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Thalamotomy by Focused Ultrasound

MR Thermometry Guidance

« VIM Location
centre of the heating volume

« Size of the lesion (5-6mm)
thermal dose

> 1000 brain patients treated in 35 centers RF-electrode insertion 30-years earlier

A Pilot Study of Focused Ultrasound
Thalamotomy for Essential Tremor
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A Randomized Trial of Focused Ultrasound
Thalamotomy for Essential Tremor

W. Jeffrey Elias, M.D., Nir Lipsman, M.D., Ph.D., William G. Ondo, M.D., etal.

e
R Ea

Acoustic Energy Required for Tremor Ablation

Is Variable
asom0
40000 - M Skull Lesions.
T # No Skull Lesions
% 35000 -
S .
£ o0 -
2 25000 |
I.:::II - b -
20000 *
E Yo% d
E
E Rt
& o000 .
s000 .
o
o 0.2 0.4 06 0.8 1

Mean Skull Density Ratio

Schwartz et al., Submitted, (ISTU 2016) 5

Simulations of Skull Heating

(N (2)

B

o

&

Connor et al., IEEE TRANS. ON BIOMEDICAL ENGINEERING, VOL. 51,1693-1706 2004




Skull Heating

1. Ablation in the middle of the feasible but not in all patients

1. Off-center Targets or close to skull difficult to treat

=>Reduction in the needed energy

= multiple sonications=>accumulation of thermal dose (70%)

= Reduction in the ablation threshold => chemotherapy (30%)

= Increase in the focal energy absorption => micro-bubbles (<10%)
= Inertial cavitation effects (<0.1%)

= BBB opening for drug delivery (<0.1%)
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-Thermal dose equation (Sapareto and Dewey equation)
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Dewhirst, et al. Int.J.Hyperthermia 19 (3):267-294, 2003.
Sapareto and Dewey Int.J.Radiation Oncology Biol.Phys. 10:787-800, 1984.
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Brain Thermal Threshold
(Essential Tremor Trial)

+ 36 patients, 232 sonications with peak temperature > 50 °C

* Accumulated thermal dose over multiple sonications were
calculated retrospectively with chemical shift corrections and
correlated to lesion size on T2 and T1 MRI at day 1 follow-up

Chemical Shift Artifact

Matlab Manual Correction

Huang Y, et al, ISMRM 2017

Brain Thermal Threshold
(Essential Tremor Trial)

T2 regression
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Brain Thermal Threshold
(Essential Tremor Trial)
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ATDat 100 CEM {mm)

17.5 or 100 CEM,; ?

A
MR Thermometry AT = 7¢
2ny-B,-a
a=-0.011 ppm/°C in the rabbit study
a=-0.00909 ppm/°C in the ET trial (ExAblate, InSightec)

20% difference in temperature

17.5 CEM,, . 00, = 100 CEM,, - oinn

Peak Temperature <54 °C

T2 vs. 100 CEM T1vs. 200 CEM
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Summary of Thermal Dose

* Thermal dose 100 CEM,; correlates to the VIM
lesion size in T2 MRI on the first day follow-up

* 100 CEM,; with a=-0.00909 is in close agreement
to 17.5 CEM 3 with a= -0.011 ppm/°C

* Repeated sonications at low peak temperatures
(49-54 °C) may accumulate enough dose volume
for creating lesions ( 70% of the energy)

=> more patients can be treated

8/1/2017




MRI-Controlled Hyperthermia+ ThermoDox*
=>Localized Drug Delivery

Encapsulated
Doxorubicin

Rapid Release of
4 Doxorubicin at
40-43°C

\:L I(_’o_' Enhanced tumor
““L 2.2 drug concentration

Heat-Triggered
Local Rel
Local Heating (Kong et el 2000)
(40-43°C)

Yatvin MB, Weinstein JN, et al. Science. 1978 *Celsion

Rabbit VX2 Tumours: Survival
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http://www.ncbi.nlm.nih.gov/pubmed/25582131

Santos et al. Theranostics 2017

Treatment Tests

Gantral
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T
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Santos et al. Theranostics 2017

Doxorubicin delivery into the tumor

= 20rmin FUS #HT
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- 10x 308 FUSSHT
- conrol

Santos et al. Theranostics 2017
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Thermally sensitive liposomes

Short exposures able to enhance drug delivery

Feasible in the brain - at least in small volumes

Require 30 % of the ablation energy
=>Can increase the treatable volume significantly

Microbubbles IV
Potentiated Ultrasound Thermal Effects

=

Temperature Rise (°C)
%

Microbubbles

=>increased temperature rise/W x 4

=>Temperature Threshold for tissue damage
is reduced to half

McDannold, et. al., Radiology. 241 (1):95-106, 2006.

Clinical-Scale Prototype System

T

,/
* 256 Transducer Modules* . 7’ .

= 3 x PZT4 tubes; lateral mode

= frrx = 306/612/1224 kHz

-0D=2.0A1D=14A

- Sparse, optimized layout?

= Acoustically characterized?®

PMB. (2016) (3] Deng et al, IEEE IUS. (2016)
, PMB. (2013)




Acoustic Mapping During MB

Enhanced Ablation:
Rabbit Brain in vivo
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Bubble enhanced ablation

-Tissue ablation feasible but variable
-Requires online monitoring and control
-Requires less energy (<10%)

=>May allow whole brain ablation

-Requires more research
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High-Intensity Focused Ultrasound
(HIFU) for Dissolution of Clots of
Embolic Stroke.

Bas{elrine . Stroke Post-HIFU

e =

Burgess et al. Plos One 2012

Acoustic Mapping of bubbles during

Thrombolysis
%103
Diagnostic Therapeutic
probe transducer

Receive
array
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Christopher N. Acconcia et al. In preparation
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Through Skull Stroke Treatments
Inertial cavitation

In vivo experiments show promise in restoring blood flow

Fast acoustic imaging can provide means to control

Requires less than 0.1% of the ablation energy=> whole brain feasible

New array technology is needed for the high peak power

Pajek et al., PMB 2012

BBB Opening
Calibration of the Bubble Effect
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Calibration Procedure & Parameters
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«Based on previous work: single-element detector?
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« Microbubbles: Definity™ (20 ulL/kg, 1 min infusion)

o frx = 612 kHz, 10 ms bursts, 1 Hz repetition rate, AP = 15 kPa, t,

muls = 2 Min

« fax = 306 kHz, captureciip = 3.2 ms, capturemus = 0.7-1.5 ms, 10 MS/s

« GPU delay & sum beamforming?
[1] O'Reilly & Hynynen, Radiology. (2012)

[FOV: 10x10x10 mm?, voxel size: 1x1x1 mm?3]
[2]Jones et al, Med. Phys. (2015)
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«Six grids (6x6, 1 mm
spacing), 75-90% Psub

« Hypointensities on SWI:
extravasated red blood
cells (H&E)

- Mostly cleared by 4 weeks?;
minimal impact on brain

SWi: 3d post

[1] McDannold et al, UMB. (2005) [2] Hynynen et al, J. Neurosurg. (2006}

Rabbit Brain BBB Opening

All Focal Spots (n = 720)
Time Point CE-Tiw Hyper Taw Hyper SWIHypo H&E Extravasations

Immediate 336 12 0 N/A
1 Week 0 0 0 1

Control Points (n = 20)

Time Point CE-Tiw Hyper Tow Hyper SWIHypo H&E Extravasations
Immediate 20 0 0 N/A

1 Week ] 0 0 0

BBB Tumor Clinical Trial
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First Patient Tests

MRI Gad Enhancement (T1)
Delivery of Doxil to a brain tumor

Huang, Mainprize et al., ISMRM 2016

Acoustic Emissions at sub-harmonic
frequency during BBB Opening
4 hydrophones

nos : Clinical Experience:
; -13 Treatments

-9 Patients

-Two Phase 1 Trials:
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FUS Brain Treatments

Thermal ablation of central targets clinically feasible
Skull heating prevents targets closer to skull to be ablated

1. Multiple lower temperature exposures can be used to accumulate damage
Required Energy 70%

2. Drugs can be released from temperature sensitive carriers with 30s exposure
Required Energy 30%

3. Pre-formed microbubbles enhance ablation
Required Energy <10%

4.Inertial cavitation controllable and potential for stroke treatments
Required Energy <0.1%

5. BBB opening feasible in humans
Required Energy <0.1%

Transmit/receive arrays allow large volume controllable BBB opening

=>FUS has the potential to have a large impact
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4096 element MRI-compatible array
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Non-thermal Bubble Induced Ablation

Time=4e-8
Slice: Pressure [Pa] Edge: 1 _Streamline: Velocity field

Max: 14496
x10°
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Planar Array: 4912-elements
Thermal Lesion Simulations
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Ellens et al, PMB 2011

Platform Technology

P

Transducers Custom Electronics Software
500kHz, 8x8 64 channels Focusing speed scalable

Extensible — Stackable - Modular
« Compatible with Standard Imaging: MRI or Ultrasound
* Focused Ultrasound Systems tailored to any indication

Ultrasound Interactions with Tissue

Ultrasound Cavitation
Micro Bubbles

Vibration of Molecules + Oscillations of bubbles —

Energy Absorption +++

Radiation Force +++ Temperature Rise+++
Tissue motion +++ @ Micro-streaming
(Shear waves) Shear stress

4 X / 1T v
Inertial Cavitatio
Bio-Effects +1+ @M Bubble collapse
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Acoustic Emissions

+ MB emissions correlated w/ bioeffects'™; existing controllers: single detectors®*
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« Single-element trade-off: volume of sensitivity vs. spatial specificity

[4] O'Reilly & Hynynen, Radiology. (2012)|

Bubble Enhanced Thermal Ablation

Focused Ultrasound
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Through Skull Stroke Treatments
Simulations
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Progress Towards Clinical Testing
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