Focused Ultrasound
(s. MRgFUS transcranial MRI-guided Focused US)
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HISTORY

1 FUShas been invéigated for > 60 years fdhe potential of applyingp cerebral tissud-¢y
brothers in the 1950 Universityof Illinois along withlowa neurosurgeon Russ&leyers.

1 clinical use, howeveryaslimited by the need for a craniectorfoy acoustic window intact skull
causedeam distortiorfdefocusingland energybsorption.

1 atthe same time, gamma knifeas advanced by Lars Leksel§ a resultFUSfor the brain was
largely abandoned for several decades

MODERN ERA

Three revolutionary technological advantest created new opportunities for FUS:
- correcton for skullinhomogeneities tit defocus the acoustic energy
- reaktime monitoring
1) phasedarray transducers’i eachtransducecan be independently controllédii p h a s e
s hi f t eoweot for thewhase aberrations produced by dhiabie thickness of the skull.
2) CT technology and algorithmsi allow for the compensation afegularskull thickness and
density to minimie US deflection and absorption
3) MR thermometry T reattime tissue temperature monitoringafety and confirmation of
energy delivery to the target; thus, modern FUS is sometimes calleguMBd FUS
(MRgFUS).

MECHANISMS OF ACTION

Depend on:
1. Intensity (pwer) of sonicatiori high-intensity (HIFUS) vs. lowintensity (LIFUS)
2. Duration of sonication
3. Modei continuous, pulsed

HEAT GENERATION

1 FUSin continuouswave modeeneratefrictional energyy raises tissue temperature at the focal
point- can bemonitored withMR thermography

A. LIFUS can generate low leveltemperaturgise over several minutes or houigcgl hyperthermia).

B. HIFUS can generate short (seconds)reperature ris®©60°Cthatcausegrotein denaturation
(thermal ablation).

1 FUS carcreate atrue lesioninthe brdim he ter m fAinoni nvasiveo i s
termiii nci sionl esso or Aminimally invasiveo.

1 lesionscan be very sharply delineated with lethal and sublethal effects being separated by only
several celthicknesses

1 target zone size: from 1x1rBm (1/6 of a grain of ricedo 10x16mm; for larger structures, lesions
can be combined (but wittboling period between sonications to prevent unwanted heating of
surrounding tissué time-consuming)

Tissueeffects with temperature and exposure times:
As the temperature increases the exposure time needed to achieve tissumal
destructiordecreases exponentially.
At 100°C, tssue boils regardless of the exposure time
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(Marie DauenheimegearMA, CMI, FAMI)

MECHANICAL EFFECTS

1 FUSapplication inpulsed mannghigh power and very short puldeads to a low energy deposition
in the tissue (minimal ther mal rise), howeve
mechanical effects, fromibration to cavitation.

Acoustic cavitation- most prominent mechanical effect of FUS

USis a pressure wave consisting of positive (compressive) amadive¢rarefactive) components.
as US waves propagate through tissue, they interact with dissolsesl ga

the negative componegenerategasfilled microbubbles.

as theUS exposure cotinues, the microbubbles continue to oscillai@nfnertialor stable
cavitationat 0.3 MPg if the pressure wave amplitude increaekigh power (0.9 MPa}he
bubbles collapsé i ner t i al viclentshotkavaveseand)highe | o c i tpyrelyj et s
mechanical cell disruptioor liquefaction fistotripsy).

likelihood of cavitation increases as the ultrasofnrequency decreases

cavitation microbubblesra easily visible with ultrasound imagirg@ccurate monitoring.

systemic injection of microbubbldsewers the threshold for inertial cavitation at the targetduced
damage to adjacent tissue.

cavitation lesions are very precise.
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Google: US cavitatioimages

1. Normal healthy cells
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Healthy cell membrane

Microbubble oscillations push the cell membrane apart
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(Marie DauenheimegearMA, CMI, FAMI)
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Acoustic radiation forces

1 LIFUS beam momenturtransferdo a reflectingpr a b s or b i smgll, steady,f ace Y
unidirectional radiation forcdaong t he di r e ctissueodisplaceimenwithoet b e a m
destructiori can be seen dvRI.

w

Acoustic streaming
1 results from the radiation forces that take place sipatif within a liquid mediumresulting
circulationmay enhanceonvection

BIOEFFECTS AND THEIR ROLE IN NEURO -ONCOLOGY
MRgFUS is a versatil®ool!
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DIRECT CYTOTOXICITY (TISSUE DESTRUCTION)

1 acoust i c noa-thérrhahablationr(histotripsy)
1 heat genhypehermia@E55%C)Y coagul at i theemahablationosi s Y
1 3ongoingphaselll clinical trials NCT01698437, NCT00147056, NCT014738%study
thermal ablation of higigrade gliomas or brain metastasis.
Exclusion criteria

1. Bleeding diathesis, vascular tumeit® minimize the isk of intracranial
hemorrhage.

2. Skull reconstructionsdural patcheglips/ implants in the sonication path
cystic areas adjacent to the tumdp maintain precise control over the
energy depositioalong the ultrasound beam path.

3. Signs of intracranial hypeghsion or tumor mass effecto avoidtransient
increase irsymptomaticcerebral edema

INDIRECT CYTOTOXICIT Y

RADIOSENSITIZATION

Heat ge nlypeahermia ®2°¢)Y i nterference with DNA rep
t umor r e o X radjosemsitizatioo;n Y

o currently, it is technically difficult to admister FUS and radiotherapy simultaneously.

o Guthkelch et al1991 (FUSIinduced hyperthermia as an adjunct to radiation therapy for the
treatment ohigh grade gliomas) FUS was delivered after craniectomy with temperature
monitored via implanted probédifficulties in achievinguniform power deposition
highly heterogeneous structuresaime tumorseffect of blood flow invasculartumors

o clinical effect ofradiosensitizationvas demonstrated* witmicrowavebased hyperthermia
but not with FUSinduced lyperthermia

*Sneed et al. 19984yperthermia was associated with significantly longer time to
progression (P £.045) and survival (P 6.02). Median survival was 76 weeks vs 85
weeks and ¥ear survival was 15% vs 31% for the control vs hyperthermiapgto
respectively.

SONODYNAMIC THERAPY

Cavitation |/ adctiwatidn ofganosensitedgenerationof reactive oxygen species
(free radicals, singlet oxygelY) c e | | u | @anodgnanmcatgrapy (
0 itis a noninvasive alternative photodynamic therapyight has pootissuepenetration
requiring implantable interstitial fiberoptic souryes
o sonodynamic therapyechanism in brain is demonstrated in animal studies balyever,
hematoporphyrin monomethyl ether, protoporphyXnand ATX-70 have been shown to
have sonodynamic effects in sarcoma, hepatocellular carcinoma, osteosarcoma, and
endometrial cancer

Effect of sonodynamic therapy withkALA and FUS forintracranial glioma in rat:

By
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Control 5-Ala FUS SDT
(Ohmura et al. 2011)

ENHANCED DELIVERY OF THERAPEUTIC AGENTS

a)acoustic pressure change a

2 t a pr ecivasediatiomc at i
Yincreased amount of drug del

ivered to the t

b) drug is encapsulated irbonded to a carrier vehicle (e.g. microbubble, liposorasparticlg,
that is sensitive to either elevated temperatures or pressur&arrier vehicles are injected
sy st e midegik dnly rel¥ased in the area targete#U$ targeted drug releasg.

*e.g. low temperature sensitive liposomes (LTSLS), adoysessuresensitive carriers.
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Drug Delivery Vehicles

1. Drug filled microbubbles are
injected into the bloodstream

Drug molecules
inside the microbubble

Microbubbles in bloodstream enter the cancer tissue

2. Focused ultrasound activates the
microbbubbles within the tumor

Focused ultrasound

\/
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Drug molecules are released from the microbubbles

(Marie DauenheimegearMA, CMI, FAMI)

c) IV administration ofJS contrast agent8nicrobubbles that concentrate by the capillary WallsY
pulsed LIFUS (low pressure, | ow fbubblgbency !
di sruption of tight i nt e trangehtlsalettigeropepinghe lblood n
brain barrier (happens immediately, may endure up4 Hourswith reversal tats original
structure without permanent damage

N.B. dthough theBBB is disrupted in many gliomas, it often remains intact at the
periphery of the tumor, where invading tumor cells are interspersed with healthy brain
cells.

Normal BBB is impermeable to molecules > 400 Da; disrupted BBB allows delivery of
molecules as bias antibodies.

The blood-brain barrier is impermeable to most drugs

Endothelial
cell ‘

= junction

Focused Ultrasound

Focused ultrasound can reversibly open this barrier, allowing drugs to enter the brain that normally could not
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ULTRASOUND Tight junctions open allowing
FOUNDATION drug molecules into the brain

(Marie DauenheimegearMA, CMI, FAMI)

Microbubble size effedt 4-5 micron bubbles better match brain capillary diameterQ(4) with
better BBB opening
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Microbubble sizeand US acoustic pressueffect(e.g. 22 p microbubbles wh 0.3 MPa do not open
BBB):

(Sun et al. 2013)

BBB opening with smaller microbubbles and less acoustic pressures lasts shorter:

Larger acoustic pressures make BBB openings largger molecules can penetrate BBB to the
larger area:

(Chen etal. 2014)

Fluoresceirdextran (70 kDa) penetration into mouse hippocampus (higher magnification shows that
uptake is into actual neurons):
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