle was used, the
temperature elevation reaches 1.3 C at the target and 7 C near the skull. The simulations results are in
agreement with the measurements of thermal rise on a mouse head. In the case of setup #8, both
thermal and mechanical effects could plausibly contribute to the safe neuromodulatory effect of focused
ultrasound. The thermal dose remains lower than the threshold for brain damage6,7 .
This work was supported by the Bettencourt Schueller Foundation and the Agence Nationale de la
Recherche ANR-10-EQPX-15.
References:
1. Younan, Med. Phys., 2013
2. Ye, Ultrasound Med. Biol. 2016
3. Li, Sci. Rep., 2016.
4. Kamimura, Med. Phys., 2016.
5. Yoo, Neuroreport, 2011.
6. McDannold, Magn. Reson. Med., 2004.
7. Dewey, Int. J. Hyperthermia, 2009.

Table 1. Parameters and results in brain and at the focal spot.

Figure 1 Temperature rise measured in a mouse head skin with a thermocouple during two ultrasonic
neuromodulation setups (Blue: setup #8, Red: setup #4).
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MECHANOSENSITIVE GENE TRANSFECTION AND CALCIUM TRANSIENT MAGNIFICATION IN
NEURONS VIA MICROBUBBLE-FACILITATED ULTRASOUND
Chia-Jung Lin1 , Chung-Yin Lin2 , Ya-Tin Lin3 , Ko-Ting Chen4,5 , Jin-Chung Chen3 , Hao-Li Liu1
1. Department and Graduate Institute of Electrical Engineering, Chang Gung University, Taiwan,
Taoyuan City, Taiwan.
2. Institute for Radiological Research, Chang Gung University, TaoYuan City, Taiwan.
3. Graduate Institute of Biomedical Sciences, Chang Gung University, TaoYuan City, Taiwan.
4. Ph.D. Program in Biomedical Engineering, Chang Gung University, TauYuan City, Taiwan.
5. Division of Neurosurgery, Department of Surgery, Linkou Chang Gung Memorial Hospital, TauYuan
City, Taiwan.
OBJECTIVES Recent research reports have showed that burst-type low-intensity ultrasound may
trigger ion channel regulation due to the presence of neuronal mechanosensitive channels which are
sensitive to mechanical wave such as ultrasound irradiation, and have explored the potential of using
ultrasound as a tool for noninvasively modulating neuronal activities. The existence of mechanosensitive
ion channels locating on cell membrane such as Piezo1 play key roles in the cell sensitivity to ultrasound
and in converting ultrasound stimuli to channel activation. In this study, we explore the possibility in using
microbubble (MB)-enhanced ultrasound transfection to deliver PIEZO1 gene into neuronal cells to
enhance the mechanosensitive channel expression, and evaluate whether artificially enhancing
mechanosensitive ion channels expression can amplify the ultrasound-induced calcium transients.
METHODS Plasmid pPiezo1-GFP (14,000 bp) was constructed with human Piezo1 DNA followed by
GFP DNA in C-terminus. The molecular weight of Piezo1-GFP is 320 kDa.
For naked plasmid delivery assay, N44 Neuron cells were cultured upon sterilized cover slips in 24 well
plates. The DMEM medium was replaced with fresh serum-free one and added with PBS or 5 µg
pPiezo1-GFP followed with MB addition (0.5 ul, 2–5 µm mean diameter, 45 µg/ml; SonoVue , Bracco
Diagnostics Inc., Italy). In order to perform pPiezo1-GFP transfection, cells were immediately exposed to
ultrasound delivered by a 1.12 MHz cyclic transducer (handmade, outside diameter: 58 mm, outside
diameter: 38 mm, and electric-to-acoustic efficiency: 37.5%) at the electric power of 4 W, the duty cycle
of 1%, the burst length of 10 ms, the pulse-repetition frequency (PRF) of 1 Hz for 120 s. Cells were
incubated at 37 degrees Celsius for 2 hours. To determine the Piezo1-GFP expression, cells were then
transferred for immunofluorescence to stain Piezo1 and GFP. Nuclei were stained with DAPI. Cells were
observed by a confocal microscope (Zeiss LSM 510 META, 200X).
In order to evaluate the ultrasound triggered calcium transients, N44 cells were cultured in glass-bottom
35 mm dish 16 hours before treated with pPiezo1-GFP and microbubble-present ultrasound with method
described above. Cells were then washed with HBSS solution and stained with 3 µM Fluo-4, AM
(Invitrogen) at room temperature for 30 minutes. After washed with HBSS solution, cells were incubated
in Tyrode’s solution for 30 minutes for de-esterification. Cells were then transferred to a confocal
microscope (Leica TCS SP2) for observation. Cells received ultrasound stimulation by the same 1.12
MHz cyclic transducer at the acoustic pressure from 40 to 120 kPa with the duty cycle of 20%, the burst
length of 0.2 ms and the PRF of 1000 Hz for 30 seconds.
RESULTS The transfection efficiency is demonstrated first. With the colocalization of Piezo1 and GFP,
we were able to identify cells successfully expressing the fusion protein Piezo1-GFP (Fig. 1B). N44 cells
added with pPiezo1-GFP and MB-ultrasound exposure showed successful PIEZO1 gene transfection
into N44 cells, and presented a significantly higher level of GFP/Piezo1 than cells when compared with
the other two groups (Fig. 1A). Next, the response sensitivity of the Piezo-1-transfected N44 cells was
tested. In calcium transient assay, 30 seconds of FUS with acoustic pressure more than 60 kPa is able to
stimulate N44 cells to trigger calcium transients (Fig. 1C). By analyzing the change rate of calcium
intensity (absolute value of DF/F0 ), cells administrated with pPiezo1-GFP and MB-ultrasound exposure
showed earlier reactions when the acoustic pressure reaches 40 kPa. When the ultrasound pressure
increases to 80 kPa, The Piezo-1-transfected N44 cells show the 4 times higher level of calcium

transients than control N44 cells with only plasmid addition. With the pressure up to 120 kPa, the highest
level of calcium transient shifts earlier at 5 s after ultrasound stimulation, while the highest level is at 10 s
after ultrasound with pressure of 80 kPa. Piezo-1-transfected N44 cells showed 2 times higher level of
calcium transient than cells with only plasmid addition (Fig 1D).
CONCLUSIONS In this study, we first demonstrated that microbubble-ultrasound gene transfection is a
feasible approach to enhance naked plasmid construct, pPiezo1-GFP, delivery and the Piezo1-GFP
expression in N44 cells. In addition, we showed that ultrasound is able to trigger the calcium transients of
N44 neuron cells at the acoustic pressure of 60 kPa. Piezo-1 transfected cells were observed to be more
sensitive to ultrasound stimulations with pressure of 40 kPa, whereas demonstrating an earlier triggering
and amplified augment of calcium transients when ultrasound is 80 kPa and 120 kPa. This study may
bring valuable knowledge in using ultrasound to perform reliable neural modulation with enhanced
ultrasound sensitivity.

Figure 1. (A)(B) MB-ultrasound significantly enhanced the pPiezo1-GFP plasmid transfection and
Piezo1-GFP expression. (C) The calcium influx in N44 cells was triggered by ultrasound. (D) Piezo-1
transfected N44 Cells showed containing the most sensitivity of its calcium transient to ultrasound
exposure when compared to the other groups. FUS was on at the 0 minute. Reaction rate is analyzed by
absolute value of DF/F0 . The data were showed as mean±SEM.
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INTRACELLULAR CALCIUM SIGNALING FROM PULSED FOCUSED ULTRASOUND IS INITIATED
BY MECHANICALLY-ACTIVATED TRPC1 SODIUM CURRENTS
Rebecca M. Lorsung1 , Joseph A. Frank1,2 , Scott R Burks1
1. Radiology and Imaging Sciences, NIH Clinical Center, Bethesda, Maryland, United States.
2. National Institute of Biomedical Imaging and Bioengineering, Bethesda, Maryland, United States.
OBJECTIVES Pulsed focused ultrasound (pFUS) increases homing of stem cells to targeted locations
in the body by altering the molecular microenvironment. We previously demonstrated in several tissue
types that pFUS upregulated nuclear factor k-B (NFkB) and cyclooxygenase-2 (COX2) to establish a
pro-homing microenvironment. NFkB and COX2 activation are frequently regulated by intracellular Ca2+
signaling. In kidneys and muscle, we identified both voltage-gated L-type Ca2+ channels (LTCC) and the
Ca2+ /Na+ -conducting transient receptor potential (TRP) C1 channels were essential for NFkB and COX2
upregulation following pFUS. However, the interactions between pFUS, LTCC, and TRPC1 is unknown
and investigated here. TRPC1 channels be opened mechanically or by increased intracellular Ca2+
concentrations when complexed with the ORAI1 protein. This raises the possibility of whether pFUS
mechanically activates TRPC1 channels that depolarize nearby LTCC or whether pFUS directly activates
LTCC (e.g., via intramembrane cavitation), which then open nearby TRPC1 in a Ca2+ -sensitive manner.
METHODS TCMK1 mouse kidney cells were treated in vitro with pFUS of 1 MHz at 4 MPa (10 ms
pulses; 5% duty cycle) while being imaged by fluorescence microscopy. Ca2+ and Na+ currents were
visualized by Fluo-4 and CoroNa Green, respectively. For knockdown experiments, TCMK1 cells were
stably transfected with shRNA against TRPC1 or scramble control shRNA sequences. C3H mouse
kidneys were sectioned for immunohistochemistry and homogenized for molecular analyses.
RESULTS Both NFkB and COX2 upregulation were inhibited in TCMK1 cells by loading with a
Ca2+ -specific chelator prior to pFUS. Immunostaining from mouse kidneys revealed TRPC1 and LTCC
were colocalized in the plasma membrane, but ORAI1, which confers Ca2+ sensitivity to TRPC1, was not
detected in these complexes. The lack of ORAI1 from these complexes was confirmed by
immunoprecipitation of LTCC from kidney homogenates. Ionophore imaging in TCMK1 cells revealed
both intracellular Ca2+ and Na+ transients during pFUS. Verapamil (LTCC inhibitor) entirely blocked Ca2+
transients but did not affect Na+ transients. Replacing 50% of Na+ ions with Cs+ ions significantly
(p<0.05) reduced the peak magnitude of Ca2+ transients. Na+ transients were unaffected by 1 mM
tetrodotoxin (voltage-gated Na+ channel blocker) . To further probe the nature of Na+ currents through
non-voltage-gated channels, TRPC1 expression was suppressed with shRNA and transfected cells
showed Ca2+ and Na+ transients with significantly reduced peak magnitudes (p<0.05).
CONCLUSIONS These data demonstrate that COX2 and NFkB are upregulated by pFUS in a
Ca2+ -dependent manner. All detectable Ca2+ entry occurred through LTCC, however the magnitude of
Ca2+ transients depended upon robust Na+ conductance through TRPC1 channels. These data
demonstrate that TRPC1 is opened mechanically by pFUS (we hypothesize through acoustic radiation
forces) and that TRPC1 Na+ currents cause local depolarizations that open associated LTCC which
supply the intracellular Ca2+ that is necessary to stimulate NFkB and COX2. This study explains how
molecular microenvironments are directly altered by pFUS to increase stem cell homing, but also have
direct relevance to other applications in ultrasound such as neuromodulation. This study suggests that
pFUS of the described parameters alters the electrical properties of the membrane only indirectly,
through mechanotransduction, by acting upon mechanically-sensitive moieties.
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DEVELOPMENT OF A MICROELECTRODE ARRAY (MEA)-BASED SETUP FOR STUDYING
ULTRASOUND-INDUCED MODULATION/STIMULATION OF ELECTROPHYSIOLOGICAL ACTIVITY
IN AN EX-VIVO MOUSE BRAIN MODEL: TECHNICAL FEASIBILITY
Ivan Suarez Castellanos1 , W. Apoutou N’Djin1 , Jérémy Vion-Bailly1 , Magali Perier1 , Alain Birer1 ,
Alexandre Carpentier2,4 , Gilles Huberfeld3 , Jean-Yves Chapelon1
1. INSERM - LabTAU U1032, MARCY L’ETOILE, Rhône, France.
2. Departments of Neurosurgery Assistance Publique–Hôpitaux de Paris, Pitié-Salpêtrière Hospital,
Paris, France.
3. Neuropediatric department Bicêtre Hospital Paris Sud University Inserm U1129, Paris, France.
4. Sorbonne University, Paris 6 School of Medicine, Paris, France.
OBJECTIVES Low Energy Ultrasound (LEUS) neurostimulation/modulation is an application that has
generated much interest over many years because of its therapeutic value in treating neurological and
psychiatric conditions by allowing non electrical nervous tissue stimulation. Understanding the biological
mechanisms underlying US neurostimulation/modulation represents a crucial step for further
development, implementation and regulatory approval of these techniques for treating various diseases
of neurological nature. The aim of the presented work was to develop a MicroElectrode Arrays
(MEA)-based set-up to highlight some of the mechanisms involved in LEUS stimulation/modulation of
neural responses using an ex vivo brain model.
METHODS An experimental platform combining LEUS generation to a MEA recording system was
developed. The ultrasound stimulation system consisted of a piezoceramic transducer coupled with a
cone filled with a 0.2% agarose gel or a, artificial cerebro spinal fluid (used for brain slices) for
transmission of the ultrasound wave to the MEA chip. Several sets of transducers of various geometries
were used with working frequencies ranging from 0.5 to 3.3 MHz and focal distances ranging from 1.5 to
5 cm. In this set of experiments, hippocampal slices from adult mice were prepared and placed in the
MEA chip. The MEA chip consists of a grid of 120 extracellular electrodes (diameter: 30 um) spread
every 200 micrometers (Fig 1a, 1b), thus allowing the recording of single action potentials, actions
potentials from multiple neurons (Multi Unit Activity) as well as synchronized synaptic potentials (Local
Field Potentials). The ultrasound transducer was placed as to have its focal spot at the level of the brain
slice (Fig 2a, 2b). LEUS exposures were then administrated to the brain slice as pulse trains of 100
cycles with PRF of 125 Hz. Fifty pulse trains were applied at a repetition frequency of 0.2 Hz.
Stimulations were applied in the dentate gyrus, in CA3 pyramidal layer and on Schaffer collaterals,
visually identified while their effect was recorded in downstream structures within hippocampus
networks. Control experiments consisted in recordings from non-stimulated brain slices and recordings
from electrically-stimulated brain slices (PRF of 0.33 Hz).
RESULTS The feasibility of combining a MEA-recording platform with an ultrasound generation system
was validated experimentally. LEUS were successfully transmitted to a functional ex-vivo brain slice
while recording its electrical activities in real-time and with high spatial resolution. The quality of the
electrical grounding of the combined platform was critical to maintain a signal to noise ratio compatible
with the detection of electrophysiological brain signals (SNR ⇡ 2.15). In these conditions of
electro-acoustic coupling between the MEA and the LEUS device, multiple spatially distributed signals,
which were identified to be Sharp Wave Ripples (Fig 2c in orange), could be successfully recorded from
non-stimulated brain slices. This inherent brain electrical activity was maintained during several tens of
minutes. In the same conditions, electrical signals were also obtained from electrically-stimulated brain
slices (Fig 1c in blue). Preliminary trials of LEUS exposures on the system MEA/brain-slice led to the
detection of a cyclic pattern in the acquired signals that we believe was caused by motion of the tissue
resulting from the ultrasound radiation force.
CONCLUSIONS In this study, an original research platform has been designed to study
ultrasound-induced neurostimulation. The MEA chip appeared to be well suited for studying
LEUS-induced neural responses. It may allow quantification of the field of response, relationship

between stimulation patterns and neuronal responses, identification of propagated responses, and may,
by specifically blocking neuronal conductances or neurotransmission pathways, contribute to unravel
LEUS neuronal stimulation mechanisms. These preliminary investigations did not provide yet a
deterministic indication of ultrasound-stimulated electrical activity from sliced mouse brains. Mainly, a
deeper analysis of the signals obtained from ultrasound-stimulated samples as compared to
electrically-stimulated slices is required. The experimental setup will be optimized as to provide a more
precise and faster ultrasound beam targeting to different regions of the treated brain slices (i.e.
micromanipulators). We believe that these conditions will be ideal to study the effect of LEUS exposures
on functional brain slices and observe either some modulations of existing neural activities or the
creation of new responses. This project was supported by the French National Research Agency (ANR
2016, N ANR-16-TERC-0017) and the Laboratory of Excellence (LabEx) DevWeCan.

a) and b) MEA chip + recording system containing brain slice from adult mouse. c) Example of MEA
signals recorded from electrically-stimulated brain slices.

a) Experimental setup designed for ultrasound stimulation of brain slices from adult mice in a MEA
system. b) COMSOL simulations of ultrasound wave propagation through the coupling agarose-filled
waveguide into the MEA chip. c) Example of electrcial activity recorded with MEA system showing Sharp
Wave Ripples (highlighted in orange).
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CONTROLLING MOTOR NEURON ACTIVITY IN MOUSE PERIPHERAL NERVE USING FOCUSED
ULTRASOUND IN VIVO
Min Gon Kim1 , Stephen Lee1 , Elisa Konofagou1,2
1. Biomedical Engineering, Columbia University, New York, New York, United States.
2. Radiology, Columbia University, New York, New York, United States.
OBJECTIVES Noninvasively selective manipulation of neuronal activity has attracted considerable
attention. Recently, we developed the use of focused ultrasound stimulation of peripheral nerve system
as an alternative approach for eliciting physiological responses with the capability of specific nerve
targeting with minimal effects on normal functions and structures. In this abstract, we have proposed an
approach to both excite and inhibit motor neuron activity of the mouse sciatic nerve in vivo as a function
of pulse repetition frequency (PRF). To verify the proposed approach, we selected five different PRF
values within the range from 1 Hz to 500 Hz and examined the effects of several PRFs on the motor
neuronal activity by using electromyography (EMG) on the gastrocnemius muscle.
METHODS The designed experimental setup consists of electrical stimulation, ultrasound stimulation,
EMG recording, and data acquisition. The proximal sciatic nerve of an anesthetized mouse in vivo was
electrically stimulated by electrical pulse repetition frequency of 5 Hz, electrical pulse duration of 100 µs,
and electrical pulse amplitude of 5 V. The distal sciatic nerve was exposed to focused ultrasound with
center frequency of 3.1 MHz, pulse duration of 1 ms, total duration of 2 s, and peak positive pressure of
12.54 MPa, peak negative pressure of 7.21 MPa, and 5 different PRFs including 1 Hz, 10 Hz, 40 Hz, 250
Hz, and 500 Hz. The effects of focused ultrasound with 5 different PRFs on the sciatic nerve were
recorded to quantify time-resolved electrical activity of the gastrocnemius muscle using recording
electrodes. The recorded EMG signals were bandpass filtered (10 Hz - 500 Hz), full-wave rectified, and
normalized to the maximum EMG amplitude by using MATLAB program. To evaluate the safety of
focused ultrasound, hematoxylin and eosin (H&E) staining was conducted with a blinded study between
negative control group and experimental group induced by center frequency of 3.1 MHz, pulse duration
of 1 ms, total duration of 2 s, and peak positive pressure of 12.54 MPa, peak negative pressure of 7.21
MP, and PRF of 500 Hz.
RESULTS Figure 1(a)-(e) illustrates normalized EMG amplitude with PRF of 1 Hz, 10 Hz, 40 Hz, 250
Hz, and 500 Hz. Figure 1(f) demonstrates quantification of average normalized EMG amplitude during
ultrasound stimulation compared to the amplitude before ultrasound exposure. At the PRF of 1 Hz, 10
Hz, and 40 Hz, the average normalized EMG amplitude was excited to 124% 132%, and 117%,
respectively, compared with the amplitude from the pre-ultrasound stimulation. On the other hands, the
average normalized EMG amplitude was inhibited to 89% and 84% of the pre-ultrasound amplitude at
the PRF of 250 Hz and 500 Hz, respectively. Figure 2 presents the H&E staining images of the sciatic
nerve and surrounding tissue. Compared with negative control group (Figs. 2(a-b)), experimental group
(Figs. 2(c-d)) did not show obvious morphological changes of the treated sciatic nerve and its
surrounding tissue.
CONCLUSIONS Selective excitation and inhibition of motor neuron activity of the mouse sciatic nerve in
vivo as a function of PRF was confirmed through the normalized EMG amplitude that measured muscle
twitch. Our approach opens a new way of selective manipulation of neuronal activity in the peripheral
nervous system with the capability of specific nerve targeting with minimal effects on normal functions
and structures. The experimental results show that our approach could potentially be applied for a more
selective control with the ability to noninvasively and selectively excite and inhibit neuronal activity.

Normalized EMG amplitude as a function of different PRFs (a) 1 Hz (b) 10 Hz (c) 40 Hz (d) 250 Hz (e)
500 Hz and (f) quantification of the average normalized EMG amplitude during ultrasound exposure
compared with the amplitude before ultrasound stimulation. The percentage of the average normalized
EMG amplitude before ultrasound exposure was 124% 132%, and 117% with PRF of 1 Hz, 10 Hz, and
40 Hz, respectively, whereas the percentage of the average normalized EMG amplitude pre-ultrasound
stimulation was 89% and 84% at PRF of 250 Hz and 500 Hz, respectively.

H&E staining on the sciatic nerve and surrounding tissue between (a-b) negative control group with (a)
4x magnification (b) 10x magnification and (c-d) experimental group with (c) 4x magnification (d) 10x
magnification. There were no obvious morphological changes of the sciatic nerve and its surrounding
tissue by the experimental group compared with negative control group.
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DETAILED EVALUATION OF ELECTROMYOGRAPHY CHARACTERISTICS FOLLOWING
MHZ-RANGE FOCUSED ULTRASOUND NEUROMODULATION REVEALS IMPORTANT NEW TOOL
FOR EVALUATING SPATIAL SPECIFICITY OF RESPONSES.
Christian Aurup1 , Elisa Konofagou1
1. Biomedical Engineering, Columbia University, New York, New York, United States.
OBJECTIVES Focused ultrasound (FUS) has been shown to selectively modulate neuronal activity in
the central nervous system. This technique has emerged as a potential non-invasive therapeutic tool for
the treatment of neurodegenerative disorders and as a research tool for non-invasive brain mapping in
rodents, non-human primates, and humans. Initial studies investigating ultrasonic neuromodulation,
conducted in rodents, primarily used kilohertz-range ultrasound frequencies with transducers utilizing
either acoustic collimators or having focused geometries to enhance spatial resolution. These
frequencies were demonstrated to consistently elicit physiological responses like limb movements
recorded using electromyography (EMG) and brain wave changes evaluated with
electroencephalography (EEG). The spatial specificity of this technique was previously demonstrated
(King et al. 2014 in which rostral and caudal regions of the motor cortex had tail responses of markedly
different amplitudes and latencies. In this study, we assume that higher frequency focused ultrasound
would increase spatial specificity of ultrasonic neuromodulation as shown in Kamimura et al. (2016) who
showed lateralized limb responses following FUS stimulation of the somatosensory cortex at 1.9 MHz
and Li et al. (2016) who demonstrated the capability of both 1 and 5-MHz FUS to elicit localized tail
responses. In this study, we aim to evaluate the spatial specificity of EMG characteristics including motor
unit action potential (MUAP) amplitude, spike quantity, and firing rate; physiological response latencies;
and response success rates between groups of targets within three different regions of the mouse
cortex. This study thus demonstrates novel methods for evaluating spatially specific differences in FUS
elicited responses.
METHODS Four mice were anesthetized with sodium pentobarbital (65 mg/kg), shaved on the head and
limbs, and mounted in a stereotactic frame. A FUS transducer operating at 2 MHz (1 kHz pulse repetition
frequency, 50% duty cycle, 97 W/cm2 ISPPA ) with a submillimeter focal diameter was centered 2mm
anterior of the lambda skull suture. This origin functioned as the point of reference when navigating
throughout different regions of the cortex using a 3D positioner. A region of interest contained 8
neighboring targets (2x4 targets) spatially separated 1mm in each lateral direction. Each target was
sonicated 10 times for 300ms with 5 seconds between sonications to minimize thermal effects.
Electromyography responses were recorded using house-made paired needle electrodes implanted in
the front and hind limbs. Although up to 24 spatially distinct targets could be investigated in a single
mouse in one session across the three regions, statistical inferences were primarily made between a set
of targets within a single region because the depth of anesthesia was likely to be more similar.
RESULTS Motor responses were shown to be elicited throughout the brain at virtually all tested targets,
even those lying outside the motor cortex. Response success rates exceeded 70% for most targets.
Multiple significant differences in mean response latencies could be found between targets of individual
regions (Figure 1). Thorough analysis of the individual motor unit action potentials revealed multiple
distinct distributions of action potential amplitudes corresponding to neighboring motor units. The mean
amplitudes of these respective action potential distributions did not change with time (i.e. likely
unaffected by depth of anesthesia), however the quantity of these spikes often differed significantly by
target, especially in a region contained within the motor cortex. The firing rates of these different spike
amplitude classes were also evaluated and shown to likely represent primary and motor-recruited
secondary responses. We also found that the mean latency decreased linearly with decreasing variance.
In other words as the temporal grouping of responses became more narrow, the mean latency tended to
decrease towards a lower limit.
CONCLUSIONS A thorough analysis of the EMG signal amplitude, number of MUAP spikes, and firing
rates of individual groups of motor unit action potentials enabled elucidation of the subtle spatially

selective response differences among cortical targets. The study allowed for exploration of the absolute
spatial limits of FUS neuromodulation as well as evaluation of the success rates of certain acoustic
parameters by, for example, evaluating the threshold at which secondary motor units are recruited or
standard deviation and latency are minimized and a given cortical location. This will help further our
knowledge of appropriate therapeutic parameter sets for treating neurodegenerative disease as well as
aid in non-invasive, high-resolution functional brain mapping.
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TRANSCRANIAL ULTRASOUND IMPACTS MONKEY CHOICE BEHAVIOR
Jan Kubanek1,2 , Julian Brown1 , Patrick Ye2 , Kim Butts-Pauly2 , William Newsome1
1. Neurobiology, Stanford, Stanford, California, United States. 2. Radiology, Stanford, Menlo Park,
California, United States.
OBJECTIVES Transcranial focused ultrasound (US) has the potential to non-invasively modulate neural
activity in specific regions deep in the brain. Successful US neuromodulation has been reported by
multiple groups using anesthetized rodents. This body of work opens the possibility that this method
could be applied in awake behaving primates including humans.
METHODS We used the macaque model to test whether 1) we can detect effects of US on behavior 2)
long-term stimulation is safe 3) the neuromodulatory effects are excitatory, inhibitory, or a combination
thereof. To do so, we engaged a macaque monkey in a stimulus onset asynchrony task in which the
animal looked at either a rightward or a leftward target, whichever appeared earlier. US (270 kHz, 0.6
MPa, 300 ms) focused into either left or right frontal eye field (FEF) was applied through the intact skull
and skin, 100 ms before the onset of the first target. We interleaved short blocks of trials in which US
was applied and in which it was not.
RESULTS We found (see Fig. 1) that US stimulation of left (right) FEF significantly shifted the animal’s
choices to the rightward (leftward) target. The contralateral nature of the effects suggests neuronal
excitation within FEF. The effect was observed specifically when stimulating FEF and not when
stimulating motor cortex. The effect was immediate and showed minimal hysteresis. There was no
long-term bias in the animals’ choices even after 8 days of stimulation of each region, which suggests
that the stimulation was safe.
CONCLUSIONS The finding that transcranial US can excite neurons to the extent that the effect is
observed in monkey’s behavior paves the way to noninvasive stimulation of specific brain regions in
humans.

Transcranial focused ultrasound impacts choice behavior.
Non-invasive (intact skull and skin) FUS stimulation of macaque left and right frontal eye field (FEF)
during a saccadic choice task. In the task, one target appears on the left and one on the right. One of the
targets appears shortly before the other, with temporal asynchrony indicated on the abscissa. The
subject’s task is to look at the target that appeared first. We interleaved blocks of 7-13 trials in which FUS
(300 ms, 0.6 MPa, 270 kHz, 500 Hz pulse repetition frequency) was applied (blue) and in which it was
not (gray).
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MECHANICAL ACTIVATION OF PIEZO1 ION CHANNELS BY CAVITATION BUBBLES
Fenfang Li1 , Ricky Park1 , Pei Zhong1
1. Mechanical Engineering and Materials Science, Duke University, Durham, North Carolina, United
States.
OBJECTIVES Ultrasound (US) has emerged as a new non-invasive way to stimulate neuronal activity,
e.g, penetrate deep into the brain to stimulate brain circuits to treat diseases such as essential tremor
and Parkinson’s disease [1]. To date, the mechanisms by which US excites cellular responses (typically
from neurons) are poorly understood. Advancements in the field require a better understanding of the
underlying specific cellular and molecular changes, and of the time course of these changes. It has been
reported that US with a frequency of 2.25MHz alone cannot activate neuron response; the presence of
microbubbles is required for acoustic energy deposition [2]. Besides, the hypothesis that ultrasound may
activate mechanosensitive ion channels embedded in the cell membrane is beginning to be tested
recently [3]. It is well known that cavitation bubble plays an important role in therapeutic ultrasound. Our
previous study has shown that cavitation bubble can elicit intracellular calcium response of single
adherent HeLa cells; and at mild cavitation conditions without cell injury, the response is initiated by
activating mechanosensitive ion channels through cell membrane deformation [4]. The specific
mechanosensitive ion channels in action have yet to be identified. Human embryonic kidney cells
HEK293 have been widely used in neuroscience and ion channel study because the cell line exhibit
some characteristics of neurons, has reliable growth and is easy for transfection. Recent physiological
studies have discovered that Piezo1 ion channel genetic deletion abolishes mechanically activated
currents in HEK293 cells [5]. Therefore, in this study, we will investigate whether cavitation bubble can
mechanically activate Piezo1 ion channels. We will further characterize the cellular response, and
optimize the cavitation parameters to improve the mechanotransduction while minimizing cellular injuries.
METHODS Pulsed laser-induced single cavitation bubble is utilized to stimulate HEK293 cells with
Piezo1 genetically deleted (PIKO HEK, a stable cell line) and re-transfected with Piezo1 (P1KOTF,
labeled by eGFP fluorescence when transfection is successful). The normalized standoff distance to the
bubble radius (Sd/ R) is screened for different biological effects. Bright field (BF) images of cell
morphology are recorded immediately before and after bubble treatment. Simultaneous monitoring of
intracellular calcium transients (340-, 380-nm excitation of Fura-2 loaded in the cell) and membrane
poration (539-nm excitation of propidium iodide (PI)) are performed through fluorescence imaging. And
high-speed imaging of bubble dynamics is taken after a baseline fluorescence recording. Please see
Fig.1 for more details.
RESULTS Figure 2 shows the summary of the intracellular calcium response for the two different cell
lines. For HEK293 cells with Piezo1 genetically deleted (PIKO HEK), there is no calcium response in the
physiological range, which is consistent with the previous physiological study that Piezo1 genetic deletion
abolishes mechanically activated currents in HEK293 cells [5]. However, PIKO cells still show strong
calcium response when cell injuries occur, as indicated by vesicles, PI uptake, cell morphology change in
our study. This injury response is consistent with our previous findings with HeLa cells [4]. In contrast,
PIKO cells re-transfected with Piezo1 ion channels demonstrated obvious calcium response without
cellular injury with the normalized standoff distance Sd /R in the range of 0.9 to1.2.
CONCLUSIONS In summary, our preliminary results show that cavitation bubble can mechanically
activate Piezo1 ion channels in HEK293 cells. Piezo1 is the responsible mechanosensitive ion channel
for cavitation bubble elicited cellular mechanotransduction in the physiological range without cell injury.
Our results also reveal that cells will have injury calcium response regardless of mechanosensitive ion
channels. More studies will be performed in the near future to investigate the underlying mechanisms,
characterize the effect of Piezo1 ion channels on the cellular response, and optimize the cavitation
parameters to improve the mechanotransduction without cell injuries.
1. Leinenga G, Langton C, Nisbet R, & Gotz J (2016) Ultrasound treatment of neurological diseases current and emerging applications. Nature Reviews Neurology 12(3):161-174.

2. Ibsen S, Tong A, Schutt C, Esener S, & Chalasani SH (2015) Sonogenetics is a non-invasive
approach to activating neurons in Caenorhabditis elegans. Nat Commun 6.
3. Kubanek J, et al. (2016) Ultrasound modulates ion channel currents. Sci Rep 6:24170.
4. Li F, et al. (2018) Dynamics and mechanisms of intracellular calcium waves elicited by tandem
bubble-induced jetting flow. Proc Natl Acad Sci U S A 115(3):E353-E362.
5. Dubin AE, et al. (2017) Endogenous Piezo1 Can Confound Mechanically Activated Channel
Identification and Characterization. Neuron 94(2):266.

Fig.1 (a) Schematic of the experimental configuration: (Left) a single laser-induced cavitation bubble
interact with individual HEK293 cells. (Right) Recording sequences for BF imaging of cell morphology,
simultaneous monitoring of intracellular calcium transients (340-, 380-nm excitation) and membrane
poration (539-nm excitation) through fluorescence imaging, and high-speed imaging of bubble dynamics.
(b) Example of single bubble dynamics: rapid expansion and collapse.

Fig.2 Summary of intracellular calcium response (ratio change of loaded fura-2) for HEK293 cells with
Piezo1 genetically deleted (PIKO HEK) and re-transfected with Piezo1 (P1KOTF), with a function of the
normalized standoff distance to the bubble radius (Sd /R).
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EFFECTIVE PARAMETERS FOR TRANSCRANIAL FUS TARGETING WITH MR-ARFI IN MACAQUES
Marshal Anthony Phipps1 , Sumeeth Vijay Jonathan2,1 , Vandiver L Chaplin1 , Li Min Chen1,3 , William
Grissom2,1 , Charles Caskey3,1
1. Institute of Imaging Science, Vanderbilt University, Nashville, Tennessee, United States.
2. Biomedical Engineering, Vanderbilt University, Nashville, Tennessee, United States.
3. Radiology and Radiological Sciences, Vanderbilt University, Nashville, Tennessee, United States.
OBJECTIVES Focused ultrasound (FUS) is a promising tool for noninvasive neuromodulation, since it
can provide better spatial precision compared to other noninvasive methods. However, accurate
targeting of transcranial FUS is difficult to achieve. Magnetic resonance acoustic radiation force imaging
(MR-ARFI) can be used to visualize the beam location in real-time by generating maps of displacement
induced by FUS but requires careful attention to acoustic power to avoid negetive bioeffects. MR-ARFI
requires repeated FUS pulses to generate micron-scale displacements to achieve sufficient
signal-to-noise ratio, potentially inducing heating or cavitation. Although decreasing the pulse repetition
frequency (PRF) can reduce temperature rise, this increases MR acquisition time. In this study, we
characterize ultrasound-induced displacements and heating over a range of intensities in phantoms to
define safe parameters for generating MR-ARFI images transcranially while avoiding unwanted
bioeffects in brain tissue. After defining suitable parameters in phantoms, we apply them to safely
localize the FUS beam in two non-human primates (NHP).
METHODS Experiment design: To estimate parameters for safe transcranial MR-ARFI, we first
measured heating and displacement in a tissue-mimicking phantom (4% graphite, 1% agar, 10%
n-propanol) in response to 802kHz FUS pulses. FUS pulses were designed to mimic those required for a
single MR-ARFI slice of 100 lines of k-space averaged 6 times with a single sonication per line (600
pulses, 4.5msec duration, 1Hz PRF). We then characterized the attenuation through a NHP skull ex vivo
and used these derated values to estimate the lowest possible acoustic output expected to transcranially
generate a detectable displacement with MR-ARFI, which can detect displacements of ⇠100nm [1].
Finally, we performed in vivo MR-ARFI in two NHPs using pulses that generated detectable
displacements in phantoms and less than 1 C temperature rise.
Heating: The intensity of the pulse was tested for heating in tissue mimicking phantoms. A 1Hz PRF was
tested for 10 minutes and 600 pulses. A thermocouple was first placed at the focus of the FUS
transducer to measure heating and different US intensities were tested to determine the maximum
intensity to generate less than 1 C heating at the focus.
Displacement: Ultrasound ARFI was performed in phantoms to establish a relationship between the FUS
intensity and displacement. The FUS transducer (H115, Sonic Concepts, Bothell, WA) was aligned
antiparallel to an L7-4 imaging probe (Fig 1) attached to a research ultrasound scanner (Vantage 256,
Verasonics, Kirkland, WA). Plane wave images at 5kHz frame rate were collected with 20 frames
collected before the FUS pulse for baseline data. We estimated the displacement induced by the FUS
pulse by applying a short-time correlation speckle tracking algorithm.
Derating: We estimated the ultrasound transmission through an ex vivo macaque skull piece by placing it
between the FUS transducer and a needle hydrophone (HNC 0400, Onda Corp., Sunnyvale CA). The
pressure at the focus was recorded without the skull present and with the skull piece placed in five
different positions in the beam path at 802kHz.
RESULTS Transmission through the ex vivo skull piece was found to be 32% of the free field pressure
and 10.24% of the free field spatial peak pulse average intensity (Isppa ). Displacements were detected in
phantoms by US-ARFI at Isppa below 190W/cm2 which is the safety limit for diagnostic US systems.
Accounting for skull attenuation, displacements were estimated to be 0.3µm at a free field intensity of
190W/cm2 (Fig 1,3). These values suggest that transcranial ARFI induced displacements should be
detectable by MR-ARFI at intensities expected to be safe for brain tissue. A PRF of 1Hz and Isppa of less
than 245.52W/cm2 was found to induce less than 1 C heating over 600 sonications in phantoms (Fig 2).
This amount of heating was judged to be a safe limit and used as an upper boundary for in vivo

experiments. Considering derated values for pressure to account for transcranial transmission (Fig 3),
we expected to generate a 0.3µm displacement and used this as a basis for in vivo MR-ARFI scans
where we measured a maximum displacement of ⇠1µm in the NHP brain(Fig 4).

CONCLUSIONS In this study, we identified parameters to use MR-ARFI to safely localize the FUS beam
within the NHP brain for neuromodulation experiments. Localizing the beam with MR-ARFI in real-time
accounts for variations due to reflections and aberrations of the skull allowing for a better estimate of
delivered energy in the brain. Future work will apply MR-ARFI targeting to fMRI neuromodulation
experiments to compare brain activation to the targeted region.
References: [1] Chen J, et al. Optimization of encoding gradients for MR-ARFI. Magnet Reson Med;
2010;63:1050–1058.
Acknowledgments: The authors acknowledge support from NIH R24MH109105.

Left: The US imaging probe and therapeutic transducer are aligned antiparallel to image the
displacement induced by the acoustic radiation force from the therapeutic transducer in a graphite agar
phantom. Right Top: Displacement vs intensity as measured by US-ARFI. The dotted red line is placed
at a Isppa of 190W/cm2 which is the safety limit for diagnostic US. Right Bottom: Displacements and
intensity derated to 10.24% to account for the attenuation of the skull. The dotted red line is placed at the
derated value for Isppa of 190W/cm2 .

The temperature change following a 10 minute sonication with 4.5ms US pulse and 1Hz PRF. The mean
of the first 10 seconds is subtracted from the mean of the last 15 seconds of recording, error bars are
standard deviation of the last 15 seconds. Intensities below 254.52W/cm2 show less than one degree of
heating.

The free field and derated ultrasound parameters used for in vivo MR-ARFI. Pressure was derated to
32% of the free field pressure to account for transmission through the skull.

Magnitude image and displacement map from in vivo MR ARFI on a macaque. The S1 region was
targeted (red circle on the magnitude image). A 1 micron displacement was detected at the expected
focus (red arrow). This type of displacement map can be used to assess targeting accuracy for
neuromodulation experiments in future experiments.
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ULTRASONIC NEUROMODULATION CAUSES WIDESPREAD CORTICAL ACTIVATION VIA AN
INDIRECT AUDITORY MECHANISM
Tomokazu Sato1 , Mikhail G Shapiro2 , Doris Tsao1
1. Biology and Bioengineering, California Institute of Technology, Pasadena, California, United States.
2. Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, California, United
States.
OBJECTIVES Ultrasound has received widespread attention as an emerging technology for targeted,
non-invasive neuromodulation based on its ability to evoke electrophysiological and motor responses in
animals. However, little is known about the spatiotemporal pattern of ultrasound-induced brain activity
that could drive these responses. Here, we address this question by combining focused ultrasound with
wide-field optical imaging of calcium signals in transgenic mice.
METHODS We combined focused ultrasound with wide-field optical imaging of cortical calcium signals
in transgenic mice to assess the spatiotemporal pattern of ultrasound-induced brain activity.
RESULTS Surprisingly, we find cortical activity patterns consistent with indirect activation of auditory
pathways rather than direct neuromodulation at the ultrasound focus. Ultrasound-induced activity is
similar to that evoked by audible sound. Furthermore, both ultrasound and audible sound elicit motor
responses consistent with a startle reflex, with both responses reduced by chemical deafening.
CONCLUSIONS These findings reveal an indirect auditory mechanism for ultrasound-induced cortical
activity and movement requiring careful consideration in future development of ultrasonic
neuromodulation as a tool in neuroscience research.
(Preprint available on https://www.biorxiv.org/content/early/2017/12/16/234211 as ”Ultrasonic
Neuromodulation Causes Widespread Cortical Activation via an Indirect Auditory Mechanism” by Sato et
al. along with a companion paper https://www.biorxiv.org/content/early/2017/12/22/233189 ”Ultrasound
Produces Extensive Brain Activation via a Cochlear Pathway” by Guo et al.)
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LOCAL FIELD POTENTIALS RESPONSES TO ULTRASONIC NEUROMODULATION ON FREELY
MOVING MOUSE
Weibao Qiu1 , Guofeng Li1 , Hairong Zheng1
1. Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences, Shenzhen, China.
OBJECTIVES Ultrasound (US) brain stimulation has been demonstrated to be a promising approach for
noninvasive neuromodulation. However, traditional methods always demand animals to be under
anesthesia and body constraint to achieve stable operation with bulky US transducer, while those
demands would result in interference to the neural activity related to perception, cognition, and behavior.
Appling a miniature US stimulator on freely moving mouse will greatly benefit for obtaining credible
neural response from ultrasonic neuromodulation. This study investigates the local field potentials
(LFPs) responses to ultrasonic neuromodulation on freely moving mouse by using a customized
head-mounted US transducer.
METHODS Miniature head-mounted focused US transducers (PZT-4, 2MHz, 5mm, 0.49g), were
installed on the intact skulls (above the prefrontal cortex) of five C57BL/6 mice before stimulating
experiment. Stimuli signals are generated by a functional generator and amplified by a power amplifier,
and finally drive the transducer to achieve non-invasive neuromodulation. LFPs were acquired from the
hippocampus region with microelectrodes. Power spectral densities (PSD) of the LFPs were used to
quantitatively evaluate the ultrasonic neuromodulation effects on five mice in anesthetized and freely
moving states, respectively.
RESULTS Figure (a) shows a mouse under ultrasonic neuromodulation by a head-mounted US
stimulator. (b) shows four typical LFPs waveforms at different states. (c) illustrates that US stimuli can
not only increase PSD in delta band (1-4 Hz), but also significantly evoke LFPs responses at the
frequency higher than 6.5 Hz for the awake mice. (d) illustrates that US stimuli can increase PSD in delta
band, but not at frequencies higher than 6.5 Hz for anesthetized mice. Consistently, LFPs in the 4-6.5 Hz
band can be suppressed by US stimuli, no matter for anesthetized or awake mice. This study first time
illustrates the different LFPs responses evoked by ultrasonic neuromodulation on mice in freely moving
and anesthesia states, and emphasizes the significance of ultrasonic neuromodulation on conscious
rodents. The proposed head-mounted US device could potentially promote the development of ultrasonic
neuromodulation to more extensive neuroscience studies.
CONCLUSIONS This study first time illustrates the different LFPs responses evoked by ultrasonic
neuromodulation on mice in freely moving and anesthesia states, and emphasizes the significance of
ultrasonic neuromodulation on conscious rodents. The proposed head-mounted US device could
potentially promote the development of ultrasonic neuromodulation to more extensive neuroscience
studies.
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SELF-OSCILLATING BUBBLE FROM MICRO-ELECTRODE FOR CELL DETACHMENT
Fenfang Li1 , Georgy Sankin1
1. Mechanical Engineering and Materials Science, Duke University, Durham, North Carolina, United
States.
OBJECTIVES High-voltage electric discharge is an effective tool in lithotripsy for stone fragmentation
and plasma-induced water purification (1, 2). However, not much is known about the bioeffects of electric
discharge when reducing the voltage and electrode diameter. Recently, heterogeneous jet boiling (3) and
oscillate boiling (4) have been reported with laser optic fiber tip blackened or metal-coated surface
illuminated by focused continuous wave (CW) laser when submerged in liquid, which could be used for
liquid boiling in the biomedical application such as modification and removal of pathological tissues.
HIFU-induced boiling histotripsy is an alternative approach to fractionate tissue (5), yet lacking a full
understanding. Besides optical and acoustic methods, electric micro-discharge may offer a new
approach for histotripsy with reduced cost and miniaturization.
METHODS Micron-sized electrode pin with a diameter of 50-300 µm is embedded in epoxy and
submerged in water solution (0.1%-5%NaCl). Auto-cyclic bubble oscillations are induced with direct
current (DC) power input at 100 - 500 V and resolved with high-speed imaging. For comparison, an AC
power supply around 100-500 V with a function generator and RF amplifier is applied to the
microelectrode of 2-6 Fr (0.66-2 mm) incorporated in flexible fibers (Lithotech probe). Electric
micro-discharge is used to study bioeffects in a monolayer of HeLa cells in 96-well plate, see Fig.1.
RESULTS With DC power input at 100 - 500 V, the frequency of the bubble oscillations at the electrode
tip is found in the range of 10 to 20 kHz, to be dependent on both the supplied voltage and salt
concentration. We further demonstrated that with high-frequency AC power supply of several MHz,
electrolytic gas bubbles can be suppressed. The micro-sized electrode can also be incorporated into
flexible fibers such as the Lithotech probe. Figure 2 shows the recorded bubble dynamics, which reveals
bubble oscillation with a frequency around 18 KHz. The oscillating bubble can detach cell monolayer in a
96-well plate, see Fig.3. Cells surrounding the detachment region are stained with trypan blue, indicating
cell death.
CONCLUSIONS We demonstrated that with the radio-frequency AC power supply of several MHz,
electrolytic gas production during electric discharge can be significantly suppressed. The AC power
supply also offers flexibility to control the bubble dynamics with variable amplitude, duty cycles, and pulse
repetition rate. The cell detachment observed after exposure of HeLa cells to self-oscillating bubble is
associated with the micro-streaming and may be a promising tool for histotripsy. The micro-sized
electrode can also be incorporated into flexible fibers that can be targeted in vivo for localized biological
liquid boiling, e.g., to destroy pathological tissues with mechanical stress while avoiding undesired
heat-induced damage in adjacent tissues.
References
1. Zhong P (2013) Shock Wave Lithotripsy. Bubble Dynamics and Shock Waves, Shock Wave Science
and Technology Reference Library, ed Delale CF (Springer Berlin Heidelberg), Vol 8, pp 291-338.
2. Uehara S, Ishihata K, & Nishiyama H (2016) Development of a capillary plasma pump with vapour
bubble for water purification: experimental and theoretical investigation. Journal of Physics D-Applied
Physics 49(40).
3. Chudnovskii VM, et al. (2017) Laser-induced boiling of biological liquids in medical technologies.
Quantum Electronics 47(4):361-370.
4. Li FF, Gonzalez-Avila SR, Nguyen DM, & Ohl CD (2017) Oscillate boiling from microheaters. Physical
Review Fluids 2(1).
5. Khokhlova TD, et al. (2017) Dependence of Boiling Histotripsy Treatment Efficiency on Hifu
Frequencyand Focal Pressure Levels. Ultrasound in Medicine and Biology 43(9):1975-1985.

Schematic of experimental setup

(A) High-speed images (taken at 125,000 frames per second (fps)) of the first three periods of bubble
oscillation at 506 Volts AC for the probe size of 2 Fr; (B) Normalized dark area in the high-speed images
in (A); (C) the amplitude spectrum averaged over 80 ms; (D) The detailed amplitude spectrum in 0 to 80
ms time interval of the bubble from (A).

Bright field images of cell monolayer in 96-well plate before (left) and after treatment (middle) by
oscillating bubbles from microelectrode as shown in Fig. 2 with a distance of 1mm from the cell
monolayer. The applied voltage is 506 Volts AC, with 1MHz driving frequency and 100 ms duration on 2
Fr electrode. Cells around the detachment region are stained with trypan blue (right).
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DEVELOPMENT OF A SELF-FOCUSING MULTI-SPARK SHOCK WAVE GENERATOR FOR
LITHOTRIPSY
Zheng Fang1 , Mingda Xiao1 , Georgy Sankin1 , Pei Zhong1
1. Mechanical Engineering and Materials Science, Duke University, Durham, North Carolina, United
States.
OBJECTIVES Non-invasive extracorporeal shock wave lithotripsy (ESWL) has been widely used to treat
kidney stone disease. A self-focusing multi-spark shock wave generator (SFMS) is developed to provide
flexibility in controlling the beam size and shape in an electrohydraulic (EH) shock wave lithotripter. Such
a device will allow us to better distribute the shock wave energy to match the anatomic features of the
urinary collecting system or respiration movement of the stone to improve stone fragmentation efficiency
while reducing tissue injury. In this study, we present the design of the SFMS, fabrication, and evaluation
of multi-pin titanium electrodes by 3D printing, and acoustic field characterization based on hydrophone
measurements. The effect of pin number on pressure output and electrode degradation is evaluated in
order to produce a consistent pressure waveform with increased electrode lifespan.
METHODS Experiments were conducted using two transducer configurations: case 1 – with all
electrodes connected (i.e., 4050 pins), and case 2 - with electrodes on the two side sections
disconnected (i.e., 2970), as shown in Figure 1b. A fiber optic probe hydrophone (FOPH-500, RP
Acoustics, Leutenbach, Germany) was mounted on a 3D computer controlled translational stage (VXM-2
step motors with BiSlide-M02 lead screw, Velmex, Bloomfield, NY) to perform acoustic field
characterization.
To assess the effect of multi-pin design on electrode damage and output pressure variations, transducer
lifespan experiments were performed. Specifically, individual transducers used in the SFMS, but with
different pin numbers (1, 10, and 45) were fired up to 2000 shocks. Furthermore, we plan to assess
stone fragmentation and cavitation dynamics produced by the SFMS in comparison with conventional
shock wave lithotripters.
RESULTS The FOPH measurement results show that in case 1, the SFMS can produce a peak positive
pressure of 17.7±0.9 MPa at an input electric pulse energy of 338 J, which increases to 40.4±0.7 MPa
at an input electric pulse energy of 600 J (Figure 2). In comparison, at input electric energy of 338 J, the
SFMS generates an axisymmetric focal zone in case 1 with the -6 dB focal width of 16 mm. In case 2,
the focal zone becomes non-axisymmetric with the -6 dB focal width elongated to 28 mm in the
side-section direction, while in the perpendicular direction the -6 dB focal width remains the same. In
addition, the pressure output drops only by 2% over 2000 pulses, and lifespan of the transducer is
expected to exceed 6000 pulses (pressure output drops within 10%).
CONCLUSIONS We have demonstrated that the SFMS can generate an elongated non-axisymmetric
focal zone, with significantly increased electrode lifespan. The SFMS shock wave generator may provide
us a flexible and versatile design to achieve accurate, stable and safe lithotripsy for kidney stone
treatment.

Figure 1. (a) Enlarged photo of transducers with 45 3D-printed titanium electrode pins;
(b) front view of the SFMS with two side sections in red shaded areas disconnected, leading to a focal
zone elongation in the dotted line direction with arrows.

Figure 2. Pressure waveforms measured at focal point in case 1 when the input electrical pulse energy is
(a) 338 J; and (b) 600 J.

Figure 3. Peak pressure distribution along x-axis in case 1 (dotted green line), and in case 2 along x-axis
(blue line) and along y-axis (red line).

Figure 4. (Center) Pressure amplitude variations over 2000 pulses for 1-, 10-, and 45-pin transducer
configurations with an input electrical energy of 4.5 J.
(Side) 10⇥ macro photo of electrode pin tip with surrounding epoxy condition at 0, and 2000 pulses for
10-, and 45-pin transducers, and after 200 pulses for 1-pin transducers.
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TOWARDS INTEGRATING ROBOTICS FOR COMBINED FOCUSED ULTRASOUND AND RADIATION
THERAPY INTO THE TREATMENT PROCESS
Johann Berger1 , Michael Unger1 , Lisa Landgraf1 , Damian McLeod2 , Thomas Neumuth1 , Andreas
Melzer1
1. Innovation Center Computer Assisted Surgery (ICCAS), Leipzig, Germany.
2. National Center for Radiation Research in Oncology (OncoRay), Dresden, Germany.
OBJECTIVES Radiation therapy is one of the methods to treat tumors in non-operable regions or to
assist other treatments like chemotherapy, despite its negative consequences for the patient, like skin
burns and increased risk of developing other malignant diseases. Wust et. al. showed that the exposition
of tumor cells to temperatures up to 43 C (hyperthermia) has a sensitizing effect to radiation. Hence, a
combined therapy of both modalities should improve treatment outcome by reducing high doses and side
effects. Using MR guided focused ultrasound (FUS) to generate quantifiable hyperthermia with high
precision may prove to be the optimal method to combine hyperthermia and radiation in one treatment.
Compared to other heating modalities, its noninvasive nature and ability to only heat up specific regions
in the patient provide better outcome and flexibility. Depending on the region however, positioning the
ultrasound transducer can be challenging. Flexible robotic arms provide the means to place tools in
regions that are difficult to reach. Their versatility allows them to be used in a wide range of various
treatments like FUS and radiation therapy. Furthermore, the high precision and grade of reproducibility
may enable the oncologist to perform effective treatments and alleviate repetitive and tiring procedures.
However, high interaction complexity often impedes user acceptance as well as a tradeoff between
usability and outcome. To overcome this problem, new integration concepts for robotic positioning of
FUS into the clinical infrastructure, as well as concepts for the device interaction and the treatment
workflow are needed. The aim of this work is to introduce novel ideas for the combined radiation-FUS
treatment (FUS-RT) and to propose concepts for an effective realization.
METHODS Integration Concept:
As the time between sonication and radiation affects treatment efficacy, the robotic workflow needs to be
integrated into the radiation room. To be able to switch between radiation and FUS, the system must be
attached to the patient table and co-registered with the computed tomography (CT) data of the radiation
device. The integration concept is depicted in Fig. 1.
The system consists of two robots for US imaging and FUS, respectively. US thermometry provides
robust measurements for hyperthermia (< 50 C) and can therefore be used to control the temperature
during the treatment. Establishing communication interfaces enables the coordination of the two robots
with each other and the radiation devices. An operating space is assigned to each robot to avoid path
crossing and increase safety.
Interaction Concept:
Recent approaches provide many interaction possibilities for different robots. Collaborative robotics
provides the means to reduce complexity and increase user experience. In case of the combined
radiation-FUS treatment the KUKA LBR MED robot shall be utilized. The interaction concept is shown in
Figure 2.
The interaction involves three components: (1) the KUKA robot, (2) a CPU handling all calculations and
(3) a visualization component for patient and planning data. Utilizing force sensors, two main control
modes will be implemented. Firstly, the definition of several touch gestures allows for interacting directly
with specific areas of the robot arm. Depending on where the user invokes a specific touch force on the
robots surface, different tasks will be recognized and performed, including steering to home and target
positions and switching between the two control modes. Secondly a hand-guiding mode allows the user
to steer the robot manually with a handle at the end effector. Doing so, the systems main functionality
can be operated relinquishing complex user interfaces and without the need to move between patient
and planning console.
RESULTS First steps were made by implementing a framework for the vendor-independent

communication of the robotic arm using the open surgical communication protocol (OSCP). A service
oriented mobile platform was developed to evaluate the proposed concepts in a clinical environment. A
first study investigating the targeting accuracy was performed. The mean positioning error is 2.93 mm.
CONCLUSIONS Our approach for the interaction and integration of a dual robotic arm system for a
combined therapy using focused ultrasound induced hyperthermia and radiation is technically feasible.
The usability and user acceptance of interacting with the robotic system using touch control will be
investigated to further improve this approach and define a set of best usable touch gestures.

Fig. 1: Schematic of the integration concept. The central robotic arm moves the patient from the CT
scanner (left) to FUS treatment unit (middle) after image acquisition and procedure planning. Following
the FUS induced hyperthermia treatment, the patient is moved to radiation unit (right).

Fig. 2: Conceptual diagram of the interactions involving (1) the KUKA robot, (2) a CPU and (3) a
visualization component.
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ADVANCED MRGFUS PROSTATE THERAPY PLANNING AND GUIDANCE
Jürgen W. Jenne2,1 , Christian Rieder2 , Sven Rothlübbers1,2 , Lennart Tautz2 , Jan Hendrik Moltz2 , Alba
Marina Malavé1 , Gilad Halevy3 , Shlomi Rudich3 , Caroline von Dresky2 , Johannes Heitz1 , Stefan
Hoffmann1 , Johannes Gregori1 , Yeruham Shapira3 , Matthias Günther2,1 , Tobias Preusser2,4
1. Mediri GmbH, Heidelberg, Germany.
2. Fraunhofer MEVIS, Bremen, Germany.
3. INSIGHTEC, Tirat Carmel, Israel.
4. Jacobs University, Bremen, Germany.
OBJECTIVES There is an increasing clinical interest in MR guided ultrasound ablation therapy
(MRgFUS) for prostate cancer. With a rising number of small prostate tumors detected at an early state
the need for a localized, minimally invasive and high precision therapy increases. For such cases a
non-invasive method like therapeutic ultrasound for tissue ablation under MR guidance should be ideal.
However, for a broad clinical acceptance the MRgFUS therapy procedure has to be simple, fast and
cheap. To achieve this, the FUS-therapy needs to be supported by tailored software tools for automating
workflow, planning, guidance and follow up.
The aim of the presented work was to analyze the MRgFUS therapy workflow and to develop software
tools to improve MRgFUS therapy of prostate cancer.
METHODS MR-imaging and image guidance in different prostate MRgFUS procedures were thoroughly
analyzed and supporting software tools were specified. Advanced software for therapy planning,
including automated and interactive segmentation based on machine-learning algorithms, 2D and 3D
image viewer were developed. Moreover, a quasi-real time prostate tracking software module working on
MR-thermometry images was implemented to detect prostate motion and deformation during therapy. In
addition, an automated quality assurance (AQUA) software module to control imaging protocols and
parameters was established. These tools were integrated in a software demonstrator, called “Prostate
Therapy Planning Station” (PTPS). The software is based on MeVisLab (Medical image processing and
visualization tool, MeVis Medical Solutions, Bremen) with several additionally implemented C++ modules
for the image processing tasks.
RESULTS The 2D and 3D viewers of PTPS allow a detailed visualization of the MR-images along with
segmented structures and organs displayed as opaque overlay or mesh. A fully automated segmentation
of the bladder, the catheterized urethra, the rectal wall and the adjacent cooling balloon was possible.
The prostate capsule can be segmented interactively with the augmented support of machine learning
algorithm. In addition, PTPS enabled the manual segmentation of the neurovascular bundle, a major
organ at risk for PCa-therapy. For the motion and deformation tracking the software generates an internal
model based on the segmented prostate capsule and tracks it within 0.5 to 1 second for two consecutive
image sets. The AQUA tool warns the therapist in case of unwanted change of imaging parameters,
protocols, non-matching actual and reference images and prostate motion exceeding a pre-defined level.
In the next step, the PTPS system will be evaluated by users in a retrospective approach.
CONCLUSIONS Advanced image processing software for therapy planning, demonstrated in PTPS,
may simplify, speed up and improve the precision of prostate MRgFUS. The prostate motion/deformation
detection tool and the automated quality assurance could improve the safety of the procedure. Moreover,
a combination with advanced therapy workflow software, demonstrated in [1], supporting the
management of the local disease form diagnostic imaging with multimodal MRI, to therapy, to follow up
will further increase the confidence in this kind of therapy.
Literature:
[1] van Straaten, et al. A Software tool for advanced MRgFUS prostate therapy panning and follow up,
ISTU 2014
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INVESTIGATION OF FALLACIES IN FOCUSED ULTRASOUND TRANSDUCER ACOUSTIC
MODELING
Hazael Montanaro2,1 , Cristina Pasquinelli3 , Esra Neufeld1 , Hyunjoo Lee4 , Lars Hanson3 , Niels Kuster1,2 ,
Axel Thielscher3,5
1. ITIS, Zurich, Switzerland.
2. ETH Zurich, Zurich, Switzerland.
3. Technical University of Denmark, Kgs. Lyngby, Denmark.
4. KAIST, Daejeon, Korea (the Republic of).
5. Danish Research Center for Magnetic Resonance, Hvidovre, Denmark.
OBJECTIVES When simulating therapeutic applications of focused ultrasound (FUS), the transducer is
typically modelled by constructing the transducer surface geometry and imposing a pressure boundary
condition (e.g., when employing an acoustic pressure wave solver) or a velocity boundary condition (e.g.,
in combination with an elastic wave solver). However, during experimental validation of transcranial FUS
modeling, dramatic deviations between simulated and measured pressure distributions (focus location,
focus shape, side-foci) that were shown to originate from transducer modeling were observed. Here we
report the results of a systematic study performed to identify and investigate the impact of factors to be
considered to obtain realistic models of acoustic exposure by FUS.
METHODS Acoustic pressure fields generated by curved single-element focused transducers (0.5 MHz)
in the presence and absence of skull obstacles (pig, sheep, and lamb; characterized by computed
tomography (CT) and precisely positioned) were measured with a 3D-scannable, calibrated hydrophone
and compared to acoustic simulations of corresponding setup models. The source was initially modeled
as a pressure boundary condition imposed on the transducer surface, which was shaped according to
the manufacturer specifications. Subsequently, the model was adapted to reflect the actually measured
transducer geometry, which was found to deviate significantly from the specifications. Instead of
assuming that the pressure wave originates from the transducer surface, we modeled the internal
structure of the transducer, which features a planar piezoelectric disk below a shaped matching material.
Uncertainties about the internal transducer geometry (primarily the depth of piezo-disk) and material
properties (speed-of-sound, attenuation, density of the matching material) were considered, and an
aperture function was introduced and varied to account for the mechanical impact of the transducer wall
or for mechanical vibration modes.
RESULTS The sensitivity of the pressure field to the above factors was investigated and, after careful
model adaptation, good agreement between the simulated and measured fields was obtained in the
absence of skulls. Focus location, shape, and the overall pressure distribution were also in agreement.
Particularly, the depth of the piezo element and the matching material speed-of-sound were found to
strongly affect the pressure distribution, while attenuation primarily impacts the overall intensity. The
aperture function influences the occurrence and exact shape of secondary foci.
Significant deviations are still observed in the presence of skulls and current work focuses on
establishing whether the deviations originate from transducer modeling or from the approach employed
to map CT data to acoustic property distributions. Literature reveals large uncertainty about the
relationship between CT Hounsfield units and acoustic properties, which is further exacerbated by the
lack of transferability between different CT scanners (and even more when going to MicroCT).
The lack of equivalence between pressure and velocity boundary conditions should also be taken into
consideration.
CONCLUSIONS Careful transducer modeling and experimental validation is crucial for reliable
simulation of FUS fields, and the current approaches commonly used are found to be unsuitable for
extended, curved, or complex transducers. An optimal, but highly demanding and typically infeasible,
approach would include complete mechanical modeling of the transducer with its housing and fixation.
However, a compromise combining 1) improved acoustic modeling of the transducer and its internal

structure with 2) aperture functions to account for the missing mechanical modeling can be acceptable.
Comprehensive uncertainty assessment should typically be performed along with computational
modeling.

Measurement setup and computational model

Illustrative measured and simulated pressure fields
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DESIGN AND SIMULATION OF TRANSDUCER ADAPTER FOR NON-HUMAN PRIMATES
NEUROMODULATION EXPERIMENT
Yixuan Huang1 , Marshal Anthony Phipps3 , Wolf Zinke4 , Charles Caskey2,3
1. Biomedical Engineering, Vanderbilt University, Nashville, Tennessee, United States.
2. Radiology and Radiological Sciences, Vanderbilt University Medical Center, Nashville, Tennessee,
United States.
3. Institute of Imaging Science, Vanderbilt University, Nashville, Tennessee, United States.
4. Psychology, Vanderbilt University, Nashville, Tennessee, United States.
OBJECTIVES Focused ultrasound neuromodulation is being explored to noninvasively modify neuronal
activity. In neuromodulation experiments, acoustic coupling of an ultrasound transducer and targeted
brain tissue of a research animal can confound experimental design due to the presence of the skull or
limited acoustic craniotomy window. An adapter design that both provides effective coupling and is easy
to incorporate in an existing experimental setup is desirable, but an accurate characterization of the
transducer combined with adapter is required. Simulation of the pressure field generated by the adapted
transducer can accelerate the characterization process. In this study, we designed an adapter cone for a
single element transducer, simulated its pressure output with the adapter cone, 3D-printed the adapter,
and characterized the simulated and experimental ultrasound beams. Our adapter design fits well into
standard recording chambers commonly used for primate electrophysiological studies and allows for a
robust and easy handling for precisely targeting the same location in the brain across sessions.
Moreover, pseudo spectral time simulation of the transducer with adapter matched qualitatively with high
enough accuracy to guide design decisions.
METHODS To focus an ultrasound beam at a specific location in the brain of non-human primates, we
designed a cone-shaped adapter that can be used in combination with standard recording chambers
(Figure 1). The design allows for modifying the output pressure field and shifting the position of the
focus. The adapter cone was designed in SolidWorks and 3D-printed by a ProJet 3500 HD Max printer
using M3 Crystal. The cone was filled with 1% agar to couple the transducer to the target brain tissue via
a craniotomy with standard recording chamber (Crist Instrument Co., Inc.).
The 500 kHz single-element transducer with a diameter of 3.20 cm and radius of curvature of 2.54 cm
was characterized by beam mapping with a 3D motor stage (Image Guided Therapy) and needle
hydrophone (ONDA HNC-0400; grid size of 30mm x 40mm with 1 mm step). Pairing with the beam map,
time-domain simulation of the ultrasound field was also performed with k-Wave toolbox (voxels 0.1 mm
isometric) [1]. The geometry of the transducer was simplified to a piezo layer, which was depicted by a
single pixel curve of sources emitting a 51-cycle pulse (radius of curvature of 2.54 cm).
Similar to the characterization of the transducer, beam-mapping and simulation were performed on a
single-element transducer with the adapter connected, and the spatial maps of the RMS pressure were
measured. The adapter geometry was approximated by drawing its 2D axial shape in ImageJ and
included in k-Wave simulation by placing measured values of density (1190.9 kg/m3 ) and speed of sound
(2400 m/s) for the 3D printed material along with the simplified piezo layer model.
RESULTS The simulated and measured beam maps of the transducer had comparable full-width at
90% maximum in the lateral direction (0.47 mm vs. 0.30 mm) considering spatial blurring that will occur
with the hydrophone, while the measured axial FW90M was longer than in simulations (1.15 mm vs. 0.66
mm). Simulations and beam maps of the transducer revealed focal maxima 18 mm away from the
transducer surface (Figure 2). Simulations of the transducer-adapter combination both demonstrate a
high beam intensity at the opening of the adapter cone followed by three smaller foci with a lower
intensity. The secondary foci are qualitatively similar between simulation and measurements but the
measured local maximum is ⇠3 mm deeper than simulated (Figure 3). The adapter design tightly fits into
standard recording chambers, and therefore it is possible to identify the location of the beam focus for
the individual animal by using MRI data that visualized the recording chamber (filled with gadolinium
doped saline). The beam map can directly be overlaid on the NHP brain to identify the stimulated

location (Figure 4).
CONCLUSIONS Our adapter design is effective and convenient for use in neuromodulation experiments
with macaque monkeys (M. radiata). Overall, simulation of the single element transducer was
demonstrated to be accurate, while simulations of transducer combined with adapter cone were
qualitatively similar to hydrophone measurements but had quantitative discrepancies that may be the
result of inaccurate modeling of material properties, discretization of the physical space for simulation, or
characteristics of hydrophone detection (i.e. angular sensitivity and blurring). We are continuing to
looking for potential ways to improve the simulation of a transducer-adapter combination.
References:
1. Treeby, Bradley E., and Benjamin T. Cox. ”k-Wave: MATLAB toolbox for the simulation and
reconstruction of photoacoustic wave fields.” Journal of biomedical optics 15.2 (2010): 021314.
The authors acknowledge NIH Grant R01MH111877.

Figure 1. Drawings of the adapter cone.

Figure 2. Comparison of simulation & beam map of pressure fields generated by single element
transducer. The upper left panel shows the simulated pressure field and the upper right panel shows the

measured pressure field. The lower left and lower right panels show the comparison between the lateral
and axial profiles of simulated and measured pressure field. They both reveal focal maxima at 18 mm
away from the transducer surface. The figures indicate that both simulation and measurement reveal
focal maxima at 18 mm away from the transducer surface with comparable lateral and axial profiles.

Figure 3. Comparison of simulation & beam map of pressure fields generated by single element
transducer with adapter cone. The simulated secondary maximum is 3mm closer to the transducer than
experimentally measured. The upper left panel shows the simulated pressure field and the upper right
panel shows the measured of the pressure field. The lower left and lower right panels show the
comparison between the lateral and axial profiles of simulated and measured pressure field. The figures
indicate that the simulation and measurement show qualitatively similar pressure fields, as they both
reveal high beam intensity at the cone opening followed by three foci with lower intensity.

Figure 4. Beam map overlaid on MR image of NHP brain overlaid with craniotomy chamber.
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NONINVASIVE ULTRASONIC METHOD FOR SIMULTANEOUS MEASUREMENT OF THICKNESS
AND SPEED OF SOUND IN SOLIDS
Robert Andrew Drainville1 , Laura Curiel2 , Frederic PADILLA4,5 , Cyril Lafon6,7 , Samuel Pichardo3,8
1. Physics, Lakehead University, Thunder Bay, Ontario, Canada.
2. Dept of Electrical and Computer Engineering/Centre for Bioengineering Research and Education,
University of Calgary, Calgary, Alberta, Canada.
3. Radiology, University of Calgary, Calgary, Alberta, Canada.
4. Université Lyon, Lyon, France.
5. Radiation Oncology, University of Virginia School of Medicine & Focused Ultrasound Foundation,
Charlottesville, Virginia, United States.
6. LabTAU, INSERM, Lyon, France.
7. Radiation Oncology, University of Virginia, Charlottesville, Virginia, United States.
8. Hotchkiss Brain Institute, University of Calgary, Calgary, Alberta, Canada.
OBJECTIVES Precise knowledge of the acoustic properties of the skull is critical to ensure correct
focusing of ultrasound for non-invasive transcranial therapies. In this study, we detail a non-invasive
method for simultaneously determining the thickness and the speed of sound in solids such as the skull
using exclusively echo signals.
METHODS The method was derived from previous work by Wydra et al. (Phys. Med. Biol., vol. 58, no.
4, pp. 1083–1102, 2013) as illustrated in Figure 1. A material sample, with speed of sound c1 and
thickness d, is submerged in a medium with a speed of sound c0 . An ultrasonic transducer, with focal
length f0 and focusing angle a, is placed some distance away from the material sample. After emitting an
ultrasonic pulse, the transducer detects two echo signals – a first echo from the front surface, and a
second from the back surface – separated by a time delay of Dt. This time delay is related to the speed of
sound in the sample and its thickness according to Dt=2d/c1 .
The maximum intensity of the first echo will be at a maximum when the distance between the transducer
and the front surface of the sample is equal to the transducer focal length. The peak intensity of the
second echo will be at a maximum when the refracted waves within the material are brought to a focus
on the back surface. The difference in transducer position between these two locations is referred to as
Dx. In this method, the transducer is moved incrementally towards the sample, emitting a short ultrasonic
pulse and detecting the received echoes at each position. The locations at which the maximum intensity
occurs is determined for the first and second echoes, which are then used to determine the value of Dx.
Using this value of Dx, along with Dt, a, and c0 , we can determine the speed of sound in the sample as:
c1 2 =(2Dx(Dx2 sin4 a+c0 t2 2 cos2 a).5 - 2Dx2 sin2 a)/(Dt2 cos2 a)
This value of c1 can then be used to determine the thickness of the sample, using the relation d= 0.5c1 Dt.
This method was validated using a series of measurements performed at normal incidence on several
plates of different plastic materials using a narrow-band transducer with a central frequency of 1.11MHz
and 50mm focal length. The different plates are made of acrylic, high-density polyethylene (HDPE), or
polycarbonate with a length of 25cm and a width of 6cm. All of those materials exhibit a longitudinal
speed of sound faster than water, and close to the longitudinal speed of sound in the skull. The
transducer and plastic plates were submerged in a tank of water, with a translational system controlling
the position of the material plate, in 0.7mm steps, with the distance from the transducer to front surface
ranging from ⇠35mm to 53mm. The plastic plates were used due to their well-known acoustic properties,
having been experimentally determined (Phys. Med. Biol., vol. 62, no. 17, p. 6938, 2017.).
Numerical finite-difference time-domain simulations (Phys. Med. Biol., vol. 62, no. 17, p. 6938, 2017.)
were executed prior to experimental measurements. Simulation results of echo-detection were used to
identify ideal experimental conditions for proper characterization and minimizing error that may arise
from signal interference.
RESULTS The estimated (resp. reference value found in the literature) speed of sound in the samples of
acrylic, HDPE, and polycarbonate was found to be 2065 (2848) m/s, 1946 (2557) m/s, and 2015 (2200)

m/s, respectively. The estimated (measured) thickness of those samples was found to be 5.65 (5.71)
mm, 6.20 (6.28) mm, and 7.18 (6.28) mm, respectively.
For the calculation of Dt values, simulation results indicated that the most precise calculations are
obtained when the transducer is close to the plates (i.e., transducer distance less than focal length).
Based on these indicators, experimental values of Dt were selected from trials where the transducer
distance was between 35 and 45mm, and the final value was determined from an average of those
values.
Experimental results indicated, as numerical simulations predicted, that the duration of the transducer
resonance leads to overlap and interference between the first and second echo signals, which leads to
difficulty in isolating the distinct signals to determine Dt and Dx. These factors could be addressed with
the use of a higher-frequency broadband transducer emitting a signal pulse shorter than Dt. Overall,
these results indicate that the method is capable of determining the material properties relevant to
focused ultrasound treatment planning.
CONCLUSIONS The results of this study suggest that this ultrasound echo method can be used to
characterize the properties of human skulls as part of transcranial ultrasound treatment planning to
correct for uncertainties in the speed of sound at different locations of the skull. These results are
relevant for a better design of therapeutic applications.

Figure 1. Experimental arrangements showing a transducer (with focal length f0 ) focusing waves onto the
front and back surfaces of the material sample of width d. Positions (1) and (2) indicates the transducer
positions at which the waves are focused on the front and back surface, respectively. The material with
speed of sound c1 is submerged in medium with speed of sound c0. a denotes the focusing angle, and
Dx denotes the distance between points (1) and (2).
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EXPERIMENTAL VALIDATION OF A RAPID ACOUSTIC AND THERMAL MODELING TECHNIQUE
FOR FUS ABLATIONS
Sara L Johnson1 , Christopher R Dillon2 , Allison Payne2 , Douglas Christensen3
1. Bioengineering, University of Utah, Salt Lake City, Utah, United States.
2. Radiololgy, University of Utah, Salt Lake City, Utah, United States.
3. Electrical and Computer Engineering, University of Utah, Salt Lake City, Utah, United States.
OBJECTIVES Acoustic and thermal simulations enable patient-specific planning of focused ultrasound
(FUS) treatments by predicting temperature elevation in targeted tissues. Treatment planning in a clinical
setting requires fast acoustic beam modeling and appropriate patient-specific tissue properties. The
objective of this study is to validate a fast FUS simulation method by comparison with experimentally
acquired MR temperature imaging (MRTI) in fully-characterized homogenous phantoms. A secondary
objective of this study is to quantify uncertainty in simulation outcomes given uncertainties of input
parameters.
METHODS Homogeneous gelatin-based tissue mimicking phantoms were constructed as described
previously (1) with four concentrations of milk (10%, 30%, 50%, and 70% milk) to vary phantom acoustic
properties (2). MR-guided FUS sonications (Siemens 3T Prisma; 256-element phased-array transducer,
f = 940 kHz, Image Guided Therapy) were performed in each phantom type (n = 3) at two acoustic
powers: 6.3 and 7.9 W. FUS power was optically triggered after the first MRTI acquisition (3D segmented
EPI, Tacq = 3.36 s, 1 x1 x3 mm, TR/TE = 28/12 ms) and remained on for 18.16 s. Experimental data
were zero-fill interpolated to 0.5 mm isotropic, then averaged over three trials. For simulations, acoustic
power and all phantom properties were measured using independent methods (Table 1). Hybrid Angular
Spectrum (HAS) (3) and Pennes Bioheat Equation (PBHE) simulations of the sonications were
performed in a 0.25 mm-isotropic model with a 16.2 x 8.6 x 2 cm FOV and a time step of 0.08 s. For
comparison to 3D experimental profiles, simulated profiles were spatially down-sampled to 0.5 mm
isotropic and temporally averaged over the MRTI acquisition time. A Monte Carlo (MC) uncertainty
analysis of the simulation method was performed by randomly sampling the normal distribution of each
input parameter (µ = mean measured value, s = uncertainty of measurement) for 71 iterations. The
uncertainty in the simulation output, Y, was calculated as U = 100*sY /Ÿ , where sY and Ÿ are the
standard deviation and mean of the MC iterations.
RESULTS Average computation times for the HAS and PBHE simulations were 32.1 and 35.3 s,
respectively; resulting in a total average simulation time of 67.4 s. Simulated FUS temperature profiles
were assessed for accuracy using three metrics: 1) spatio-temporal peak temperature rise (Tpeak ) and
temporal peak full-width half-max in the 2) transverse and 3) longitudinal directions (FWHMtr and
FWHMln ). Simulated (dotted) and experimental (solid) Tpeak values are plotted in Figure 1. When
averaging across power levels (6.3 and 7.9 W) and all phantom types (10, 30, 50, and 70% milk), the
Tpeak was overestimated in the simulations by 11.3 ± 8.0% (0.50 ± 0.18 C). However, when omitting the
10% phantoms for poor SNR (SNR10% = 11 vs. SNRavg = 29), the error mean and standard deviation
decreased to 7.1 ± 2.1%. The simulated FHWMtr was narrower than experiments by 1.2 ± 1.8%, but the
FWHMln was broader by 9.7 ± 3.2% on average. The error in profile shape can be visualized in Figure 2,
which shows representative simulated (blue, dotted) and experimental (black, solid) spatial-peak
temperature profiles at various time-points. When accounting for the uncertainty in the measured
phantom properties by performing the MC analysis (n=71), the average uncertainty in Tpeak for all
sonications was ±14.6%. Uncertainties in FWHMtr and FHWMln were ±1.3% and ±2.7%, respectively.
In Figure 3, the shaded region of the temporal temperature profiles represents +/- one standard deviation
(sY ) of the peak temperature profiles output by the MC analysis. The experimental temperature curve
(black, solid) falls within the model uncertainty except in the 10% phantoms.
CONCLUSIONS In this study, a fast 3D simulation method for FUS ablations was validated against
experimental sonications in a well-controlled and characterized phantom. The tissue property

uncertainties used are similar to the variability in literature values; therefore the reported uncertainty of
this study is comparable to expected uncertainty of clinical treatment planning. Over-estimation of the
peak temperature may be attributed to assumptions: 1) that acoustic scattering in the phantom is
negligible, and 2) that the water-proton shift coefficient of the phantom is -0.01 ppm/ C when calculating
the PRF temperature change. Overall, this study demonstrates that the HAS method can quickly and
reasonably predict the temperature profile of FUS sonications, given known tissue properties. While this
study was performed in homogeneous phantoms, the HAS algorithm has comparable computation times
for heterogeneous models (3).
1. Farrer AI, et al. J. Ther Ultrasound. 2015; 3(1): pg 9.
2. Johnson SL., et al. Int J Hyperth. 2016; 32(7): pg 723-34.
3. Vyas U. IEEE Trans Ultrason Ferroelectr Freq Control. 2012; 59(6): ph 1093-100.

Figure 1. Average peak temperature rise achieved in the simulated (dashed, n = 1) and experimental
(solid, n = 3) temperature profiles, with experimental error bars representing one standard deviation.
Results are plotted as a function of milk concentration of the gelatin phantoms for both FUS sonication
powers: 6.3 W (blue, circles) and 7.9 W (red, triangles).

Figure 2. Transverse (top) and longitudinal (bottom) profiles of mean experimental (solid, black) and
simulated (dotted, blue) temperature data in 30% milk composition phantoms at 7.9 W. Depicted
transverse profiles are along the short-axis of the transducer face. Experimental and simulated profiles
are compared at multiple times points during heating (t = 3.04 and t = 9.76 s), at the time of experimental
peak temperature rise (t = 16.48 s), and during cooling (t = 23.20 s and t = 29.92 s). Simulated profile
resolution is down-sampled to 0.5 mm isotropic to match experimental spatial resolution.

Figure 3. Temporal temperature curves of the peak temperature voxel from experimental (black, solid)
and corresponding simulated (blue, dotted) temperatures for a) 10%, b) 30%, c) 50%, and d) 70% milk at
7.9 W sonications. Experimental error bars represent one standard deviation (n = 3). The shaded
envelope represents one standard deviation of the MC analysis. The black dotted lines represent the
high and low extremes of the MC analysis.
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TRANS-ABDOMINAL HIGH-INTENSITY FOCUSED ULTRASOUND TREATMENT PLANNING USING
A COUPLED BOUNDARY ELEMENT FORMULATION
Seyyed Reza Haqshenas1 , Pierre Gelat1 , Elwin van ‘t Wout2 , Timo Betcke3 , Nader Saffari1
1. Mechanical Engineering, University College London, London, United Kingdom.
2. School of Engineering, Pontificia Universidad Católica de Chile, Santiago, Chile.
3. Department of Mathematics, University College London, London, United Kingdom.
OBJECTIVES High Intensity Focused Ultrasound (HIFU) is a promising treatment modality for the
non-invasive ablation of pathological tissue in many organs, including the liver. Since many patients are
not suitable candidates for liver surgery, the possibility to transmit sufficient energy through the ribcage
and to ablate tissue in a non-invasive way would bear significant clinical impact. Optimal treatment
planning strategies based on high-performance computing numerical methods are expected to form a
vital component of a successful clinical outcome in which healthy tissue is preserved and accurate
focusing achieved by compensating for soft tissue inhomogeneity and the presence of ribs.
METHODS The Boundary Element Method (BEM) is an effective approach for computing
trans-abdominal HIFU fields because only the boundaries of the ribs and soft tissue regions require
discretization, as opposed to standard approaches which require the entire volume around the ribcage to
be meshed. Previously, computationally efficient BEM methods were developed for solving the problem
of scattering of a HIFU field by rigid and locally-reacting ribs [1-3]. We now present a new coupled
BEM-BEM formulation in which multiple soft-tissue and bone domains can be accounted for, and where
both ultrasound fields scattered by, and transmitted through these domains may be computed. This
formulation employs advanced preconditioning and matrix compression techniques which enable the
Helmholtz transmission problem to be solved in large domain sizes relative to the wavelengths involved.
The equations were implemented and solved using the open source library Bempp [4].
RESULTS The ultrasonic field, generated by a spherical section array transducer operating a frequency
of 1 MHz in the presence of a layer of abdominal fat, a human ribcage model and liver tissue, was
obtained. The speed and convergence rate of the numerical scheme and the accuracy of the solution
were investigated. Benchmarking against solutions to known problems was also carried out, thus
providing confidence in the results generated by the solver.
CONCLUSIONS A coupled BEM-BEM formulation was developed, implemented and validated using the
open source library Bempp [4]. This formulation was used to compute the trans-abdominal HIFU field in
the presence of multiple soft tissue and bone domains, whilst accounting for both the scattered and
transmitted fields. These results demonstrate the potential of this methodology towards fast and accurate
patient-specific HIFU treatment planning for tumors of the abdomen.
REFERENCES
[1] Gélat P., ter Haar G. and Saffari N, (2011). Modelling of the acoustic field of a multi-element HIFU
array scattered by human ribs Phys. Med. Biol. 56 5553-5581.
[2] van’t Wout, E., Gelat, P., Betcke, T., and Arridge, S. (2015). A fast boundary element method for the
scattering analysis of high-intensity focused ultrasound. Journal of the Acoustical Society of America,
138 (5), 2726-2737. doi:10.1121/1.4932166
[3] Betcke, T., van ’t Wout, E., & Gelat, P. (2017). Computationally efficient boundary element methods
for high-frequency Helmholtz problems in unbounded domains. In D. Lahaye, J. Tang, K. Vuik (Eds.),
Modern solvers for Helmholtz problems.
[4] https://bempp.com/
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THEORETICAL FRAMEWORK FOR QUANTITATIVELY ESTIMATING HARMONIC INTENSITY IN
FOCUSED ULTRASOUND FIELD USING INFRARED THERMOMETRY
Ying Yu1 , Guofeng Shen2
1. School of computer, Jiangxi University of Traditional Chinese Medicine, Nanchang, Jiangxi, China.
2. School of Biomedical Engineering, Shanghai Jiao Tong University, Shanghai, China.
OBJECTIVES Recently, infrared thermometry has been used to estimate acoustic intensity in the
focused ultrasound field with the assumption of single frequency or in the linear mode. At higher power
or in the therapy mode, nonlinear propagation effects will generate harmonics of the fundamental
frequency. In this paper, a theoretical framework of quantitative method was introduced to estimate
harmonic intensity in focused ultrasound field using infrared camera.
METHODS Fitting harmonic model is the first problem to the quantitative estimating. In the model, the
relationship of beam width and amplitude between fundamental and harmonic was determined. Based
on focused Gauss beam model and properties of Gauss’s distribution function, the beam width (R n ) of
the Nth harmonics can be obtained as R n = a/G (lnN 0 /2n)1/2 , and then the function of beam width
between harmonics and fundamental can be expressed asR n /R 1 = (1/n) 1/2 . The method using infrared
thermometry tread each point in sound field as independent one, and basing on the Gauss distribution
assumption, the intensity amplitude relationship between harmonics and fundamental was expressed as
In (x,y)/I1 (x,y) = exp[-a(nb -1)].
P
According the standing wave model, the heat deposition in the absorber is Q(r,z) = 4a(f n )
Iin (r )e(-2a(f n )D) [1-cos(2k n z)] , where D is the thickness of the absorber, kn is the wave number of nth
harmonic, a(f n ) is the absorption coefficient of the nth harmonic, and n means the nth harmonic.
Through the Hankel and Laplace transform, the function about temperature
P changing rate (TCR) on the
absorber/air and incident intensity can be expressed as @T1(x,y,z,t)/@t = [4a(f n )
H(rbn ,t)Iin (x,y )e(-2a(f n )D) /r0 C p ] , where H(rbn ,t) = (1-e(-4k1 kn2 t) )/(1+4k1 t/rbn 2 ).
By changing the thickness of absorber (D1, D2, D3), the equation set at same plane can be used to
estimate the intensity amplitude of fundamental and parameters for harmonics.
RESULTS In order to test the theory proposed in the paper, simulation of HIFU beam propagation were
performed by free software HIFU-Simulator with the parameters of the transducer and material listing in
the table 1. The heat deposition in the absorber was calculated by basing on the standing wave model,
and the simulation yielded a temperature distribution at the absorber/air interface analogous to surface
temperature data what would be collected by infrared camera. The comparisons of derived acoustic
intensities and simulated value were carried out at different location in the sound field and with sound
power of 50 and 100 W. The parameters of the locations were listed in table 2. In order to evaluate the
accuracy of the estimation, 5 indicators were used in this paper. The first P
one is P
PDTI (percentage
P
difference of total intensity on beam axis), and it is calculated as PDTI = ( EI n - SI n )/ SI n * 100%,
where EI n and SI n are intensity amplitude of harmonics from 1 to 128 that is maximum harmonic
considered in this paper. The second one is PDFI (percentage difference of fundamental intensity on
beam axis), and it is calculated as PDFI = (EI1 -SI1 )/SI1 *100% . The third one is PDBW (percentage
difference of -6 dB beam width of total intensity), and it is calculated as PDBW = (EBW -SBW )/SBW *100%.
And the last two indicators are SSE and R-square of each harmonic.
Table 3 and 4 listed the percentage difference between acoustic intensity derived from proposed
methods and theoretical simulation with sound power is 100 and 50 W, respectively. The thickness of the
absorber are 1,2 and 3 mm, and heating times are 40, 60, 80, 100 ms.
As shown in Figure 1 and data listed in table 3 and 4, the estimated intensity by proposed method are
closing to the theoretical value when the heating times are increased from 40 to 100 ms. The percentage
differences between the derived results and the simulation are < 20% for on-axis total intensity and <
10% for -6 dB beam width at heating times up to 100 ms in the focal region.
CONCLUSIONS The framework presented in this paper provides an easy, quick and reliable approach

to characterizing harmonic intensity in the focused ultrasound field at the high power mode.

Table 1 and 2

Table 3 and 4

Figure 1
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DETERMINATION OF ACOUSTIC PRESSURE AND MICRO-STREAMING IN AN ACOUSTOFLUIDIC
CHAMBER
Xiasheng Guo1 , Shilei Liu1 , Guangyao Xu1 , Zhengyang Ni1 , Dong Zhang1 , Juan Tu1
1. Institute of Acoustics, Nanjing University, Nanjing, China.
OBJECTIVES Striding of acoustofluidc applications brings up high demand in understanding how
movement of particles/cells could be precisely regulated. However, quantitative characterization of
microfluidic behaviour is challenging. It is not only due to the small cavity scale, but also because the
typical working frequency could be higher than ⇠10 MHz, and particle motion could be unexpectedly
disordered. Lacking of calibration then induces noticeable difference between device behaviours and
original designs. With such uncertainties, design and operation of acoustofluidic devices are usually in a
blind and inefficient way, and corresponding products are far away from large-scale industrial
deployment. It is hence essential to develop a quantitative evaluation technique capable of standardizing
such devices.
METHODS A theoretical acoustophoretic model was firt built, based on which the pressure amplitude of
acoustic standing waves in a microfluidic device driven by one-dimensional (1D) standing surface
acoustic waves (SSAWs) could be extracted from microscopic particle imaging velocimetry (micro-PIV)
observations. Based upon the measurement of acoustic pressure, the model was then modified to
determine both the streaming and pressure field in the acoustophoretic device. By observing motions of
different sized particles using micro-PIV, overdetermined fluid mechanics equations were solved, such
that the contributions from the pressure field as well as the streaming field were distinguished effectively.
Working frequencies of the IDTs were 13.45 MHz for wavelength l=300 mm. A 1cm⇥1cm block was
fabricated with PDMS on the lithium niobate (LiNbO3 ) wafer through standard soft-lithograph and
mould-replica procedures, in which a 2mm⇥2mm sized chamber was embedded. Fluorescent
polystyrene beads of different diameter were injected into the microchannel through a syringe pump. The
micro-PIV was composed of a dual-pulse laser, an inverted fluorescence microscope, a frame-straddling
camera, and a programmable timing unit. While the laser served as a fluorescent illuminating source of
the microscope, it was synchronized with the camera via PTU. Data analysis was achieved with a
commercial software Davis.
RESULTS Simulated kinetic energy of particles (Etot ) as a function of time t is presented in Fig. 1a for
driving acoustic pressure amplitude ranging from 134-245 kPa. With the time increasing, Etot was
observed to reach its maximum in a very short period, then decreased as all particles continued
approaching their neighbouring node areas. Measurement results of driving voltage V =25 to 50mV and
duty factor r =1 were then used to calculate the overall kinetic energy between two strips. Along the
timeline of each experiment, Etot values were normalized to their maxima, and results corresponding to
V =50mV is presented in Fig. 1b. As for the strip width, it was determined as the -6dB width of averaged
luminance profile in the x direction, which is shown in Fig. 1c. Based on Fig. 1d, a conclusion of
1/DT ⇠p0 2 could be perceived, while DT was the time period required for particle rearrangement, given
the fact that acoustic pressure p0 was proportional to voltage V. A linear fit of 1/DT ⇠V 2 then helped to
determine the electro-acoustic scaling factor z as 4.94⇥106 Pa/V. Experimentally applied p0 values were
hence determined, and are presented in the upper abscissa of Fig. 1d.
The streaming velocities determined from multi-diameter PIV measurements were found to be consistent
with those observed directly with 1-mm diameter particles, with a correlation coefficient of 0.80. For the
acoustic pressure, the corresponding correlation coefficient was found to be 0.96.
CONCLUSIONS A measurement technique is proposed to evaluate the acoustic pressure field as well
as the acoustic micro-streaming inside an SSAW actuated micro-chamber. This method is based on a
new-developed theoretical model and the application of micro-PIV technique. By identifying two
characteristic parameters, i.e., the period that particle rearrangement accomplished and the width of
eventually formed “particle strip”, in-channel acoustic pressure could be directly linked to the applied

electric voltage through an electro-acoustic scaling factor. Using the multi-diameters approach,
quantitative relationship between acoustic radiation force and acoustic streaming could be identified,
meanwhile particle motions in the microfluidic chambers could be accurately predicted.

Fig.1 (a) Simulated temporal evolvements of E tot at different pressure levels; (b) comparison between
theoretical, simulated and measured E tot as a function of time; (c) strategy of determining of strip width;
(d) calculating the electro-acoustic scaling factor z .
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RECEIVER ARRAY DESIGN FOR SONOTHROMBOLYSIS TREATMENT MONITORING IN DEEP
VEIN THROMBOSIS
Christopher Acconcia1,2 , Ryan M Jones1,2 , Kullervo Hynynen1,2
1. Sunnybrook Research Institute, Toronto, Ontario, Canada.
2. Medical Biophysics, University of Toronto, Toronto, Ontario, Canada.
OBJECTIVES Deep vein thrombosis (DVT) is characterized by thromboembolic occlusion of the veins,
typically of the lower extremities. The current treatment standard for DVT is anticoagulation therapy,
which does little to address long term morbidity compared to approaches directed at removing clots.
High intensity ultrasound can rapidly and non-invasively resolve clots by generating bubble clouds that
erode them. However, lack of appropriate methods for treatment monitoring is a limiting factor in its
widespread adoption.
Passive cavitation imaging is well suited for monitoring inertial cavitation based sonothrombolysis as it is
capable of high frame rate, volumetric imaging, the combination of which has been shown to be
important for monitoring the onset and development of bubble clouds inducing clot erosion (Acconcia et
al 2017). The device employed in that work was a hemispherical array developed for transcranial
applications and the results motivated the development of a device tailored to DVT with a more relevant
geometry (e.g. semi-cylindrical). Transmit simulations for such a device were conducted in a human
thigh model (Smirnov and Hynynen 2017) with an array design based on the modular technology
previously developed in our lab (Ellens et al. 2015).
The objective of the present work was to examine the integration of sparse, randomly distributed
receivers to perform passive imaging along with a semi-cylindrical arrangement of transmit modules.
METHODS The transmit array (f =500 kHz) was designed with 12x8 modules (64 elements each, 6144
elements total) positioned on a semi-cylindrical shell (11 cm radius of curvature). For the accompanying
receive array, two broad designs were considered in which receivers were positioned between or within
modules (n=40 random configurations). For ‘in module’ configurations, subsets of transmit elements
were selected as receivers. For ‘between module’ configurations, elements were modeled as circular
pistons. Additional design considerations were the number of receivers (2n , where n=5,. . . ,9), receiver
diameter (0.5, 1, 1.52 & 2.48 mm), and angular array aperture (100o & 180o about geometric focus).
Transmit and receive simulations were conducted using a layered media propagation model (Fan and
Hynynen 1994; Jones et al. 2013). A model of the human thigh was generated for input based on CT
data for 2 patients from the visual human project (Fig 1a). Images were reconstructed of cavitation
sources at 250 kHz and 1500 kHz, located in the femoral vein (the primary therapeutic target) and
positions offset from it up to 4 cm in each dimension. The -3 dB mainlobe size was evaluated and image
quality was characterized by the peak side lobe ratio (PSLR) and the image signal to noise ratio (image
SNR) of the 3D reconstructed volumes. The performance of the device was evaluated with and without
phase corrections, as well as with and without additive electronic noise (SNR= -10 & -20 dB), for 2
integration times (1 & 10 cycles). SNR levels were conservatively low, estimated to be orders of
magnitude lower than that extracted from our previously acquired experimental data.
RESULTS In terms of image quality, there was no substantial advantage between populating receive
elements around the border of transmit modules or using a subset of elements of the transmit array.
Images of cavitation sources were localized to the femoral vessel at both 250 kHz and 1500 kHz when
phase corrections were employed (Fig 1b). With the small receive array aperture the long axis of the -3
dB mainlobe was on the order of the vessel diameter at 250 kHz (7.4±0.3mm, NRx=128, with
corrections) and nearly an order of magnitude smaller than the vessel at 1500 kHz (1.2±0.1mm,
NRx=128, with corrections). Increasing the receiver array aperture beyond that of the transmit array
reduced this size to 3.7 mm at 250 kHz (Fig 2). Imaging at the higher frequency came with the trade-off
of being more sensitive to the exclusion of phase corrections, exhibiting reduced image quality, a larger
main lobe size, and errors in source position (Fig 3). Larger elements had a smaller directivity for a fixed
source frequency, which degraded the image quality at the high frequency for source positions nearer to

the array. With additive noise, source images could be reconstructed with a PSLR< 0.5 using single
cycle integration times in even the low SNR case for receiver numbers of 256 and above (Fig 4).
CONCLUSIONS Cavitation sources were localized to the femoral vessel, the accuracy of which
depended on the inclusion of phase corrections for a given source frequency. Receiver size was shown
to be an important consideration with trade-offs having to be made between directivity, and channel
SNR. A modest number of receivers (128, 1.52 mm diameter) should be adequate under realistic noise
conditions to achieve single cycle integration times (i.e. up to 1.5 MHz volumetric rates).

Contours of the segmented media (a) and an image reconstruction of a cavitation source (b) overlayed
on the corresponding CT data slice for patient 1. The media numberd in (a) are 1-water, 2-fat, and
3-muscle. The transmit array (indicated by the dotted curve) is positioned such that its center is offset
from the femoral vessel (the primary target) by 5.5 cm. The example image reconstruction (b) shows the
-3 dB intensity contour for a 250 kHz source located in the femoral vein.

Maximum intensity projection contour plots (10% intervals shown) of source reconstructions with receive
elements distributed only over the transducer aperture (left) or additionally beyond the transducer
aperture forming a hemi-cylinder (NRx = 128, no noise, patient 2, 250 kHz, source located at primary
target, elements populated between modules over the transmit aperture). Inset to each contour is an
image of the receiver configuration used in each simulation with respect to the transmit modules.
Imaging field of view is 60x60x30 mm3 .

Maximum intensity projection contour plots (10% intervals shown) of source reconstructions at 250 kHz
(top row) and 1500 kHz (bottom row), with (left column), and without (right column) phase corrections.
This example presents the worst case examined in regards to frequency and patient, namely the higher
source frequency (1500 kHz) in the larger of the two patients (patient 1). The exclusion of phase
corrections results in a shift in the estimated source location, a decrease in image SNR and an increase
in the PSLR. Imaging field of view was 60x60x30 mm3 at 250 kHz and 10x10x5 mm3 at 1500 kHz.
Patient 1, source located at the primary target, NRx=128, ‘between modules’ design.

Effect of integration time and signal SNR on image quality and mainlobe size at 1500 kHz. Integration
times of 1 and 10 cycles for high and low SNR levels (-10 and -20 dB). Longer integration times improved
image quality, increasing image SNR and decreasing PSLR, thereby reducing the required number of
receivers to achieve a given level of image quality. Patient 1, source located at the primary target, with
corrections, ‘between modules’ design.

Wednesday, May 16, 2018
1:00 PM/Poster 235

Ballroom C & Atrium

Poster SessionModeling & Physics

CARBON NANOTUBE TRANSDUCER DESIGN CONSIDERING SKULL SHAPE AND SOUND
SPEED USING ACOUSTIC RAY TRACING METHOD
DongGuk Paeng3,1 , CHEONGAH LEE3 , MinJoo Choi2 , Kanglyeol Ha4
1. Radiation Oncology, University of Virginia, Department of Radiation Oncology, University of Virginia,
Charlottesville, VA, USA, Virginia, United States.
2. Interdisciplinary postgraduate program in biomedical engineering, Jeju national university, Jeju, Korea
(the Republic of).
3. ocean system engineering, Jeju national university, Jeju, Korea (the Republic of).
4. Physics, Pukyoung University, Busan, Korea (the Republic of).
OBJECTIVES Laser-generated carbon nanotube (CNT) transducer was recently known to generate
shock waves which could be transmitted through the human skull. However, the sound pressure
transmitted through the skull is reduced by about 15 times or more in a distorted focal area due to
attenuation and refraction of the skull. Therefore, it is important to minimize the reduction of the
transcranial pressure and to enhance the pressure at the planned focal spot without much distortion.
Attenuation is an inherent property without a room to change, but refraction may be controlled through
the specific designed CNT transducer surface.
In this study, we propose a skull-specific focused CNT transducer design for better focusing at the target
focus through human skull. This is a proof-of-concept study based on simulation by MATLAB and PZFlex
software for focused CNT transducer design considering skull shape and sound speed obtained from the
CT (computed tomography) data of a human skull cadaver. Figure 1(a) shows the laser generated CNT
transducer system to generate shock wave at the focus. Figure 1(b) the conceptual idea that sound
waves from the specific designed surface of the CNT transducer are refracted to the target focal point in
the brain through human skull.
METHODS Ray method for surface design of the CNT transducers was simulated in MATLAB. The
pressure fields from the designed CNT transducers were computed in PZFlex software. Simulation input
parameters were used for the skull density of 2800kg/m3 , sound speed of 3000 m/s and attenuation of
3np/cm and they were obtained from the CT image of a human skull cadaver. For surface design, rays
from a focal point through the human skull cadaver were computed using Snell’s law. Then we applied an
arc length formula for computation of the curve length from irregular arc segments to produce the same
amount of radiated sound waves from CNT transducer aperture, which was 20.8 mm. Then the designed
transducer surfaces and skull shape were imported in PZFlex for computation of pressure fields. The
frequency of the continuous wave was 1MHz and pressure at the transducer surface was set to 1 Pa.
The computation was performed for 60 µs.
RESULTS Top panels of Figure 2 show the CNT transducer surfaces which was designed by acoustic
ray tracing method in MATLAB. Figure 2 (a) is a reference surface of the transducer from acoustic rays
assuming sound speed of water in- and out-side of the skull. This was named A-Transducer. The
surfaces of Figure 2 (b) and (c) were calculated from the same length and the same arrival time of the
refracted rays named B- and C-Transducers, respectively. The bottom panels of Figure 2 (d), (e) and (f)
are the corresponding pressure fields which were computed through the human skull from the designed
CNT transducers in top panels of (a), (b), and (c), respectively, using the PZFlex software. The sound
pressure fields from the different surfaces of CNT transducers were shown to be different from the 2
dimensional color plots. Figure 3 presents the quantitative comparison of the pressure in line plots along
axial and lateral directions from 3 different surfaces of the CNT transducers. Simulation results show that
the C-Transducer designed from the same arrival time transmitted the highest sound pressure at the
focal spot both in axial and lateral directions. B-Transducer designed from the same ray length produced
higher pressure than the conventional A-Transducer without the ray based compensation.
CONCLUSIONS These results demonstrated that the skull-specific CNT transducer could be designed
to compensate the focal distortion due to refraction and to increase the transmitted power at the focal

spot through any skull. This proof-of-concept study based on simulation demonstrated the feasibility of
the CNT transducer surface design considering the shape and sound speed of the skull in 1-dimensional
(1-d) aperture at 1MHz continuous wave. In future, we will extend this 1-d problem to 2 dimensional
surfaces, and the optimized 2-d CNT transducer will be fabricated and the experimental measurement
will be performed using the fabricated CNT transducer.

The conceptual idea of this proof-of-concept study. (a) shows the laser generated CNT transducer
system to generate shock wave at focus. (b) shows the conceptual design that sound waves from the
specific designed surface of the CNT transducer were refracted to the target focal point in the brain
through human skull considering its shape and sound speed

Design of transducer surfaces based on acoustic ray method through human skull and the sound
pressure fields from the corresponding transducer surfaces through human skull. Top panels: (a)
A-Transducer as a reference with the sound speed of water in- and out-side of the skull. (b)
B-Transducer considering shape and sound speed of the skull. The transducer surface was calculated
from the same length of ray. (c) C-Transducer considering shape and sound speed of the skull. The
transducer surface was calculated with the same arrival time of the ray. Bottom panels: (d),(e), and (f)
are the corresponding pressure fields which were computed through the human skull from the designed
CNT transducers in top panels of (a), (b), and (c), respectively, using PZFlex software. The pressure in
color bar was normalized by the pressure at the transducer surface.

Quantitative comparison of sound pressure along the axial and lateral directions of three transducers. (a)
Axial pressure profile, (b) Lateral pressure profile. The axial and lateral pressures at the focus were
highest from C-Transducer and lowest from the conventional uncompensated A-Transducer.
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PHASE-CONTROLLED DUAL-FREQUENCY ULTRASOUND FOR APPLICATIONS IN
TRANSCRANIAL THERAPY
Kevin Grykuliak1,2 , Kullervo Hynynen1,2
1. Medical Biophyics, University of Toronto, North York, Ontario, Canada.
2. Physical Sciences, Sunnybrook Research Institute, Toronto, Ontario, Canada.
OBJECTIVES Cavitation-mediated focused ultrasound (FUS) is a promising new technique that can be
used to cause a number of clinical treatment effects. However, the aberrating effects of the skull bone
limit the frequencies of ultrasound that can be employed (Sun 1999) (Clement 2000), as the attenuation
coefficient of skull bone increases with frequency (Pichardo 2010). For a commonly used encapsulated
microbubble (MB) contrast agent, such as DefinityTM , the damped resonant frequencies of 97% of MBs
in the population are significantly higher (Goertz 2007, Stapleton 2009) than the sub-MHz frequencies
employed by transcranial arrays, meaning that the majority of insonated MBs are activated at an
off-resonance frequency. Previous imaging applications have employed the use of phase-controlled
dual-frequency (DF) ultrasound to modulate the response of an MB population (Bouakaz 2004, Angelsen
2007) depending on the relative phase offset between the low frequency (LF) and high frequency (HF)
wave components. The ability of phase-controlled DF ultrasound to modulate the resonant frequency of
a MB population in applications where sonicating frequencies are limited can conceivably enhance
therapeutically relevant MB activity compared to the current single frequency (SF) case.
METHODS Numerical Simulations
Numerical simulations were performed using a previously validated COMSOL Multiphysics 4.2
(COMSOL Inc., Burlington, MA) model (Hosseinkhah 2013). This model was modified to predict the
scattered pressure and vessel wall stresses (shear; SS and circumferential; CS) produced by a single
non-spherical (Marmottant) shelled MB (resting radii: 1.0, 1.5, 2.0 um) fixed to the center of a compliant
elastic vessel (radius 5 um) as it interacts with an DF ultrasound wave. The incident wave consisted of
the phase-controlled addition of an LF (55 kHz) and HF (612 kHz) wave. The duty cycle of the HF
component is 50% of the LF period and is centered on either the peak rarefactional (SURF-PR) or peak
compressional (SURF-PC) phase of the LF burst. Total simulation time was fixed at 18 us. Simulated
sonication pressures were varied: (LF: 0, 100 kPa), (HF: 25-350 kPa). Simulated vessel wall stresses, as
well as integrated second harmonic content (I2H; 1.2 MHz) from simulated MB scattered pressure were
analyzed and compared between exposure parameters.
Benchtop Experiments
A large-aperture 256-element array capable of phase-controlled DF transmit (LF: 55kHz, HF: 612kHz)
was used to insonate a gravity-fed polyurethane tube containing a solution of Definity microbubble
contrast agent (Lantheus Medical Imaging, North Billerica, MA) and gas-equilibrated saline (1:10000).
Sonication parameters consisted of three DF ultrasound exposure schemes: SURF-PR, SURF-PC, or
SURF-Inter (Figure 1). Total LF burst length was fixed at 144 us, with the HF component consisting of
eight 7.2 us bursts. Component sonication pressure was varied for both LF and HF components (LF: 0,
49, 90, 130 kPa; HF 6-540 kPa). Acoustic signals from the insonated target were captured at each of the
element locations at the HF second harmonic (1.2 MHz). Received data were beamformed using a
modified passive acoustic mapping algorithm (Norton 2000, Jones 2013) to reconstruct the receive
source. A moving window Fast Fourier Transform was applied to the reconstructed signal to determine
signal regions of maximum I2H activity, which were compared between exposure schemes.
RESULTS Numerical Simulations
Simulation results demonstrated that maximum and minimum SS and CS, and total I2H values increased
during a DF-FUS SURF-PR sonication, compared to either single frequency (SF) or SURF-PC
sonications (Figure 2) for HF pressures > 25 kPa. This trend was present across all three simulated MB
sizes. Simulated I2H was also strongly correlated with maximum stresses exerted on the vessel wall.
Benchtop Experiments
Insonated MB I2H responses to a DF-FUS sonication are highly dependent on the component phase

offset. Even when variance in MB draw population was not controlled, SURF-PR produced a statistically
significant increase in maximum I2H response compared to SF sonications (Figure 3a, 3c) at HF
component pressures generally >150 kPa. DF-FUS SURF-PC demonstrated a significant decrease in
maximum received I2H (Figure 3b, 3d) for HF pressures between 130-400 kPa. Controlling for MB draw
variance, SURF-PR exposure schemes produced a maximum I2H values of 143% of the SF case,
whereas SURF-PC suppressed I2H activity to 42% of the SF control (Figure 4). Maximum I2H
enhancement and suppression were biased towards the latter half of the insonating burst.
CONCLUSIONS Benchtop and simulation evidence presented here support the hypothesis that the
novel use of DF-FUS SURF-PR exposure schemes may be a possible method of increasing MB activity
relative to SF-FUS at pressures and frequencies relevant to transcranial cavitation-mediated therapies.

Figure 1: Schematic of three different DF-FUS exposure schemes. a) SURF-PC; HF component present
only on LF rarefactional phase, b) SURF-PR; HF component pressure only on LF compressional phase,
c) SURF-Inter; HF component present on the mean of time delays in a), b).

Figure 2: Simulated I2H, CS, and SS results for three simulated exposure schemes: SURF-PR,
SURF-PC and SF. MB resting radius = 1.5 µm. (a) I2H at the simulated received point P, (b) maximum
positive CS at the simulated vessel wall, (c) maximum positive SS, (d) maximum negative CS, (e)
maximum negative SS.

Figure 3: Aggregate I2H values for two HF pressure ranges. (a) (b) HFP-low cohorts and (c) (d)
HFP-high for (a) (c) SURF-PR and (b) (d) SURF-PC exposure schemes compared to SF. Errorbars show
1 SD from mean. Colour indicates statistically significant (p<0.05) enhancement (yellow) or suppression
(purple).

Figure 4: Summary of I2HR extrema for all LF sonication pressure and SURF exposure schemes for (a)
HFP-low and (b) HFP-high pressure ranges.
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PARAMETRIC STUDIES TO EMPHASIS IMPACT OF PATIENT PHYSIOLOGICAL CHARACTERISTIC
VARIATIONS ON HIFU LESIONS
Raphaël Loyet1 , Sylvain Chatillon2 , Francoise Chavrier1 , Stéphane Leberre2 , Jean-Yves Chapelon1 ,
Pierre Calmon2
1. LabTau, INSERM, Lyon, France.
2. LIST, CEA, Gif-Sur-Yvette, France.
OBJECTIVES In the context of high-intensity ultrasound (HIU) therapeutic applications, researchers,
engineers and clinicians must face many challenges. One of the most important is probably the
multiplicity of physical and physiological parameters to be taken into account and the potential intra- and
extra-individual variability of physiological ones. To ease the development of new HIFU therapeutic
applications, parametric studies tools have been included in the unified simulation platform CIVA
Healthcare. The goal is to facilitate the design of new HIFU probes, evaluate the effects of parameters
variability and optimize the treatment protocols.
METHODS CIVA Healthcare simulation platform has been developed around a single Graphical User
Interface (GUI) to pilot various fast algorithms (CPU-GPU implementation) and to simulate the heating in
tissues induced by HIFUs.
The propagation algorithms that have already been implemented are:
- A classical Rayleigh integral solver in linear mode.
- A pencil tracing algorithm used to propagate HIFU beams in heterogeneous, anisotropic or
inhomogeneous mediums [1].
All of these algorithms can be connected to an explicit solver of Penne’s BioHeat Transfer Equation
(BHTE) [2] that simulates the heating in the tissues. Genericity of platform and algorithms enables to
perform simulations of a great variety of transducers and great variety of propagation mediums. Three
examples of parametric studies involving intra- and extra-individual parameters variability are presented.
RESULTS The classical Rayleigh solver allows fast prototyping of HIFU probes. Figure 1 shows a
patient dependent parametric study of HIFU toroidal focused probe. It is shown here that an increase in
absorption involves a decrease in maximal pressure at focal point. Whereas the evolution of lesion size
is not monotone and reaches a maximum at a=1.4 dB/cm.
The modular structure of the platform allows, once the probe is designed to simulate propagation in
complex mediums, such as heterogeneous and anisotropic mediums. Figure 2 depicts the simulation of
the propagation through human skull. Figure 2 (a) depicts the propagation in homogeneous mediums, as
if there were no skulls, ie. propagation in water. Figure 2 (b) presents the propagation through human
skull of a focused transducer without phase correction. Figure 2 (c) depicts the delay laws applied to this
phased-array transducer (in red) to reproduce the focal spot at the natural focal of the transducer. It is
important to note that this study is an in silico proof of concept of the propagation through a complex
layer such as skull bone. However experimental studies need to be performed in order to validate the
algorithms. Parametric studies can here be conducted to better estimate the acoustic and thermal
properties of human bones and tissues.
Studies have also been conducted to simulate the displacement of focal point in inhomogeneous
medium. Figure 3 shows the displacement of the focal point with inhomogeneous temperature in the
propagation medium. It depicts a displacement of 3mm of the focal point due to the heating to the
tissues. These results emphasis the fact that it is necessary to take in account both temporal and spatial
variation of physiological parameters to estimate accurately the heating of human tissues induced by
HIFUs in our parametric studies.
CONCLUSIONS We developed a software that allows users to quickly design HIFU probes. Having a
great variety of transducers shape, cutting, surface type and electronic focusing makes it easy to
prototype any transducer of any therapy. The two propagation algorithms are useful to perform
parametric studies [3]. The fast Rayleigh GPU helps to design the better transducer for a given

treatment, it allows to test a great variety of geometries and electronic focusing strategies. The pencil
tracing algorithm can be used to solve inverse problems for instance to determine acoustic or thermal
properties for human tissues. It can also be used in parametric studies to improve HIFU treatment and
thus improve treatments time.
[Work supported by French Nation Research Agency (ANR SATURN -15-CE19-0016)]
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Figure 1: Parametric study on the influence of the attenuation on the maximum pressure and lesion size

Figure 2: Propagation with pencil tracing algorithm through human skull

Figure 3: Displacement of focal point due to inhomogeneous temperature
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NOVEL OPTICAL IMAGING OF HIFU TEMPERATURE FIELD USING PARTICLE IMAGE CROSS
CORRELATION
Hussein Daoud1 , Ghanem Oweis1
1. Mechanical Engineering, American University of Beirut, Beirut, Lebanon.
OBJECTIVES An optical imaging method based on the thermal refraction of visible laser ray bundles
was demonstrated in ISTU’17 as a tool for fast rise-time temperature characterization of a HIFU field at
fine spatial resolution. Building upon that work we demonstrate an improved, direct imaging thermometry
tool using particle imaging cross correlation method widely used in fluid flow field measurements that
does not require the somewhat cumbersome ray bundle generation setup and subsequent image
analysis. The underlying principle of the method is explained, and it is experimentally demonstrated
using the heating field from a HIFU transducer.
METHODS An optically clear tissue phantom (2x2x2 cm) cast from initially liquid PDMS silicone was
positioned at the focus of a 1.6 MHz HIFU of 65 mm aperture and a central opening. Water acted as
acoustic coupler. Negligible amount of 1 micron TiO2 particles was added to the silicone during casting
to serve as fixed spatial markers in the cured phantom. A laser beam from an argon ion source was
formed into a thin light sheet to illuminate a planar slice of particles for imaging with a camera. The laser
and HIFU axes were parallel, and the imager axis was perpendicular to both. The setup is shown in
fig.(1). A reference (cold) particles image was acquired prior to the 2 ms HIFU exposure and another
(hot) image was acquired at the end of the exposure. Due to thermal lensing from HIFU heating, the
same particle appears to originate from a different (shifted) location in the hot image, as explained in
fig.(2). The amount of ‘apparent’ positional shift depends on the temperature field generated by the
HIFU. The particle displacement map was obtained by cross correlating the cold and hot images using a
particle image velocimetry (PIV) analysis software common in fluid flow field measurements. The
underlying temperature field could be retrieved through either i) theoretical analysis approach of the
thermal refraction effect with an idealized Gaussian heating distribution; or ii) empirical calibration for
more complex and irregular temperature distributions. The theoretical analysis is an extension of the
results obtained from the ray bundle imaging method developed earlier which yielded a closed form
temperature solution.
RESULTS Sample cold and hot images are shown in fig.(3a) which are then cross correlated to yield
the 2D “apparent” particle displacement map shown in fig.(3b). This 2D map is reduced to a radial
distribution of the thermal lensing displacement as shown in fig.(3c). Based on the theoretical analysis,
the radial temperature distribution is obtained by integrating the displacement map. The corresponding
temperature distribution at multiple time points after the end of the 2 ms HIFU exposure is shown in
fig.(4). The closed form solution used to convert the displacement field to temperature is delineated on
the figure. The constants a and b in the formula have to be obtained experimentally and they are
dependent on the optical imaging setup details. In the current demonstration experiment, the spatial
resolution is better than 0.05 mm, and the temporal resolution is 33 ms which is set by the speed of the
camera. This can easily be better that 1 ms.
CONCLUSIONS There is an advantage in certain HIFU procedures to use elevated power levels for
short periods of time to shorten the overall treatment length and exploit non-linear effects such as tissue
boiling. An understanding of the underlying thermal output from a HIFU transducer under such
conditions is necessary for surgical quality and safety. An optical imaging method that is resolved
temporally and spatially has been described and it can deal with fast and localized heating processes.
An added advantage of this method is its non-intrusive nature. Since the cost of relevant laser sources
and imaging systems is becoming more affordable, and with the ubiquity of cross correlation PIV
softwares this method lends itself to quick checks of a HIFU output in the lab and at the bedside.

Figure(1) Picture of the setup with schematic representation. The r-z coordinate system is also
delineated.

Figure(2) Principle of the thermometry method: when heat is applied, a particle will appear to be located
at a different position in the image from its actual position before the heating was applied. The
displacement is proportional to the temperature distribution.

Figure(3) Sample experimental results: (a) Cold and hot raw particles images (b) Corresponding
displacement map (c) Radial displacement map

Figure(4) Temperature field obtained from integrating the displacement map
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EFFECT OF FAT ON FOCUSING THERAPEUTIC ULTRASOUND INTO THE KIDNEY
Robin Cleveland1 , Visa Suomi1 , Magda Abbas1
1. Engineering Science, University of Oxford, Oxford, United Kingdom.
OBJECTIVES Renal cancer is the seventh most commonly occurring cancer in the UK. The kidney
generally has good acoustic access and therefore kidney cancer appears to be an excellent candidate
for HIFU; however “clinical trials using high-intensity focused ultrasound for treating renal masses have
been disappointing” [Khiatani and Dixon, 2014]. Here we use a numerical model to determine the role of
fat on aberration of focused ultrasound to determine if that might play a role in the poor HIFU outcomes.
METHODS The k-wave toolbox was used for the numerical simulations of the ultrasound. Anonymised
patient CT data sets were segmented into bone, fat and other soft tissue to create realistic
three-dimensional patient models. The acoustic output from k-wave was then used to determine the heat
deposition into tissue and feed to a finite-difference simulation which solved the bioheat equation in
three-dimensions in order to predict the temperature elevation and thermal dose in the tissue. The
numerical model was used to simulate the acoustic and thermal fields from a JC200 HAIFU system
which employs a source that has a 200 mm diameter, 145 mm radius of curvature, and an ultrasound
frequency of 0.95 MHz.
RESULTS It was found that the presence of fat layers in some patients still allowed the creation of a
“good” focus with the archetypal ellipsoidal morphology; although it was shifted from the target location
by a few millimetres and the pressure amplitude was reduced by 75% (12 dB) from free field. However,
for some patients the ultrasound focus was “fragmented” with multiple small focal regions in and around
the desired target location. Thermal simulations predicted that the temperature rise would result in
therapeutic temperatures for the cases of “good” focus; however the cases of a fragmented focus results
in temperature rises of just a few degrees. By changing the speed of sound in the fat to be the same as
other soft tissue a “good” focus was formed in all patients and the pressure amplitude was only reduced
by 50% (6dB). In this case the thermal simulations all resulted in therapeutic temperatures and there was
little variability between patients.
CONCLUSIONS These results suggest that fat can play a significant role on aberration of ultrasound
that is focused into the kidney. The results were patient specific which is consistent with the large
variability reported in the outcomes from patients treated for kidney cancer. In some cases the fat
resulted in the focus being fragmented which prevented tissue from being heated to therapeutic levels.
Removing the aberration effect of the fat recovered a “good” focus in all the patients suggesting that the
use of source which can compensate for phase aberration may be able to compensate for the aberration
effects of fat. These data also demonstrate how patient specific models can be employed to provide
insight into the performance of high intensity focused ultrasound.
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THE EFFECTS OF ACOUSTIC PARAMETERS AND MICROBUBBLE CONCENTRATION ON THE
LIKELIHOOD OF ENCAPSULATED MICROBUBBLE COALESCENCE
David Quang Le2,1 , Virginie Papadopoulou2,1 , Paul A. Dayton2,1
1. Biomedical Engineering, North Carolina State University, Raleigh, North Carolina, United States.
2. Biomedical Engineering, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina,
United States.
OBJECTIVES Ultrasound excitation of microbubble contrast agents is being explored for therapeutic
purposes such as sonoporation, blood brain barrier opening, and enhancement of thermal ablation.
Microbubbles (MBs) can be manipulated by radiation force when interrogated by acoustic waves,
resulting in displacement away from the transducer and aggregation into clusters. These forces vary as a
function of pressure, duty cycle, and contrast concentration. The primary radiation force pushes MBs
toward vessel walls and has been used to increase MB delivery to tissue during molecular targeting.
Secondary radiation force results in cluster formations of microbubbles, which have been observed to
fuse into larger bubbles under certain conditions. Larger bubbles have been shown to have a greater
influence on therapeutic bioeffects, while sufficiently large bubbles could potentially form an embolism.
We investigated the effects of various ultrasound parameters used for imaging and therapeutic
applications on the likelihood of radiation force induced microbubble coalescence.
METHODS A focused piston transducer was used to interrogate lipid-shelled microbubbles flowing
through a capillary tube (200 µm inner diameter). High-speed optical imaging was used to record
microbubble interactions following ultrasound pulses. Ultrasound parameters were selected to simulate
clinical imaging and low-intensity therapeutic applications (i.e. those used for drug delivery
enhancement). Imaging parameters (1.5, 2.25, 3 MHz, duty cycle = 0.56%, MI = 0.15) were used to
insonify microbubbles with concentrations of 2e6, 2e7, and 2e8 MBs/mL. The expected concentration of
microbubbles in blood circulation during infusion is 2e6 MBs/mL according to recommended FDA
guidelines. Therapeutic parameters (1.5 MHz, 20% duty cycle, MI = 0.15) were used with 2e8 MBs/mL
contrast agent. Contrast agents were subject to ultrasound for 0.05 seconds for all experiments.
Microbubble coalescence was assessed using manual selection of events through MATLAB.
RESULTS Contrast agent concentrations of 2e6 and 2e7 MBs/mL did not show any coalescence events
regardless of ultrasound parameters. At the largest concentration of 2e8 MBs/mL, microbubble
coalescence events were observed at both imaging and therapeutic settings. ‘Outlier’ large bubbles
greater than 5 µm were observed to act as coalescence nuclei, while smaller bubbles did not exhibit this
behavior.
CONCLUSIONS The low concentrations of contrast agents used for clinical ultrasound imaging were
observed to be prohibitive of radiation force-based coalescence when using diagnostic ultrasound
imaging parameters, which may be due to larger inter-bubble spacing than is present at higher
concentrations. Microbubble coalescence events did occur at 10-100x increased concentrations,
especially when MBs were insonified near their resonant frequency. Experiments employing therapeutic
parameters showed multiple coalescence events occurring within each trial. This study suggests that
microbubble coalescence may affect the safety of contrast agent usage in therapeutic ultrasound
applications.
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SIMULATING MR-ARFI WITH HYDROPHONE MEASUREMENTS FOR BENCHTOP DEVELOPMENT
OF FOCUSED ULTRASOUND ABERRATION CORRECTION METHODS
Sumeeth Vijay Jonathan1 , Charles F Caskey2 , William Grissom1
1. Biomedical Engineering, Vanderbilt University, Nashville, Tennessee, United States.
2. Radiology & Radiological Sciences, Vanderbilt University, Nashville, Tennessee, United States.
OBJECTIVES Magnetic resonance imaging (MRI)-guided focused ultrasound (FUS) has many potential
neurological applications. However, skull-induced aberrations of the acoustic field limit its specificity and
safety. The acoustic field can be refocused in situ using MR-acoustic radiation force imaging (MR-ARFI),
which maps the displacement (proportional to acoustic intensity) caused by the acoustic beam’s
radiation force for different coded emissions. However, further development of MR-ARFI-based
aberration correction methods is needed to improve their efficiency and feasibility, as currently they can
require hundreds or thousands of image acquisitions. We implemented a hydrophone-based approach to
simulate MR-ARFI tissue displacement measurements and enable benchtop implementation of
MR-ARFI for aberration correction, to accelerate its development outside the MR scanner. We then used
this approach to compare single- and multi-voxel refocusing methods and demonstrate improved
multi-voxel refocusing with multi-focus emissions.
METHODS An MRI-compatible, 128-element FUS transducer (Image Guided Therapy; Bordeaux, FR)
customized for transcranial neuromodulation in non-human primates was used for sonication. A needle
hydrophone (Onda Corp; Sunnyvale, USA) was mounted on a three-axis stage and placed in a water
tank with the transducer. Software was written in Python to automate mechanical steering of the
hydrophone and sequencing of the transducer. In this way, the acoustic pressure field could be
measured for different coded emissions and in three dimensions.
Simulated MR-ARFI images were acquired using the hydrophone-based platform, with FOV/matrix/voxel
size 45x10 mm2 /45x10/1x1 mm2 . Sonications were performed at 650 kHz for 160 ms (100 cycles).
Hydrophone voltage was sampled for 320 ms (dt = 0.1 ms). Figure 1 summarizes the conversion of
hydrophone signals to MR-ARFI signals, which includes the addition of Gaussian noise with a realistic
MR-ARFI SNR of 10. This simulated signal is more realistic than previous hydrophone simulations of
MR-ARFI (Liu, PMB 2015) because we discard the hydrophone signal phase, which is also absent from
the MR-ARFI signal.
During transmission, four randomly generated phase aberration patterns were programmatically added
to each element of the transducer in clusters (Fig 2). In each case, a “single-voxel” adaptive refocusing
method (Larrat, IEEE UFFC 2010) was implemented, which derives corrections from four coded
emissions for each logical element (8 logical elements x 4 MR-ARFI acquisitions per element = 32
MR-ARFI acquisitions). We compared this method to a “multi-voxel” refocusing method (Grissom, ISTU
2012 & US Patent 9,119,955), which can derive corrections from just one MR-ARFI image by fitting a set
of pre-calibrated pressure field maps to the images using a magnitude least-squares approach. We
further extended the multi-voxel method to fit the phase aberrations jointly from one, two, or three
aberrated MR-ARFI images acquired with multi-focal patterns comprising one, two, or three programmed
foci (Chaplin, JTU 2017), all with the same total input power to the transducer. We compared the
performance of these refocusing approaches as a function of the number of total MR-ARFI acquisitions.
RESULTS Figure 3 shows simulated and actual MR-ARFI images and compares aberration estimates.
Overall, multi-voxel refocusing with two or three multi-focal encoding patterns and 12 total image
acquisitions (comprising 6 and 4 signal averages for two and three multi-focal encoding patterns,
respectively) produced the best balance between number of acquisitions and aberration estimation error.
Even with a single acquisition, the multi-voxel method performed as well as the single-voxel method
without noise and substantially better than the single-voxel method with noise. The multi-focal multi-voxel
estimates had 7x lower RMSE than the single-voxel estimates, with 20 fewer acquisitions. Figure 4
shows refocused pressure maps and spatial profiles. Multi-voxel refocusing with two or three multi-focal
encoding patterns and 12 acquisitions produced slightly higher peak pressures than the single-voxel

method. The single- and multi-voxel methods produced similar refocused beam widths, but the
single-voxel method had a targeting error of 0.5 mm.
CONCLUSIONS A hydrophone-based platform was used to simulate MR-ARFI for FUS aberration
correction. The platform was used to demonstrate that both single- and multi-voxel refocusing methods
successfully refocused an aberrated acoustic field. Multi-voxel refocusing incorporating two or three
multi-focal encoding patterns produced the lowest error in the estimated phase aberrations, while
single-voxel refocusing producing a lower peak pressure and a targeting error of 0.5 mm. This work was
supported by NIH grants R01 DA 019912, R01 MH 111877, and R24 MH 109105.

Figure 1: Conversion of hydrophone voltage signals to MR-ARFI signals. First, in each voxel, the
root-mean-square (RMS) of the voltage time series was computed. Then, RMS voltage was converted to
RMS pressure using a calibrated factor. The RMS pressure was squared to obtain measurements
proportional to acoustic intensity. Gaussian noise was added to the final images to simulate a typical
MR-ARFI SNR of 10.

Figure 2: a) A randomly generated phase aberration pattern applied to 8 logical groupings of neighboring
elements. b) Free-field and aberrated simulated MR-ARFI images (without noise added). c) Long- and
short-axis MR-ARFI (intensity) signal profiles for free-field and aberrated beams.

Figure 3: a) Simulated MR-ARFI images, compared to an actual MR-ARFI displacement image which
was acquired with the same transducer on a Philips Achieva 7.0 Tesla MRI scanner. b) The computed
phase aberrations after single- and multi-voxel refocusing for one of the programmed aberration patterns.
c) RMSE of the estimated aberrations, averaged across the four programmed patterns.

Figure 4: a) Free-field, aberrated, and refocused pressure maps. Multi-voxel refocusing with two or three
multi-focal encoding patterns and 12 acquisitions produced peak pressures of 0.575 and 0.570 MPa
respectively, which were slightly higher than the single-voxel method (0.552 MPa). b) Centered long- and
short-axis beam profiles of each pattern. The single- and multi-voxel refocused beams had similar
full-widths at half maximum (FWHMs) along the long and short axes of the acoustic beam, but the
single-voxel method had a targeting error of 0.5 mm (= spatial deviation from the free-field focus).
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MRI GUIDED FOCUSED ULTRASOUND TREATMENT ON MOVING ORGANS - STATIC VS.
DYNAMIC MODELS
Joyce Joy1 , Andrew Paul Dennison1 , Jan Strehlow2 , Lukasz Priba1 , Baljit Jagpal1 , Tobias Preusser2 ,
Andreas Melzer1
1. Institute of Medical Science & Technology, University of Dundee, Dundee, Angus, United Kingdom.
2. Fraunhofer MEVIS, Bremen, Germany.
OBJECTIVES Focused ultrasound treatment has been approved by the FDA and CE marking for
several indications, such as treatment of prostate cancer, bone metastases, and uterine myoma. To treat
organs that move during breathing, current methods can only be applied with patients required to be in
apnoea under intubation general anaesthesia so partial control of the patient’s breathing is provided. The
TRANS-FUSIMO (Clinical Translation of Patient-Specific Planning and Conducting of FUS treatment in
Moving Organs) EU project aims to use MRI guidance to refocus the therapeutic ultrasound beam target
position to adapt for the movement of the liver, to reach the tumour site effectively while sparing the
surrounding healthy tissue. The fundamental controlling technology needed for the method developed is
named as the Trans-FUSIMO treatment system (TTS). This work reports experiments conducted at
Institute of Medical Science & Technology, Dundee, UK for testing the TTS for both static and dynamic
motion models.
METHODS A motion model with trackable channels was developed for testing (Fig 1). This contained a
daily quality assurance (DQA) focused ultrasound phantom with a tracking ring collar placed around it.
This 3D printed tracking ring collar was made using PLA (Poly lactic acid) and had 8mm tracking
channels filled with degassed water embedded to approximate large liver vessel structures (Fig 2).
Focused ultrasound was delivered using the Exablate 2100 MRgFUS system (Insightec, Israel). TTS
controlled this MRgFUS system and an Echo Planar Imaging (EPI) MRI scan sequence (TR=142ms,
TE=69.9ms, Slice thickness =5, flip angle = 40) was used for image guidance, tracking and thermal
monitoring. FUS (Power: 75W, Duration: 30s) were applied and repeated 15 times under both the static
and dynamic scenarios. A motion range similar to breathing motion (20mm) was produced by moving the
DQA-collar assembly in a custom linear motion water tank filled with 15l of degassed water for FUS
coupling with the Exablate transducer. Motion was actuated using an Innomotion MRI Robot (Innomedic,
Germany) at a speed of 8 mm/s.
RESULTS Peak temperatures during sonications were recorded for all static and dynamic scenarios.
The results indicated a mean peak temperature of 12.60 ± 1.07 deg.cel for static and 11.3 ± 0.8 deg.cel
for dynamic experiments. The isotropy of the sonicated lesions was also measured as a metric to show
system tracking performance as the ratio of the length of the lesion diameter on both x and y axes (y/x)
produced in the TTS thermal mapping for MRI monitored coronal scans. For static FUS the isotropy was
0.94 ± 0.03 (Fig 3) and for dynamic FUS, 1.32 ± 0.16 (Fig 4).

CONCLUSIONS
Here we report preliminary results for the TTS software/hardware system under project development for
static and dynamic MRgFUS preclinical validation scenarios. Test conditions and models were
constructed to validate linear motion reproducibly to simulate a respiratory induced liver motion range on
a FUS reusable tissue mimicking phantom target. Results show that combined monitoring, tracking and
thermometry can be achieved using a single EPI MRI scan sequence with appropriate parameterisation.
The temperature monitoring results of static vs. dynamic sonication fall within 1% deviation. The isotropy
measurements indicated a slightly elongated lesion on the y axis for dynamic FUS compared to the
static. This lesion elongation was marginal and within acceptable target values for preclinical testing.
Future optimisation of the tracking component of TTS is expected to improve this further to satisfy
pre-clinical trials. The expected impact of this method if fully successful would be to enable the possibility
to use MRgFUS to treat moving abdominal organs under respiratory motion such as kidney and
pancreas.
ACKNOWLEDGEMENT
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Schematic demonstrating the experimental set-up

Experimental set-up showing the motion model with tracked water channels and robotic arm.

Diagram from the TTS showing coronal images of sonicated regions under STATIC scenario

Diagram from the TTS showing coronal images of sonicated regions under DYNAMIC scenario
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SPLIT 8-CHANNEL TRANSMIT/RECEIVE RF COIL ARRAY FOR MR-GUIDED FOCUSED
ULTRASOUND NEUROMODULATION IN NON-HUMAN PRIMATES AT 7 TESLA
Charlotte R Sappo1 , Xinqiang Yan2 , Marshal Anthony Phipps2 , Vandiver L Chaplin2 , Gabriela L Gallego1 ,
Charles Caskey2 , William Grissom1,2
1. Biomedical Engineering, Vanderbilt University, Nashville, Tennessee, United States.
2. Institute of Imaging Science, Vanderbilt University, Nashville, Tennessee, United States.
OBJECTIVES Focused ultrasound has the potential to be a powerful tool for non-invasive
neuromodulation, and can be combined with MRI for targeting and functional readouts using fMRI. Our
group is currently investigating the combination of fMRI with focused ultrasound neuromodulation in
non-human primates (macaques) using a human 7 Tesla MRI scanner, which provides high SNR with
ample space for positioning equipment inside the bore. To take advantage of the scanner’s high SNR, a
split 8-channel transmit/receive coil array was built that can be flexibly positioned close to the head.
METHODS Two four-loop coil formers were designed in Autodesk Inventor (San Francisco, CA, USA)
and 3D printed in ABS plastic on a UPrint 3D printer (TriMech Solutions, Glen Allen, VA, USA). The
formers fit 38 mm loops with 11 mm overlap between neighboring loops to minimize electromagnetic
coupling, along with a circuit board for each loop’s matching circuit and cable trap. They integrated an
outer ring for attachment with a Buna-N rubber sheet cut to size and a lid to protect the coil from water
from the transducer. The back side of the formers attach to flexible Loc-Line arms (Lake Oswego, OR,
USA). The other ends of the Loc-Line arms screw into threaded holes in a sleeve around a 650 kHz
128-element IGT transducer which has a diameter of 103 mm. Several threaded holes were made in the
sleeve for flexible coil placement. In addition, set screws were used to secure the sleeve around the
transducer.
The coil loops were constructed with 24 AWG magnet wire and four distributed capacitors chosen to
resonate the coil at 298 MHz (7 Tesla). The loops had 4 breaks with three 15 pF non-magnetic
capacitors (Passive Plus Inc, Huntington, NY, USA) and an additional tuning capacitor between 10 pF
and 13 pF. The loops were each individually tuned, matched and geometrically decoupled from their
nearest-neighbors. The matching capacitor values ranged from 5.6 pF to 8.2 pF to create a match of 50
ohms. The non-magnetic cables feeding each element were inductively matched to each other and
outfitted with a BNC connector to use with the scanner’s transmit/receive interface box.
Bench measurements were made to assess the array’s matching and decoupling, and MR images were
collected to assess volume coverage. The measurements and scans used an agar phantom with 0.1%
NaCl, 0.1% Gadolinium, 1% agar, and 0.05% sodium azide (NaN3) which was carved to approximate the
size and shape of a macaque head. The MR images were collected on a 7T Philips Achieva human
scanner (Philips Healthcare, Best, Netherlands), using a fast spoiled gradient-recalled echo THRIVE
sequence with 0.3 x 0.3 x 1 mm3 resolution, echo time/repetition time 3/5 ms. In practice all coil
elements will be used for both transmission and reception, with optimized RF amplitudes and phase
shifts during transmission to obtain spatially uniform excitation. However, since that capability is still
under development, in this experiment images were collected using one loop at a time for both transmit
and receive, while terminating the other elements with 50 Ohm loads.
RESULTS Figure 1 shows a CAD drawing and a photograph of the array. In our neuromodulation-fMRI
experiments, the macaque is laying on its stomach on the scanner bed, with its chin propped up on a
support. The transducer is mounted above its head, and the two halves of the array will be positioned on
either side of the head, centered on the neuromodulation target. Figure 2 shows a table of scattering
parameters including reflection coefficients which measure coil matching, and transmission coefficients
which measure coil coupling. All coils were tuned and matched to better than -18 dB (approximately 98%
power transmitted), and decoupled to better than -17 dB. Elements between the two coil halves were
decoupled better than -20 dB when the halves were placed 7 cm apart, or approximately the width of the
macaque head. Figure 3 shows three-plane MR images using a single coil element for transmit and
receive, and the root-sum-of-squares images combined across all coils. Though the signal levels were

not uniform, high signal was obtained throughout the head phantom.
CONCLUSIONS We have described and validated a split 8-channel coil array for MR-guided focused
ultrasound neuromodulation studies in non-human primates. The array can be adaptively positioned to
obtain high signal at the targeted neuromodulation site and throughout the brain volume. Our next steps
will be to integrate the coil with our 8-channel parallel transmission system to enable spatially uniform
excitations, meaure imaging SNR, and then use it to perform in vivo imaging for simultaneous fMRI and
neuromodulation experiments.
This work was supported by NIH R24 MH109105 and R01 MH111877.

Figure 1: (Left) CAD representation of the two coil formers placed on either side of a macaque
head-sized ball phantom, with the focused ultrasound transducer’s natural focus position indicated. The
two formers are connected to opposite sides of a sleeve around the transducer using Loc-line for flexible
positioning. (Right) Photograph of the coil array connected to the transducer sleeve, and positioned
around a macaque head-sized agar gel phantom.

Figure 2: Measured coil matching (left) and coupling (right) parameters at 298 MHz. These
measurements include the effects of tuning, matching, nearest-neighbor coupling, and cable trap
resonance. The coupling parameters for elements within each former are reported and are better than
-15 dB; maximum coupling between elements of different formers was better than -20 dB when they
were positioned approximately 2 cm apart.

Figure 3: Fast gradient-recalled echo THRIVE scans acquired in a macaque head-sized agar phantom
(Figure 1) using a single coil for excitation and signal reception (left), and the root-sum-of-squares
combination of THRIVE images combined across all coils (right). The image orientations are labeled
anterior/posterior (A/P), right/left (R/L), and head/foot (H/F).
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REUSABLE, REPEATABLE, FOCUSED ULTRASOUND VALIDATION PHANTOM FOR IMAGE
GUIDED THERAPY
Andrew Paul Dennison1 , Joyce Joy1 , Andreas Melzer1
1. Institute for Medical Science & Technology, University of Dundee, Dundee, United Kingdom.
OBJECTIVES A tissue mimicking material (TMM) phantom was developed as a focused ultrasound
(FUS) preclinical validation target for image guided therapies. The objective was to identify a material to
satisfy reusability and repeatability, under FUS treatment with localised focal peak temperatures at the
conditions required for hyperthermia >42 C and for thermal ablation >52 C treatments. The objective
was also to verify the ability to cross validate the thermal lesion with assessment from different imaging
modalities (MRI, Ultrasound and Optical) to expand the possible use case for the FUS phantom across
imaging modalities.
METHODS In this work testing of a reusable focused ultrasound (FUS) tissue mimicking material (TMM)
phantom for image guided therapy (IGT) applications; system calibration, validation and quality
assurance was conducted. TMM’s for testing FUS systems have been published to date, examples
including polyacrylamide (PAA) doped with egg-white or albumin proteins or thermally responsive colour
changing ink. In this context, these constitute a class of single-use TMM phantoms, requiring destructive
dissection after FUS for optical lesion cross validation. Commercial quality assurance phantoms can also
be purchased which are typically reusable for IGT-FUS only for their intended imaging modality and lack
capability for cross validation. Until now, this has resulted in need of both single use and reusable image
modality specific phantoms for IGT-FUS validation work.
To satisfy objectives, a material recipe based on N-Isopropylacrylamide (NIPAM) was selected. This
material has comparable properties (density, elasticity, water content) to soft tissues and other PAA
based TMM phantoms. NIPAM is also optically transparent at temperatures below its thermal transition,
cloud point. Above this the material becomes opaque. This transition allows an IGT-FUS system to
perform optical lesion assessment. Upon cooling, NIPAM material becomes transparent again making it
repeatably reusable for thermal studies.
The cloud point of NIPAM can also be adjusted by variation of the acrylic acid concentration during
phantom fabrication. Here, NIPAM is reported for a range of 1.3 to 3.7ml of acrylic acid per litre final
phantom volume by substituting for equivalent water content. e.g. For a 1 litre NIPAM phantom with a
52 C cloud point, the following ingredients were added stepwise; 990ml of de-ionised and degassed
water, 1.3g of ammonium persulfate (APS), 2.9 ml of acrylic acid, 60 g of NIPAM and 2.5 g of
N,N’Methylenebisacrylamide. The solution was mixed, then vacuum degassed for 30 minutes at -1Bar.
This was poured into a casting die and 2.7 ml of Tetramethylethylenediamine (TEMED) added to initiate
curing at room temperature for 24hours.
RESULTS Bulk heating of 50ml NIPAM sealed samples was conducted in a water bath for a range of
acrylic acid concentrations (1.3 to 3.7ml per litre phantom). Starting at (body temperature) 37 C and
increasing the water bath temperature by 1 C every 30 minutes, the cloud point transition was optically
observed for each sample concentration, figure 1.
A material with a cloud point above 52 C was chosen for further assessment. The phantom material was
tested using Exablate 2100 MRgFUS system (Insightec, Israel) and a 1.2MHz confocal HIFU system
(IGT, France), for a range of FUS power (20-100W) with a 30s duration, figure 2. Lesion assessment was
cross validated by MRI PRF shift thermometry methods and optical image assessment conducted at the
cloud point. The NIPAM phantom produced thermal and optically visible opaque lesions using both FUS
systems successfully. At low power values (<50W), at a thermal rise below the cloud point transition, a
smooth temperature curve was observed with a steady increase in maximum temperature relative to
increasing applied power, figure 3, 4. At higher temperatures, beyond the cloud point threshold, there
was significantly decreased signal to noise.
CONCLUSIONS Here we present results for an N-Isopropylacrylamide (NIPAM) tissue mimicking
material (TMM) phantom, with a chemically tuneable temperature threshold (cloud point) that offers

reusability and optical cross validation without the need for destructive dissection post FUS application.
This material allows lesion visualisation and thermal monitoring during focused ultrasound treatment
using MRI, Ultrasound and Optical imaging techniques. This provides a single phantom material for
benchmarking pre-clinical validation and for image guided therapy focused ultrasound (IGT-FUS) system
calibration workflows.

Figure 1: Bulk heating N-Isopropylacrylamide samples to verify thermal cloud point material transition,
left to right NIPAM 52 at 20, 52 and 60 C

Figure 2 - Magnetic Resonance Guided Focused Ultrasound (MRgFUS) phantom target experimental
assembly schematic

Figure 3 – Thermoguide software (Image Guided Therapy, France) screencast at region of interest,
targeting NIPAM phantom with focused ultrasound before T0, During T50, After T100 treatment.

Figure 4 – Magnetic Resonance guided Focused Ultrasound (MRgFUS) preliminary results, left - using
1.2MHz Confocal FUS transducer (Image Guided Therapy, France) and right using a 550kHz Exablate
2100 FUS transducer (Insightec, Israel) on a NIPAM 52 TTM phantom.
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MONITORING THE MECHANICAL EFFECTS OF CHEMOTHERAPY DRUGS ON PANCREATIC
DUCAL ADENOCARCINOMA IN A TRANSGENIC MOUSE MODEL USING HARMONIC MOTION
IMAGING
Niloufar Saharkhiz1 , Thomas Payen1 , Carmine Palermo2 , Steve Sastra2 , Kenneth Olive2 , Elisa
Konofagou1,3
1. Biomedical Engineering, Columbia University, New York, New York, United States.
2. Herbert Irving Comprehensive Cancer Center, Columbia University, New York, New York, United
States.
3. Department of Radiology, Columbia University, New York, New York, United States.
OBJECTIVES Mechanical properties of tissues have been shown to be correlated to the progression of
disease such as cancer. Pancreatic Ductal Adenocarcinoma (PDA) is typically asymptomatic until
advanced stages when the dense stroma leads to low chemotherapy perfusion. Therefore, monitoring
the success of chemotherapy can reduce PDA mortality. In this study, we used Harmonic Motion Imaging
(HMI) to monitor response of PDA to Cisplatin, a chemotherapeutic drug which causes crosslinking of
DNA. HMI assesses tissue viscoelastic properties using acoustic radiation force to generate harmonic
displacements in tissue. The amplitude of the displacements is a direct indicator of the underlying tissue
stiffness.
METHODS The HMI setup consists of two confocally aligned transducers: a 4.5 MHz HIFU focused
transducer generating 50 Hz amplitude-modulated oscillations at the focal region, and a 7.8 MHz phased
array imaging transducer. A Verasonics Vantage system was used to acquire 200 RF frames (10
oscillation cycles) and the axial displacements were obtained using a 1D-cross correlation with a 0.98
mm long correlation window and 95% overlap. The HMI system was mechanically moved using a 3D
positioner in a raster scan regime to scan the whole tumor volume where at each point the FUS
exposure lasted 0.2 seconds. As a control experiment, we monitored the tumor growth and measured
the tissue stiffness in a KPC (K-rasLSL.G12D/+ ; p53R172H/+ ; PdxCretg/+ ) mouse over 26 days without any
drug administration. KPC mouse is a genetically- engineered mouse model which develops PDA similar
to that of humans. Another KPC mouse with Brca2 mutation (KPCB2 F/F ) was injected with Cisplatin at 3
mg/kg intraperitoneally once a week for 3 consecutive weeks in a month over 49 days. The tumor
diameter and HMI displacements were measured twice a week and the 2D HMI displacement maps
were reconstructed using the displacement amplitude at each raster scan point.
RESULTS HMI displacement maps overlaid on the B-mode images and 2D HMI displacement maps
alone are shown for both mice (Fig. 1.a and Fig 1.c). Accordingly, for the mouse without treatment, the
amplitude of the displacements was decreasing over time showing tumor stiffening, along with the
tumor’s diameter increase (Fig 1.b). However, an increase in HMI displacements was observed during
treatment of the mouse with Cisplatin, which shows softening of the tumor as a response to the
chemotherapeutic drug. Additionally, after an initial tumor growth (10 days), the tumor started to debulk
gradually as a result of drug response (Fig 1.d)
CONCLUSIONS HMI has been shown to be capable of non-invasively monitoring the effect of
chemotherapeutic drugs on PDA. It was observed that the PDA tumor in this mouse model became
stiffer during progression. However, the softening (increase in HMI displacements) of the tumor was
observed during the treatment of the mouse with Cisplatin indicating drug response. Given the 5-month
median survival rate of PDA patients, detecting the effect of chemotherapeutic drugs using HMI
complementary to tumor size assessment, can be useful to
change the treatment if the current regimen is not effective. Future work will be focused on investigating
the sensitivity of the HMI displacements in pancreatic tumor and determining a relationship between
tumor volume change and stiffness.

Figure 1. (a) Overlaid images (B-mode+HMI) (first row) and 2D HMI displacement maps (second row) for
KPC mouse without treatment on Day 1, Day 15 and Day 26 of monitoring. (b) Change in HMI
displacement (red) and tumor diameter (blue) for 25 days for KPC mouse without treatment. (c) Overlay
images (first row) and 2D HMI displacement maps (second row) for KPCB2 F/F mouse treated with
Cisplatin on Day 11, Day 18 and Day 28 of monitoring. (d) Change in HMI displacement (red) and tumor
diameter (blue) for 49 days for KPCB2 F/F mouse treated with Cisplatin (yellow arrows show Cisplatin
injections).
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MONITORING HIFU THERAPY USING BACKSCATTERED ULTRASOUND SIGNALS.
Victor Barrere1,2 , David MELODELIMA1
1. U1032 LabTAU, INSERM, LYON, France.
2. Université Lyon 1, Lyon, France.
OBJECTIVES The development of new methods for guiding High Intensity Focused Ultrasound (HIFU)
therapies remains necessary. Compared with MRI, ultrasound has cost advantages, superior spatial and
temporal resolution, and is readily available in the hospital setting, including the operating room.
However, ultrasound provides little or no information on the temperature of HIFU-heated tissue and
lesion formation. The objective of this study is to develop a new method of real-time guidance and
monitoring during HIFU therapy, based on ultrasound backscattered signals of tissue microstructures.
METHODS Forty liver sections from 10 pig livers were examined in this study, wherein a sample
constituted a sectioned region of liver tissue treated with HIFU. During treatment, each liver sample was
previously degassed and then placed in a degassed saline bath at 37 C.
The therapeutic device was a 3-MHz flat transducer with aperture diameter of 4 cm in order to produce a
homogeneous temperature increase and ablation in the studied sample. An arbitrary waveform
generator (Hameg 3181, Rohde & Schwartz, Munich, Germany) was used to generate a long duty cycle
tone burst. The tone burst was amplified by a 41501-55-dB power amplifier (ADECE, Artannes, France).
The emitted field of the HIFU transducer was characterized using a needle hydrophone (Precision
Acoustics, Dorchester, U.K.) in degassed water at 37 C. HIFU was used to elevate the temperature in
tissues. An acoustic power of 5 – 7 W corresponding to an acoustic intensity at surface of the plan
transducer of 1.5 – 2.5 W.cm-2 was used with 98% duty cycle and 60 Hz pulse repetition frequency.
During the off cycle of the duty cycle, twenty radiofrequency signals from an imaging transducer of center
frequency 2.25 MHz were recorded. A custom holder was developed to align the imaging plane with the
middle of the heated tissue. The sample was placed between the imaging transducer and a planar
reflector. To continuously estimate temperature, a needle thermocouple was inserted into the heated
tissue sample just beside the region-of-interest being imaged (but not in the echo path). After HIFU
exposure, the tissue sample was cooled down to 37 C, and the acquisition procedure with the imaging
transducer was repeated at several cooling temperatures. At the end of the US experiments, the
samples was fixed in 10% formalin and stained with hematoxylin-eosin-saffron (HES).
The thickness of each tissue samples was estimated from the time-of-flight of the transducer reflection at
the reflector and on the liver-water interface reflections. The estimated sample thickness was used to
determine the attenuation coefficient, with respect to 37 C, via a pulse-echo insertion loss measurement.
The sample speed of sound was estimated by dividing the estimated sample thickness by the time
difference between the sample interface reflections. The backscattered energy was estimated using the
substitution technique.
RESULTS Changes in tissue thickness estimates with respect to different exposure regimes were small,
changing on average by 4-5% compared with the baseline estimate. Similar to previous reports, the
speed of sound in tissues increased by 20% with temperature up to 55 C and then decreased to the
baseline estimate. Estimates of attenuation slope is constant up to 55-60 C and then nearly doubled
comparing the highest exposure to the baseline, increasing from 0.69 dB/cm/MHz to 0.84 dB/cm/MHz.
Interestingly, estimates of backscattered energy increased monotonically as a function of increasing
thermal exposure up to 80 C. The tissue temperature increase estimated using backscattered power
correlated well (r = 0.96, p<0.05) with temperature measurements performed using thermocouples. The
main novelty of this work is the ability to estimate temperature and/or thermal dose in a low frequency
range 2-8 MHz and in a temperature scale up to 80 C (corresponding to the temperature reached during
HIFU treatments).
Histological studies conducted at different temperatures shown an increase of the nuclei number density
(considered as the main source of scattering in liver tissue or tumor) as a function of the increasing
temperature up to 65-70 C. Above this threshold the nuclei number density decreases, the cell

membrane is also deformed or destructed, and the intercellular space decreases. These findings may
explain the linear increase observed when measuring the backscattered energy.
CONCLUSIONS The results of this study have important implications for ultrasonic assessment of
thermal injury to liver. A close agreement was found in backscattered energy across heating regimes at
frequencies currently achievable on clinical devices. Successful temperature estimation may allow
creating 2D temperature maps during HIFU treatments.
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DETECTION OF GAPS BETWEEN HIGH-INTENSITY FOCUSED ULTRASOUND (HIFU)-INDUCED
LESIONS USING TRANSIENT AXIAL-SHEAR STRAIN ELASTOGRAMS
Yufeng Zhou1 , Chenhui Liu1
1. Nanyang Technological University, Singapore, Singapore.
OBJECTIVES High-intensity focused ultrasound (HIFU) is becoming an effective and noninvasive
treatment modality for cancer and solid tumors. In order to avoid the cancer relapse and guarantee the
success of ablation, there should be no gaps left among all HIFU-generated lesions. However, there is
few imaging approach available for detecting the HIFU lesion gaps in real time.
METHODS In this study, transient axial-shear strain elastograms (ASSEs) were proposed and evaluated
both numerically and experimentally to detect the lesion gaps immediately after the cessation of HIFU
exposure. A conventional ultrasound imaging probe was used to obtain radio-frequency (RF) echo
signals at high frame rate using plane wave imaging. The resulting strains were mapped using
correlation-based method and block search strategy.
RESULTS Large and highly localized axial shear strain appears in the gap zone between two
HIFU-generated lesions and then disappears after the sufficient HIFU ablation (no gap between them).
In contrast, conventional axial strain elastograms (ASEs) using the static compression cannot discern
whether gap exists between lesions. ASEs and transient ASSEs reconstructed using both high-speed
photography and sonography in the gel phantom show the same conclusion as that in the simulation. Ex
vivo tissue experiments further confirmed that the presence of large axial shear strain in the gap zone
and reliability of gap detection.
CONCLUSIONS Altogether, transient ASSEs using the HIFU burst itself can easily, reliably, and
sensitively detect the gap between produced lesions, which would provide real-time feedback to enhance
the success of HIFU ablation.

Wednesday, May 16, 2018
1:00 PM/Poster 248

Ballroom C & Atrium

Poster SessionUltrasound Guidance

IMPLEMENTATION OF DUAL-MONITORING OF B-MODE AND PASSIVE ACOUSTIC MAPPING
USING GPU PARALLEL PROCESSING FOR REAL-TIME ULTRASOUND GUIDED HIFU SYSTEM
Jeongyoon Lee1 , Pilsu Kim1 , Tai-kyong Song1
1. Electronic Engineering, Sogang university, Seoul, Korea (the Republic of).
OBJECTIVES Acoustic cavitation affects the high-intensity focused ultrasound (HIFU) treatment, in that
it can possibly cause thermal and mechanical damage to surrounding normal tissue. Thus, it is highly
demanded not only to monitor its occurrence but also to localize its position. Conventional HIFU
monitoring system uses ultrasound-based monitoring (USgHIFU) or MR-based monitoring (MRgHIFU),
while neither of them are incapable of cavitation monitoring. Currently, commercial HIFU systems have
only observed the occurrence of cavitation using single element PCD.
To satisfy the unmet needs, passive acoustic mapping (PAM) technique has been widely studied to
monitor the location of cavitation. However, its high computational complexity makes it challenging to
reconstruct PAM image in real-time. In this study, using GPU parallel computing, we implemented PAM in
commercial ultrasound research system to operate simultaneously with B-mode US in real time. This
work demonstrate that it is possible to enhance the monitoring capability of USgHIFU system with
cavitation mapping.
METHODS For cavitation mapping and B-mode imaging, we used the commercial ultrasound research
system (E-cube 12R, Alpinion Medical system, Republic of Korea) with 128-elements 7.5-MHz linear
array transducer (L3-12, Alpinion Medical system, Republic of Korea). Fig. 1(a) elucidates sequence of
RF data acquisition and processing. PAM processing (PAM acquisition) and B-mode data acquisition
(B-mode processing) were performed in parallel to increase framerate. Time domain PAM technique was
used for real-time cavitation monitoring. Additionally, 63-tap band-pass filter with pass-band 6-9MHz was
applied to remove HIFU signals in received RF-data. As shown in Fig. 2, single element transducers
were orthogonally positioned with respect to linear array and their focal points aligned to the array’s
imaging plane, the center of PAM ROI.
First, to investigate the spatial accuracy of PAM, 3.5-MHz focused broadband transducer (V380,
PANAMETRICS, USA) and string target was utilized to compare the location of PAM and B-mode image,
as shown in Fig. 2(1). The broadband burst signal (2cycle, PRI 2us) reflected by the string target
generated non-cavitating signal that can simulate a cavitation source at fixed position.
We carried out the in-vitro study to verify the feasibility of HIFU-induced cavitation monitoring as Fig.
2(2). Cavitation signal was instigated in tissue-mimicking BSA phantom by driving the HIFU transducer
(H101, Sonic Concepts, USA) at 1.1MHz, with pulsed wave (duty cycle 50%, PRI 2s), amplified by 55dB
(ENI 1040L, Electronics & Innovation, USA). The signal emitted by cavitation was recorded by linear
array and reconstructed on ROI, imaging point spacing, integration interval. In this case, we additionally
saved RF data and recorded display at the same time for cavitation detection evaluation during real-time
operation. The measured framerate was 17.5Hz in this case, while it is 19.5Hz without RF-data saving
and display recording.
RESULTS Fig. 3 shows results obtained for PAM spatial accuracy evaluation. When broadband
transducer was turned on, PAM resulted in mapping non-cavitating source on the identical position of
string target that B-mode image shows. This indicates that PAM can localize cavitation in exact position.
The results of In-vitro experiment is illustrated in Fig. 4. Fig. 4(a)-(e) shows B-mode and PAM overlaid
images during experiments process and Fig. 4 (f)-(h) shows the frequency response of RF data recorded
by linear array’s 63-th channel in PAM data acquisition, corresponding to Fig. 4-(a)-(c) respectively.
Before HIFU sonication, there was no HIFU and cavitation signal in PAM data(Fig. 4-(a), (f)). When HIFU
sonication is turned on, while only harmonic components of HIFU signal existed in case cavitation was
not visualized on PAM image (Fig. 4-(b), (g)), broad band cavitation signal existed in case cavitation
appeared on PAM image (Fig. 4-(c), (h)). This result confirm that our system can detect cavitation
occurrence properly during HIFU sonication in real-time.
CONCLUSIONS In this study, we conducted cavitation mapping by PAM technique using GPU parallel

processing to overcome the framerate limitation due to its computational complexity. This work made it
possible to conduct PAM in the commercial ultrasound research system to operate simultaneously with
B-mode US in real time. This shows that PAM can be implemented for USgHIFU system, which suggests
a novel dual-monitoring system for HIFU guidance.

Fig. 1 Illustration of B-mode and PAM data acquisition and processing; (a) conceptual timing diagram
and (b) Block diagram of PAM and B-mode processing

Fig. 2 Experimental setup. (a) Broadband transducer and string target for non-cavitating signal
generation and (b) HIFU transducer and BSA phantom for cavitation signal generation

Fig. 3 Result of spatial accuracy evaluation. (a) B-mode US image of string target & PAM image without
broadband signal (b) B-mode US image of string target & PAM image with broadband signal

Fig. 4 Result of feasibility evaluation on real-time cavitation detection. HIFU sonication starts at time t+0.
B-mode and PAM reconstructed image of (a): HIFU off, (b): HIFU on / no cavitation source detected,
(c)(d): HIFU on / cavitation sources detected, (e): lesion formation observed after HIFU is off. (f), (g), (h):
frequency response of RF data recorded by linear array’s 63-th channel in PAM data acquisition
corresponding to (a), (b) and (c) respectively.
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HIFU NOISE ELIMINATION TECHNIQUE BASED ON PHASE AND POWER MODULATION FOR
ULTRASOUND GUIDED HIFU MONITORING SYSTEM
Hansol Yoon1 , Pilsu Kim1 , Tai-kyong Song1
1. Elecronic Engineering, Sogang University, Seoul, Korea (the Republic of).
OBJECTIVES Ultrasound (US) imaging has been widely utilized to guide high intensity focused
ultrasound (HIFU) treatment due to its advantages of cost effectiveness and real-time capability.
However, US monitoring suffers from interference noise of scattered HIFU signal. Previously, to
overcome this problem, Song et al proposed a pulse inversion (PI) technique for HIFU treatment
monitoring, which effectively eliminates the fundamental and odd harmonic components of the HIFU
signal, regardless of its bandwidth. However, because PI leaves every even harmonic component, the
maximum US imaging bandwidth is restricted between two consecutive even harmonics to avoid the
residual HIFU harmonics. Consequently, US monitoring image reconstructed by PI limited the spatial
resolution. In this paper, we propose a phase and power modulation (PPM) technique to eliminate HIFU
noise signal with the preservation of broad imaging bandwidth.
METHODS The proposed PPM technique effectively eliminates HIFU noise using four HIFU pulses that
are modulated with phase and amplitude. The conceptual diagram of the PPM technique is illustrated in
fig. 1.
To evaluate the performance of the proposed technique, we conducted In-vitro study with
poly-acrylamide based graphite phantom and compared our PPM technique to the band pass filtering
(BPF) only method and the PI method. 63-tap BPF was used in every three methods to cancel out
residual HIFU signal. We designed a BPF that has cut-off frequencies of 1.57 and 3.93 MHz to preserve
broadband imaging bandwidth (65.6% fractional bandwidth) of the US monitoring signal.
HIFU signal of 50% duty cycle and 1-ms pulse repetition interval were generated with a function
generator (AFG 3102, Tektronix Inc., USA) and amplified with 55-dB RF amplifier (ENI 1040L, Electronic
Navigation Industries, USA). These amplified pulses excited the 1.1-MHz HIFU transducer (H-102, Sonic
Concepts Inc., USA).
Meanwhile, the US imaging system (E-Cube 12R, Alpinion, Republic of Korea) was triggered to
reconstruct US monitoring image with a convex array probe (SC1-6, Alpinion, Republic of Korea) when
every HIFU pulses were sonicated. The received RF data were offline processed with MATLAB (R2017a,
MathWorks, USA).
RESULTS The resultant monitoring images reconstructed by each methods and the frequency spectrum
of those 65th scanline are shown in Fig. 2 and Fig. 3, respectively. During HIFU exposure, the phantom
image is extremely interfered with the HIFU signal and HIFU signal’s fundamental component and
harmonics can be clearly observed in the frequency domain.
From images reconstructed by only BPF and PI, HIFU noise was insufficiently suppressed due to the
remaining harmonics of the HIFU signal. On the other hand, the proposed PPM method substantially
eliminates the fundamental component, the 2nd and 3rd harmonics. We confirmed that the reconstructed
image by PPM has the equivalent image quality with the image shown in Fig. 2(a).
CONCLUSIONS In this paper, we propose a PPM technique to eliminate HIFU noise signal with the
preservation of broad imaging bandwidth. In the phantom experiments, we have shown that the
proposed method successfully eliminates the HIFU interference signals. Especially, the proposed
method can effectively suppress the adjacent harmonics of the HIFU signal, which allows wider
bandwidth of the US monitoring image. Therefore, our method can achieve real-time US monitoring
during HIFU treatment with preservation of the broad US imaging bandwidth.

Fig. 1. Conceptual block diagram for proposed phase and power modulation method.

Fig. 2. Reconstructed images: (a) before HIFU exposure, (b) during HIFU exposure, after applying (c)
BPF only, (d) pulse inversion and (e) proposed phase and power modulation method.

Fig. 3. Frequency spectrum of the US monitoring signal: (a) before HIFU exposure, (b) during HIFU
exposure, after applying (c) BPF only, (d) pulse inversion and (e) proposed phase and power modulation
method.

Wednesday, May 16, 2018
1:00 PM/Poster 250

Ballroom C & Atrium

Poster SessionUltrasound Guidance

REAL-TIME IMAGING OF ULTRASONIC FIELDS USING TIME REVERSAL AND AN ULTRASOUND
SCANNER
Kazuhiro Matsui1 , Francoise Chavrier1 , Elie Abi Raad1 , W. Apoutou N’Djin1 , Rémi Souchon1
1. INSERM, Lyon, France.
OBJECTIVES Therapeutic ultrasound relies on the ability to steer and focus acoustic beams onto a
chosen target, for example a tumor. In patients, ultrasound beams can be attenuated, scattered,
reflected, and deflected, because they propagate through heterogeneous biological tissues. As a result,
treatment efficacy and safety may be compromised.
The objective of this work is to develop a method capable of imaging acoustic fields inside biological
tissues.
METHODS The method is based on combining the Kirchhoff integral theorem (Pierce 1981) with the
reciprocity principle (Rayleigh 1876). The former states that the acoustic field enclosed in a volume can
be estimated by summing the individual contributions of sources located on the surface of that volume.
The latter states that source and observation position can be interchanged in the wave equation. As a
consequence, the acoustic field enclosed in the volume can be estimated by first measuring the vibration
on the surface of that volume, then by considering this surface as a source, a technique known as time
reversal (Fink 1992). Requirements for accurate reconstruction are a large surface, so that most of the
energy flux of the beam is captured, and small elements. The technique was then implemented using an
ultrasound scanner (Verasonics), in charge of measuring the incident beam, and displaying the beam
image.
The method was first tested in simulation studies. The influence of the sensor array (total size and
element size) on image quality was investigated, based on quantitative quality metrics.
The method was tested in water, and the results were compared to hydrophone measurements.
Experiments were performed using a 1024-elements matrix array transducer. The total surface of the
sensor array was artificially extended using motorized scanning. Then another set of experiments was
carried out with a 128-elements linear array (ATL L7-4) to demonstrate feasibility using a conventional
imaging probe. Finally, the method was tested in porcine loin, to demonstrate feasibility in biological
tissues.
RESULTS Simulations showed excellent reconstruction of the acoustic field when using large sensor
arrays with small elements. Simulations also showed that the position and size of the focal zone can be
estimated accurately, even with suboptimal sensor arrays.
Experiments demonstrated good correspondence between the method and hydrophone measurements
(fig 1).
CONCLUSIONS The method enables real-time imaging of ultrasonic fields in liquids and within soft
tissues.

Fig 1. (left) Experimental image of the amplitude of the acoustic field generated by a HIFU transducer,
(right) Corresponding hydrophone measurement (gold standard).
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SPATIOTEMPORAL CLUTTER FILTERING INCREASES THE DETECTABILITY OF ACOUSTIC
CAVITATION DURING ULTRAFAST POWER CAVITATION IMAGING IN NON-HUMAN PRIMATES
Mark Thomas Burgess1 , Maria Eleni Karakatsani1 , Iason Apostolakis1 , Elisa Konofagou1,2
1. Biomedical Engineering, Columbia University, New York, New York, United States.
2. Radiology, Columbia University, New York, New York, United States.
OBJECTIVES The objective of this study was to investigate the use of various clutter filters, such as
digital high pass filtering and singular value decomposition, to separate fast moving acoustic cavitation
emissions in the blood from slow moving tissue and skull reflections during ultrafast power cavitation
imaging in non-human primates. The overall goal is to combine this technique with neuronavigation for
non-MRI-guided blood-brain barrier opening.
METHODS In this study, we performed transcranial passive cavitation imaging with a 1.5D imaging array
(M5Sc-D, bandwidth: 1.5 - 4 MHz, GE Medical Systems) placed in the central opening of a 0.5 MHz
focused ultrasound (FUS) transducer (H204, Sonic Concepts) in non-human primates. Broadband FUS
pulses were used along with synchronous transmit and receive sequences to perform delay and sum
beamforming using absolute time delays. Image sets were acquired at ultrafast frame rates (>500
frames per second) for calculation of mean intensity images, i.e. power cavitation images. The use of
spatiotemporal clutter filtering to increase power cavitation image sensitivity was explored over a range
of FUS peak negative pressures (0.05 – 0.75 MPa). Anatomical targeting of the FUS system was
performed using a neuronavigation system (Brainsight, Rogue Research) and pre-acquired MRI images.
By registering the MRI data with the anatomical landmarks of the non-human primate, the position the
FUS and imaging array transducers can be determined for precise targeting.
RESULTS Clutter filtering improved the sensitivity of power cavitation imaging and successfully removed
slow moving tissue and skull signals. The contrast-to-noise ratio for a region of interest at the focal area
was increased by 5.5 dB and the signal from the skull was suppressed by up to 16 dB. Power cavitation
images were registered with pre-acquired MRI images to identify the spatial distribution of acoustic
cavitation in underlying vasculature. Acoustic cavitation was not only localized to the focal region, but
also prefocally and along the muscle/skull/brain interface. Ongoing work will aim to optimize the
spatiotemporal filter settings over a range of FUS pressures to determine the threshold of acoustic
cavitation detection.
CONCLUSIONS By combining passive cavitation imaging with the processing techniques developed for
ultrafast ultrasound imaging, the detectability of transcranial acoustic cavitation in non-human primates
can be improved. Future work will explore the use of this method for safe and controlled BBB opening
based on power cavitation image feedback.

(A) B-mode ultrasound image showing the outline of the non-human primate skull. (B) Power cavitation
image showing acoustic cavitation activity near the focal region at a depth of approximately 70 mm and
prefocally along the muscle/skull/tissue interface. (C) Pre-acquired MRI image registered to the image
plane of the power cavitation image.

