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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

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

Disability
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Acoustic Energy Required for Tremor Ablation 
Is Variable

Schwartz et al., Submitted, (ISTU 2016)

Mean Skull Density Ratio 

Simulations of Skull Heating

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

Ultrasound Bioeffects
Temperature Elevation
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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.

T = local t issue temperature (oC)

TA = Local arterial temperature (oC)

TV = Local venous temperature (oC)

ρ = Tissue density ( kg
m3 )

ρb = Density of the blood ( kg
m3 )

c = Specific heat of the t issue ( J
kg◦ C

)

csk ,b = Specific heat of blood ( J
kg◦ C

)

⇒ ρcsk

MT

Mt
= csk ,bW (TA − TV ) (12.13)

where W = local volumetric t issue perfusion rate ( kg
m3 s

).

12.3 B io-heat equat ion

The temperature elevat ion can be approximated by Pennes (1949) bio-heat-equat ion

Conservat ion of energy in t issue⇒

Rate of storage of thermal energy =

Net rate of thermal conduct ion (energy in - energy out) +

Net rate of thermal energy transport by blood perfusion (in - out) +

Rate of energy deposit ion from ult rasound

Pennes (1949) bio-heat-equat ion:

ρcsk

MT

Mt
= − kΛ2T − Qb + ⟨q⟩ + Qm (12.14)

where

ρ = density

csk = specific heat capacity

k = thermal conduct ivity of t issue

⟨q⟩ = the rate of absorbed energy per unit volume

Qb = the volumetric rate of power loss to blood perfusion

Qm = the volumetric power density generated by local

metabolic processes which is neglected in the computer

simulat ions since changes in temperature due to metabolic rate are

relat ively small

- Approximat ion

⇐ perfusion effects not accurately modeled

⇐ no large blood vessels -more accurate for short exposures

- The biological ef fect of the temperature elevat ion depends on the temperature

elevat ion and of the durat ion of the exposure:

- one degree elevat ion in temperature

⇒ exposure t ime 2 to get the same bioeffect

-Thermal dose equat ion (Sapareto and Dewey equat ion)

TD43 =

t = t f i n al

t = 0

Rt r ef − t t ∆ t (12.15)

where

- TD43 is the t ime that is required at temperature Tref (= 43 ◦ C) to achieve

- equivalent thermal dose R is a coef f icient = 0.5 when T > 43 ◦ C

0.25 when T < 43 ◦ C

46

Brain Thermal Threshold

(Rabbit) 

McDannold N, et al, MRM 2004 

50% probability of brain damage: 17.5 CEM43
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Brain Thermal Threshold

(Essential Tremor Trial)
• 36 patients, 232 sonications with peak temperature > 50 

o
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

Huang Y, et al, ISMRM 2017 

Chemical Shift Artifact Matlab Manual Correction

Brain Thermal Threshold

(Essential Tremor Trial)

T2 regression

Huang Y, et al, ISMRM 2017 

T1 regression

Brain Thermal Threshold

(Essential Tremor Trial)

T2 vs. 100 CEM43 T1 vs. 200 CEM43

Huang Y, et al, ISMRM 2017 
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17.5 or 100 CEM43 ?










02 B
T

= -0.011 ppm/oC in the rabbit study

= -0.00909 ppm/oC in the ET trial (ExAblate, InSightec)

20% difference in temperature

MR Thermometry

17.5 CEM43 (= -0.011) 100 CEM43 (= -0.00909)

T2 vs. 100 CEM T1 vs. 200 CEM

Peak Temperature < 54 oC  

• Thermal dose 100 CEM43 correlates to the VIM 

lesion size in T2 MRI on the first day follow-up

• 100 CEM43 with = -0.00909 is in close agreement 

to 17.5 CEM43 with = -0.011 ppm/oC

• Repeated sonications at low peak temperatures 

(49-54 oC) may accumulate enough dose volume 

for creating lesions ( 70% of the energy)

=> more patients can be treated

Summary of Thermal Dose
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MRI-Controlled Hyperthermia+ ThermoDox*
=>Localized Drug Delivery

Local Heating 
(40-43°C)

Enhanced tumor 
drug concentration  

and antitumor effect
(Kong et al, 2000)

Heat-Triggered 
Local Release

Rapid Release of 
Doxorubicin at 

40-43°C

Encapsulated 
Doxorubicin

100 nm
liposome

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

Rabbit VX2 Tumours: Survival

Staruch et al. Int J Hyperthermia. 2015

Santos et al. Theranostics 2017

http://www.ncbi.nlm.nih.gov/pubmed/25582131
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Santos et al. Theranostics 2017

Santos et al. Theranostics 2017

Treatment Tests

Santos et al. Theranostics 2017

Doxorubicin delivery into the tumor



8/1/2017

8

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 

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

Microbubbles
=> increased temperature rise/W   x  4
=> Temperature Threshold for tissue damage 

is reduced to half
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Acoustic Mapping During MB 
Enhanced Ablation:

Rabbit Brain in vivo

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.

Burgess et al. Plos One 2012

Acoustic Mapping of bubbles during 
Thrombolysis

Christopher N. Acconcia et al.  In preparation 
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Pajek et al., PMB 2012

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

BBB Opening
Calibration of the Bubble Effect
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Rabbit Brain BBB Opening

BBB Tumor Clinical Trial

Support
Focused Ultrasound Foundation

InSightec

Canada Researcch Chair Program

NIH
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Axial Coronal

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

Clinical Experience:
-13 Treatments 
-9 Patients
-Two Phase 1 Trials:

--Tumor
--AD

Plans:
-ALS
-Breast Meths.
-Tumor Phase 2

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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Future:
4096 element MRI-compatible array

Non-thermal Bubble Induced Ablation
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Planar Array: 4912-elements
Thermal Lesion Simulations

Single focus
Scanned beam

Ellens et al, PMB 2011

Platform Technology

Transducers
500kHz, 8x8

Custom Electronics
64 channels

Software
Focusing speed scalable

Extensible – Stackable - Modular
• Compatible with Standard Imaging: MRI or Ultrasound
• Focused Ultrasound Systems tailored to any indication

44

Ultrasound Interactions with Tissue

Ultrasound

Vibration of Molecules + Oscillations of bubbles

Energy Absorption +++

Temperature Rise+++

Bio-Effects +++

Radiation Force +++

Tissue motion +++
(Shear waves)

?

Cavitation
Micro Bubbles

Micro-streaming
Shear stress

Inertial Cavitation

Bubble collapse
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Bubble Enhanced Thermal Ablation

Focus

Ultrasonic 
Transducer

Focus

Focused Ultrasound

1.0

Distance from transducer (mm)
20 60 100 140

0.0

0.5
Normalized

Intensity
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Pajek et al., PMB 2012

Through Skull Stroke Treatments
Simulations 

Passive Cavitation Imaging for Thermal 
Ablation Monitoring: 

Ex vivo muscle

10 s

20 s

40 s

Time-lapsed cavitation imaging 
(40 s exposure) 

Christopher N. Acconcia et al.  In preparation 
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Progress Towards Clinical Testing


