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FIG. 2

pressure levels of insonation during stroke therapy, mid/high acoustic pres-
sure insonation directed to the site of a blood clot where microbubbles are
present to induce microbubble-mediated blood clot lysis, and low acoustic in -
sonation directed to the region surrounding the site of the blood clot where
microbubbles are present to stimulate microvascular reperfusion of the sur-
rounding tissue. The systems simultaneously produce blood clot lysis at the
site of an occlusion and stimulate reperfusion of tissue affected by the occlu-
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DEVI CES AND METHODS FOR THE ULTRASOUND TREATMENT OF
| SCHEM C STRCKE

This invention relates to nedical ultrasound systens
and, in particular, to ultrasound systens which, in
conmbi nation wth vascular acoustic resonators, perform
therapy for stroke victins

Ischemic stroke is one of the nobst debilitating
di sorders known to nedicine. The bl ockage of the flow of
blood to the brain can rapidly result in paralysis or
deat h. Attenpts to achieve recanalization through
thrombolytic drug therapy such as treatnent with tissue
pl asnmi nogen activator (tPA) has been reported to cause
synptomatic intracerebral henorrhage in a nunber of
cases. Advances in the diagnosis and treatnment of this
crippling affliction are the subject of continuing
nmedi cal research.

Use of ultrasound waves is an energing non-invasive
stroke treatnent nodality which is applied to help lyse
bl ood clots causing vascular occlusion. According to
certain treatnents, gas-filled mcrovesicles or other
vascul ar acoustic resonators (VARs) are systemically
injected into the blood stream The oscillation of the
VARs in the ultrasound field helps disrupt the blood
clots that cause heart attacks and stroke. These
ul trasound-based treatnments are also known in the art as
sonot hronbol ysis or sonol ysi s. Recent studies have
shown, however, that renoval of the clot nay not always
restore nourishing blood flow to affected tissues.

Fur t her nor e, the present inventors have observed that,
even when the clot continues to occlude the artery which
is the source of blood flow to cells and tissue,
ultrasound may nonetheless have a beneficial effect. The
physi ol ogi cal properties behind these effects are not
fully understood. O hers have speculated that even when

PCT/EP2014/064052
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the clot is dissolved or broken up, capillaries of the
vascul ar structure downstream from the |ocation of the
clot may still be occluded, possibly by mcrodots, smal |
particles of fibrous material that may have preceded the
clot or broken off fromthe clot and continue to block
the flow of blood to the mcrovasculature . Ohers have
al so speculated that the mcrovasculature is occluded by
neutrophils, white blood cells that have been stimulated
by the ischenmic condition to rush to the mcrovascul ature
as the body's response to the trauma, where they end up
occluding the mcrovascul ature. Still others have
surm sed that mcrovascular structures nay be supplied
with blood by paths from collateral arteries, so that
sonme oxygenated blood may reach an ischemc region from
alternate sources even when the najor arterial conduit
remai ns bl ocked. Regardl ess of the actual explanation of
the underlying phenonena and their interplay, it is
desirable to provide treatnent of the occlusion in the
maj or artery to provide the desired recanalization while
concurrently promoting the flow of blood to affected
m crovascul ature surrounding the occlusion to provide
reperfusion of the capillary bed.

Furthernore, sonothronbolysis is an enmerging non-
i nvasive stroke treatnment nodality in which systemically
injected VARs are insonified, and their resultant
oscillation or rupture is used to lyse the clot causing
the occlusion in acute ischem c stroke. Sonot hr onbol ysi s
uses VARs oscillating in an ultrasound field to disrupt
the blood clots that cause heart attacks and stroke. But
there is an inherent problem in this treatnment procedure,
which is delivering a continuing flow of VARS to the site
of the vascul ar obstruction. Since the clot is
obstructing the flow in the vessel, the clot itself is
conprom sing the delivery of new VARs to the site of the
obstruction, and downstream from it. The greater the
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degree of flow obstruction, the smaller the supply of
fresh VARs-containing blood to the clot. Accordingly it
is desirable to be able to pronote the flow of new VARs
to the site of the clot despite the obstruction of the
bl ood supply by the clot to facilitate enhanced
interactions between the resonators and the clot to
pronote clot |ysis.

SUMVARY OF THE | NVENTI ON

In accordance with an aspect of the present
invention, an ultrasound stroke treatnent system
conprises a transducer which is capable of targeting an
occlusion in the presence of vascular acoustic resonators
(VARs) by applying ultrasound waves at nid- or high-
acoustic pressure levels to pronote clot lysis and vessel
recanal i zation, and applying ultrasound waves at |ower
acoustic pressure levels over a wider area surrounding
the occlusion to pronote nicrovascular reperfusion in the
surrounding area in the presence of VARs. The
applications of |ower and higher ultrasound pressure nay
be activated simultaneously or in a tine-interleaved
manner . For exanple, md/high acoustic pressures can be
directed to a site of an occlusion during a therapy tine
interval and |ow acoustic pressures can be directed to a
region surrounding the site of the occlusion during a
reperfusion stinulation tine interval. 1In an enbodi nent
of the invention, the transmit controller may be
configured to step ultrasound waves (e.g. by sequential
pul ses) at |low acoustic pressure |levels around the region
surrounding the site of the occlusion. The transducer nmay
be an electronically steered two- or one-dinensional
array or a single-elenment ultrasound transducer
mechanically steered for this purpose. Preferably the
hi gher pressure (and optionally also the |ower pressure)
therapy node is periodically interrupted to allow tine
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for an infusion of fresh VARs to the site of the
treatment, during which imaging may be perforned to
visualize the site of the treatment and maintain accurate
targeting of the clot. The VARs act as oscillating

bodi es when subjected to ultrasound waves, thus causing
m nute displacenents (strain) at a mcroscopic |evel that
pronmote recanalization or reperfusion within vascular or
m crovascul ar structures .

In accordance with a further aspect of the present
invention a therapeutic nethod of treating ischenmc
stroke is described which pronotes clot lysis and vessel
recanalization at a site of a vascular occlusion and
concurrently pronotes mcrovascular reperfusion in the
area surrounding said occlusion. The nmethod conprises
adm nistering a VAR conposition to a subject; controlling
an array transducer to direct ultrasound waves at md- or
hi gh-acoustic pressure levels to the site of occlusion
where VARs are present to stinmulate clot lysis at the
site; and controlling an array transducer to direct
ultrasound waves at |ow acoustic pressure levels to a
region surrounding the site of the occlusion to stinulate
m crovascul ar reperfusion.

In accordance with yet a further aspect of the
present invention, an ultrasonic sonothronbolysis system
for ischemic stroke therapy has two ultrasonic array
transducers, one acoustically coupled to the ipsilateral,
or the side of the head which contains the clot, and the
ot her acoustically coupled to the contral ateral
(opposite) side of the head. The contral ateral
transducer delivers very low to |ow acoustic pressure
that produces an acoustic radiation force which pushes
new acoustic resonators toward the vascul ar occlusion
while the ipsilateral transducer delivers md- or high-
intensity ultrasonic energy that vibrates or ruptures
resonators at the site of the occlusion to break up the
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obstructing thronbus. The supply of resonators to the
obstruction is enhanced by acoustic radiation from the
contralateral transducer while the ipsilateral

transducer, which is in closer proximty to the
obstruction, delivers the therapeutic energy to break up
t he obstruction.

FI GURES

FIGURE 1 illustrates in block diagram form an
ultrasonic diagnostic imaging system constructed in
accordance with the principles of the present invention.

FIGURE 2 illustrates the steering of a high pressure
ultrasound beam to a blood clot and |ow pressure
i nsonation of downstream mcrovasculature in accordance
with the principles of the present invention.

FIGURES 3a-3d illustrate the spatial steering and
pul sing of high and |ow pressure ultrasound beans in
accordance with the present invention.

FIGURE 4 is an anatomical illustration of treatnent
of an occlusion in the mddle cerebral artery (MA) of
the brain in accordance wth the present invention.

FIGURES 5a and 5b illustrate two treatnment pulse
sequences in accordance wth the present invention.

FIGURE 6 illustrates stroke treatnent with a two-
transducer headset in accordance wth the present
i nvention

FIGURE 7 illustrates the strain induced in the
i mediate vicinity of a VAR when subjected to ultrasonic
oscillation

FIGURE 8 illustrates stroke treatnent with a two-
transducer headset in accordance wth the present
i nvention

FIGURE 9 is an anatomical illustration of the
delivery of acoustic radiation force and sonothronbol ytic
treatment for stroke in accordance wth the principles of
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the present invention.

DESCRI PTI ON

Referring first to FIGURE 1, an ultrasound system
constructed in accordance with the principles of the
present invention is shown in block diagram form Two
transducer arrays 10a and 10b are provided for
transmtting ultrasonic waves and receiving echo
i nformati on. In this exanple the arrays shown are two
di mensi onal arrays of transducer elenments capable of
providing 3D image information although an inplenmentation
of the present invention may also use one dinmensional
arrays of transducer elements which can be used to
produce 2D (planar) inmages and/or deliver ultrasonic
energy to a region of interest. Another alternative is
to nechanically steer a one-dinmensional array to produce
the effect of an electronically steered 1D or 2D array.
The transducer arrays in this inplenentation are coupled
to mcrobeanf ormer s 12a and 12b which control
transm ssion and reception of signals by the array
elenents and in particular the steering and focusing of
ultrasonic beans for imaging and therapy.
M crobeanf ornmer s are capable of at |east partial
beanform ng of the signals received by groups or
"pat ches" of transducer elenents as described in US Pats.
5,997,479 (Savord et al .), 6,013,032 (Savord), and
6,623,432 (Powers et al .). Signhals are routed to and
from the mcrobeanf ornmer s by a nmultiplexer 14 by tine-
interl eaved signals. Q her inplenentations may require
hi gher power transmt signals for therapy than those
produced by a mcrobeanf ormer, in which case transducer
drive circuitry capable of higher output power |evels may
be enpl oyed. The nmultiplexer is coupled to a
transmt/receive (T/R) switch 16 which sw tches between
transm ssion and reception and protects sensitive input



10

15

20

25

30

35

WO 2015/000953 PCT/EP2014/064052

circuitry of the main beanforner 20 from high anplitude
transmt signals. The transm ssion of ultrasonic beans
from the transducer arrays 10a and 10b under control of
the mcrobeanf orner s 12a and 12b or other drive circuitry
is directed by the transmt controller 18 coupled to the
T/R switch, which receives input from the user's
operation of the user interface or control panel 38.

The partially beanforned echo signals produced by
the mcrobeanf orner s 12a, 12b are coupled to a main
beanfornmer 20 where partially beanformed signals from the
i ndi vidual patches of elenents are conbined into a fully
beanf orned signal. For exanple, the main beanfornmer 20
may have 128 channels, each of which receives a partially
beanforned signal from a patch of 12 transducer elenents.
In this way the signals received by over 1500 transducer
el ements of a one- or two-dinensional array can
contribute efficiently to a single beanformed signal.

The beanforned signals are coupled to a nonlinear
echo processor (or fundanental /harnonic signal separator)
22. The processor (or separator) 22 acts to separate
(linear) echo signals arising from tissue structures from
those (nonlinear) arising from VARs, thus enabling the
identification of the strongly nonlinear echo signals
returned from VARs. The processor 22 may operate in a
variety of ways such as by bandpass filtering the
received signals in fundanmental frequency and harnonic
frequency bands, or by processes known as pulse inversion
harnoni ¢ separation, or power-nodul ation, which are also
able to cancel tissue echoes while preserving VAR echoes,

even in the fundanmental band. Signal separators can be
used to distinguish between linear and non-linear signals
or fundanental and harnonic signals. A suitable

nonlinear /linear signal separator is shown and descri bed
in international patent publication WO 2005/074805 (Bruce
et al .). The separated signals are coupled to a signal
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processor 24 where they may undergo additional
enhancenent such as speckle renoval, signal conpounding,
and noise elimnation.

The processed signals are coupled to a B node
processor 26 and a Doppler processor 28. The B node
processor 26 enploys anplitude detection for the inaging
of structures in the body such as nuscle, organs or
tissue. B node images of structure of the body nmay be
formed in either the nonlinear nobde or the linear node.
Tissues in the body and VARs both return both types of
signals and the relatively strong nonlinear returns of
VARs enable VARs to be clearly segnented in an image in
nost applications. The Doppl er processor processes
tenporally distinct signals from tissue and blood flow
for the detection of notion of substances in the imge
field including VARs . The structural and notion signals
produced by these processors are scan converted and
coupled to a volume renderer 34, which produces inmage
data of tissue structure, flow, or a conbined inage of
both characteristics. The volune renderer 34 will
convert a 3D data set into a projected 3D inmge as viewed
from a given reference point as described in US Pat.
6,530,885 (Entrekin et al .) As described therein, when
the reference point of the rendering is changed the 3D
i mage can appear to rotate in what is known as kinetic
par al | ax. This image manipulation is controlled by the
user as indicated by the Display Control |ine between the
user interface 38 and the volune renderer 34. Al so
described by Entrekin et al . is the representation of a
3D volune by planar inmages of different inmage planes, a
techni qgue known as multiplanar reformatting (MPR) . The
volume renderer 34 can operate on inage data in either
rectilinear or polar coordinates as described in US Pat.
6,723,050 (Dow et al .) The 2D or 3D inmages are coupled
from the volume renderer to an inmage processor 30 for
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further enhancenent, buffering and tenporary storage for
display of static or live 2D MPR or 3D inmges on an image
di splay 40.

A graphics processor 36 is coupled to the image
processor 30 which generates graphic overlays for display
with the ultrasound inmges. These graphic overlays can
contain standard identifying information such as patient
nane, date and tine of the inmage, inaging paraneters, and
the like, and can also produce a graphic overlay of a
t herapy beam vector steered by the user as described
bel ow. For this purpose the graphics processor receives
input from the user interface 38. The user interface is
also coupled to the transnmit controller 18 to control the
generation of ultrasound signals from the transducer
arrays 10a and 10b in the therapy and imaging nodes and
hence the images produced by and therapy applied by the
transducer arrays. The transmit paraneters controlled in
response to user adjustnent include the M (Mechani cal
I ndex) which controls the peak intensity of the
transmtted waves, which is related to the acoustic
pressure and cavitational effects of the ultrasounds,
steering of the transnmitted beans for image positioning
and/or steering of a therapy beam as discussed below. A
therapy control signal conmands the transnmit controller
to operate the transducer array in the therapy or
di agnostic imaging node as described bel ow

The transducer arrays 10a and 10b transmt
ultrasonic waves into the cranium of a patient from one
or both sides of the head, although other |ocations may
also or alternately be enployed such as the front of the
head or the sub-occipital acoustic w ndow at the back of
the skull. The sides of the head of npbst patients
advant ageously provide suitable acoustic w ndows for
transcranial ultrasound at the tenporal bones around and
in front of the ears on either side of the head. I n
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order to transmt and receive echoes through these
acoustic w ndows the transducer arrays nust be in good
acoustic contact at these locations which nmay be done by
hol ding the transducer arrays in acoustic coupling
contact against the head with a headset . Suitable
headsets for cranial ultrasound transducers are described
in international patent publication no WO 2008/ 017997
(Browning et al .), US pat. pub. no. US 2012/0083718
(Al'leman et al .), and US pat. pub. no. US 2011/0251489
(Zhang et al .), for instance.

In accordance with the principles of the present
invention, the ultrasound system of FIGURE 1 is used to
apply two types of VAR-nediated ultrasound therapy
concurrently, high acoustic pressure therapy directed at
an occlusion to pronote the lysis of a blood clot and |ow
acoustic pressure therapy which provides beneficial
effects to surrounding microvasculature , the latter being
directed to pronote mcrovascular reperfusion. An
i npl ementation of the present invention provides a neans
for achieving a recanalization of occluded mgjor feeding
arteries such as the MCA as well as reperfusion of the
m crovascul ature surrounding the occl usion.

Different acoustic-pressure levels will stinmulate
VAR activity in different ways . Typically, these ranges
of pressure levels are differentiated, for each VAR type
and size, at a given frequency, and by the nature of
acoustic response from the VARs when exposed to these
acoustic stinulations. Different thresholds exist which
are useful in the determination of these ranges. These
thresholds are determ ned by the appearance of certain
frequency conponents in spectra of echoes scattered by
t he VARs. A first very low threshold exists, below which
VARs only experience negligible oscillation. Bel ow this
threshold VAR oscillations are very small and have no
t herapeutic benefit for stroke treatnent. At such very
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| ow acoustic pressures, the VARs are not disrupted, their
echo spectra do not contain sub-harnonic or ultra-

har moni ¢ conponents (i.e., odd multiples of the sub-
harmoni ¢ frequency) and VARs can remain present within
the ultrasound beam for a long tine. A second | ow
threshold can be identified, above which echo signals
from VARs start exhibiting sub-harnonic and ultra-

har noni ¢ conponents in their frequency spectra. Above
the second threshold, the reginme is sonetines referred to
as stable cavitation, and will be referred to here as md
acoustic pressure. At these levels, VARs nay gradually
di sappear from the region under ultrasound exposure due
to gradual escape of the gas from the VARs' envel ope. At
acoustic pressure between said very low and | ow
thresholds, VAR oscillations are relatively small but
have been shown to pronote reperfusion and thus to offer
sone therapeutic benefits. A third threshold exists,
characterized by the appearance of broadband noise wthin
the frequency spectra of echo signals from VARs, above
whi ch VARs exhibit inertial cavitation. These frequency
conponents, which nay be nmeasured in frequency bands
outside multiples of the fundanmental and sub-harnonic
frequencies, are associated with nore rapid disappearance
of the VARs . The onset of inertial cavitation is
associated with a rupture of VAR envel opes, where the gas
body liberated continues to oscillate in response to
ultrasound wave, for a duration determ ned by the
dissolution tinme of the gas in the surrounding nedium
These levels are referred to herein as high acoustic

pressure |evels. Met hods for determ ning thresholds of
stable and inertial cavitation, applicable either in
vitro or in vivo are known, and described, e.g., in
Radhakri shnan, K. et al ., "Rel ationship between

cavitation and |oss of echogenicity from ultrasound
contrast agents," Phys .Med.Biol ., Vol. 58 No. 18, 2013,
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pp. 6541-6563, and Vignon et al. Mcrobubble Cavitation
Imaging, |EEE Trans. Utrason., Ferroelectr. and Freq.
Controls, 60-4, April 2013, p 661-670, as well as in
patent application WD 2012042423 A, Mnitoring and
control of mcrobubble cavitation in therapeutic

ul trasound, Powers JE et al. (2010), each of which is
i ncorporated by reference herein.

Typically, for VARs with a size distribution of
approximately 1.5 microneter in nean (nunber-average)
di ameter, stabilized by a phospholipid shell, when
measured in plasna at a frequency of about 1 WMHz, very
| ow acoustic pressures are |less than approximtely 80
kPa, |ow acoustic pressures are between approximtely 80
and 140 kPa, md acoustic pressures are between
approximately 140 and 250 kPa, and high acoustic
pressures are above approxinmately 250 kPa.

In sonme enbodi nents, the acoustic pressure |evels
applied to induce a response can be determined in
relation to a tissue (e.g., lesion) volunme of roughly
spherical shape, with a radius r. Certain dinensions,
for exanple, can be estimated for an infarct region in
which | ow acoustic pressure levels are provided to

pronote reperfusion. In sonme enbodi ments, the infarct
volume can range from about 10 to 200 cmB, or from about
20 to 100 cm3, or from about 40 to 60 cm®. |In one
exanple, the infarct volune can have mninmal, nom nal,

and maxi mal di nensi ons of 10, 50, and 200 cnB,

respectively. A diameter of the area to be treated can
range from about 2.5 to 7.5 cm or from about 3.5 to 6.5
cm or from about 4.5 to 5.5 cm In one exanple, the

di ameter can have mnimal, nomnal, and naxi mal
dimensions of 2.7, 4.6, and 7.3 cm respectively. An

area to be treated can range from about 5.5 to 42 cm?, or
from about 10 to 30 cm?, or from about 15 to 20 cn?. |In
one exanple, the area can have mninmal, nomnal, and
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maxi mal di nensions of 5.6, 16.4, and 41.3 cnt,
respectively. For pronoting recanalization of an occluded
region with md/high acoustic pressure, different

di nrensi ons can be used. For exanple, a dianeter of a
region with an occlusion can range from about 0.2 to 2
cm or from about 0.5 to 1.5 cm or from about 0.7 to 1.1
cm In one exanple, the dianeter can have m ninmal,

nonm nal, and maximal dimensions of 0.2, 0.8, and 2 cm
respectively. The area to be treated can range from
about 0.03 to about 3.1 cm?, or from about 0.3 to 2 cnmg,
or from about 0.7 to 1.2 cm. In one exanple, the area
can have mnimal, nomnal, and maxi mal di nensions of
0.03, 0.5, and 3.1 cn?, respectively. Ranges for treatnment
time can also be optinized for a given treatnment

appl i cation. For example, for the above scenario,
treatnent duration can range from about 15 to 120

m nutes, or from about 30 to 90 minutes, or from about 45

to 75 mnutes. In one exanple, the treatnent duration can
be a mnimal, nomnal or maxinmal duration of 15 60, or
120 m nutes, respectively. Pul se durations for the

m d/ hi gh acoustic pressure can be a mnimal, nominal or

maxi mal duration of 0.01, 20, or 500 mlliseconds,
respectively. Pul se durations for the |ow acoustic
pressure can range from about 0.01 to about 10000
mlliseconds, from about 100 to about 5000 mlliseconds,
or from about 750 to 2500 mlliseconds. In one exanple,
the pulse duration can be a minimal, nominal or naxinmal
duration of 0.01, 1000, or 10000 mlliseconds,
respectively. There may also be an off -tine for

repl eni shment ranging frommninally greater than 0 to 20
seconds, or from about 2 to 15 seconds, or from about 4
to 10 seconds. In one exanple, the tinme for

repl eni shment can be mnimally greater than 0 seconds,
nonmnally 5 seconds, and maximally 20 seconds. Preferred
treatnent duration can range from about 30 to 90 ninutes,
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or from about 45 to 75 mnutes, or from about 55 to 65

m nut es. In one exanple, the treatnent duration can be a
mninmal, nonmnal or nmaximal duration of 30, 60, or 90
m nutes, respectively. Pul se durations for the md/high

acoustic pressure can range from about 0.1 to 100
mlliseconds, or from about 5 to 50 mlliseconds, or from

about 15 to 35 mlliseconds. In one exanple, the pulse
duration for the md/high acoustic pressure can be a
mninmal, nomnal or maximal duration of 0.1, 20, or 100
mlliseconds, respectively. Pul se durations for the |ow

acoustic pressure can range from about 1 to 5000
mlliseconds, from about 300 to 2500 milliseconds, or

from about 500 to 1500 mlli seconds. In one exanpl e,

pul se duration for the |ow acoustic pressure can be a
mninmal, nomnal or nmaximal duration of 1, 1000, or 5000
mlliseconds, respectively. There may also be an off-

time for replenishnment ranging from about 1 to 10
seconds, or from about 2 to 8 seconds, or from about 3 to
6 seconds. In one exanple, an off-time for replenishnent
can be mnimally greater than 1 seconds, nomnally 5
seconds, and maximally 10 seconds. It is further noted
that any duration tines and/or dinmensions between the

m ni mal and mexi mal val ues described above can also be
selected for a given treatnent.

According to an aspect of the invention, the system
as above defined includes VARs, which operate in
conmbination with the transducer of the system when
submtted to the applied ultrasound waves at the required
acoustic pressures. Vascul ar acoustic resonators include
any conponent capable of converting acoustic pressure in
a propagation-nmedium into mcron-size displacenents,
capable of applying strain onto blood clots or vessel
wal s, also with mcron-size deformation anplitude.

Exanpl es of suitable VARs include gas-filled
mcrovesicles , i.e. vesicles of nano- or mcron-size
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conprising a stabilizing envelope containing a suitable
gas therein. The fornulation and preparation of VARs is
well known to those skilled in the art, including, for

i nstance, formulation and preparation of: mcrobubbles
with an envel ope conprising a phospholipid, as described
e.g. in WO 91/15244, US Pat. 5,686,060 (Schneider et al .)
and WO 2004/ 069284; microballoons wth an envel ope
conprising a polynmer, as described e.g. in

US Pat. 5,711,933; or nicrocapsules wth an envel ope
conprising a biodegradable water insoluble lipid, as
described e.g. in US Pat .6,333,021. Preferably, the
stabilizing envelope conprises an anphiphilic mterial,
nore preferably a phospholi pid. Preferred phospholi pids
include esters of glycerol with one or preferably two
(equal or different) residues of fatty acids and with
phosphoric acid, wherein the phosphoric acid residue is
in turn bound to a hydrophilic group. O her preferred
phosphol i pids include phosphatidic acids, i.e. the

di esters of glycerol-phosphoric acid with fatty acids.
Particularly preferred phospholipids are fatty acids di-
esters of phosphatidyl choli ne, et hyl phosphati dyl chol i ne,
phosphati dyl gl ycerol , phosphatidic acid,

phosphati dyl et hanol ani ne, phosphati dyl serine,

phosphati dyl i nosi t ol or of sphingonyelin. Pol yner -

nodi fi ed phospholipids, including pegylated

phosphol i pids, can also be advantageously enployed for

forming the stabilizing envel ope of mcrobubbles. Any

bi oconpati ble gas, gas precursor or mxture thereof nmay
be enployed to fill the above microvesicles . Fluorinated
gases are preferred, in particular perfluorinated gases.

Particularly preferred gases are SF;, CgFg, CiFig or

m xtures thereof, optionally in adm xture with air,

oxygen, nitrogen, carbon dioxide or mxtures thereof, as

described for instance in US 6,881,397 or US 5,556, 610.
The conmponents formng the stabilizing envelope of
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the VARs, optionally in adnmixture with other excipients,
can be stored as a dry residue in contact with the
desired gas(es) . Mcrovesicles are typically prepared by
contacting the dry residue in the presence of the gas(es)
with an aqueous carrier (e.g., saline or glucose
solution) wunder gentle shaking, thus obtaining an aqueous
suspensi on of mcrovesicles. The microvesicle suspension
is then typically adm nistered by injection, preferably

i ntravenously .

It has been found to be beneficial to linmt the
application of ultrasound at |evels needed to lyse an
occluding clot to its location, while insonifying the
surrounding brain (or tissue) at |ower Ievels. Thi s way
of combining |ow and nid/high acoustic pressure
conditions allows the preservation of VARs in the
surroundi ng tissue, as the disappearance rate of the VARs
is relatively low at the |lower ultrasound exposure
| evel s. At lower levels, the microstructures can be
continually insonified w thout any substantial disruption
thereof, which will nmaximze the potential for
m crovascul ar reperfusion. Thi s bal ance between
ul trasound exposure levels at the site of the occlusion
and in surrounding tissue allows for the pronotion of
both vessel recanalization and mcrovascul ar reperfusion.
The preferred nethod of the present invention further
provides an interval for allowi ng replenishnment of fresh
VARs at the site of the occlusion following their rapid
di sappearance when subjected to the ultrasound waves at
nmi d/ hi gh-pressure and thus optimzes the efficacy of
ultrasound treatnent and enabl es visualization of the
treatnent site to be updated. In a preferred
i mplementation a 2D array transducer is used to
el ectronically steer therapy and imaging beans to the
site of the occlusion and over the surrounding volunetric
region and to image the therapy site in both tw and
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t hree di mensi ons.

The VAR nediation can be provided by a systenically
i nfused dose of a VAR such as gas-filled mcrovesicles,
preferably gas-filled and having a phospholi pi d-based
stabilizing envelope, circulating throughout the entire
bl ood stream and capable of reaching the region to be
treated via residual and collateral flow VARs can be
either continuously infused, or delivered via one or
multiple bolus injections, which can be adm nistered
before and/or in the course of the ultrasound insonation.

A priori know edge of the mcrostructure
characterization data, which would at a mnimm include
the ultrasonic pressure thresholds at which the infused
mcrostructures oscillate and cavitate stably and at
which they undergo inertial cavitation, together with a

paranmeter which characterizes the VAR lifetine in the

bl oodstream will enable the treatnment to be effectively
initiated and controlled. Know edge of systemc VAR
concentrations (i.e., in terms of nunbers of VARs/m of

bl ood) during bolus injection and infusion may also be
required so as to make sure that a mninum required
concentration is present in the target region for
adequate Ilysis and microvascular reperfusion. These
paraneters can be determned enpirically in vitro for
different VARs and/or different paraneters of insonation.
Treatment nethods can be fornulated which (i) target
the main occlusion with the ultrasound beam at m d/high-
pressure levels during a certain anount of tinme during
the treatnent, (ii) target the surrounding volune wth
ultrasound waves at |ow pressure levels during a certain
anount of tinme during the treatnment, and (iii) stop the
application of therapeutic ultrasound conpletely for a
certain ampunt of time to permt an influx of fresh VARs
for imaging and further therapy. Specific details of
exenplary treatnment procedures are described bel ow
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A cavitation detector and nmonitor as described in
international patent pub. no. WO 2012/042494 (Vignon et
al .) can be used to nonitor VAR oscillation in the target
region, to non-invasively determne if the VARs are
oscillating domnantly in their required node (i.e.,
stable cavitation, inertial cavitation, etc.) and to
adj ust the ultrasound exposure correspondingly if they
are not. U trasound imaging (operating at a very |ow
acoustic pressure which causes no VAR destruction) is
preferably enployed to i mage VAR reperfusion during
pauses in the treatment, to observe the progress of clot
lysis, and to observe the presence and flow of VARs to
the site of the occlusion and surrounding
m crovascul ature . Therapeutic ultrasound exposure is
resumed once a sufficiently high anpbunt of VARs have re-
perfused the target region after VAR destruction during
the higher Ievel ultrasound exposure.

FIGURE 2 illustrates an ultrasound probe producing
dual therapy |evels of ultrasound pressure in accordance
with the present invention. Shown projecting from the
probe 10 are outlines of two regions 32 and 122 of
volumetric ultrasound insonation. The inner conical
region 122 is a region in which ultrasound waves wth
m d- or high-level acoustic pressure are applied to
produce cavitation at a site 54 of a blood clot which is
occluding a vessel 52. The blood supply is blocked by
the occlusion 54 as indicated by the cross-hatched supply
portion of the vessel 52. The acoustic pressure in the
region 122 nmay be high enough to produce inertial
cavitation of the VARs in the vessel adjacent to the
occl usi on. Downstream from the occluded bl ood vessel 52
is mcrovasculature indicated at 56 which is supplied
with blood from the vessel 52, in normal blood flow
conditions, or via other collateral paths. Thi s
m crovascul ature in the tissue surrounding the occluded

PCT/EP2014/064052
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bl ood vessel is subjected to |ow acoustic pressure in
region 32 by the probe 10, which allows the maintenance
of a substantial amunt of intact VARs in the
nm crovascul ature at the site of treatnent. It is the
application of this |ow acoustic pressure in conbination
with the VARs which is intended to pronote
m crovascul ature reperfusion as the higher acoustic
pressure of the inner region 122 in conmbination with the
VARs pronotes lysis of the blood clot 54. In sone
enmbodi ments, the dual therapy levels (e.g., nid/high and
| ow acoustic pressures) can be delivered at different
time intervals. For exanple, a transnit controller in
the ultrasound system and coupled to control the
transnission of ultrasound by the array transducer can be
configured (1) to direct ultrasound waves at mid/high
acoustic pressure to the site of an occlusion during a
first therapy tine interval and (20 to direct ultrasound
waves at |ow acoustic pressure levels to a region
surrounding the site of the occlusion during a second
reperfusion stinmulation tinme interval. Met hods of the
present invention can include, for exanple, controlling
an array transducer to direct an ultrasound wave at
nmi d/ high acoustic pressure to the site of an occlusion
where VARs are present to stinmulate clot lysis at the
site during a first therapy tine interval, and
controlling an array transducer to direct an ultrasound
wave at a | ow acoustic pressure to a region surrounding
the site of the occlusion to stimulate mnicrovascul ar
reperfusion during a stinmulation tinme interval. A peak
acoustic pressure transmtted during the first therapy
time interval can be greater than a peak acoustic
pressure transnitted during the second reperfusion
stimulation time interval.

FIGURE 4 is an anatomical illustration of the dual
acoustic pressure therapy technique of the present
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i nventi on. The probe 10 is seen l|located at the acoustic
wi ndow of the tenple of the head where it insonifies the
brain 60 from the ipsi- or contra-|ateral side of the
occl usi on. The narrow hourgl ass-shaped profile 122 of
high pressure is seen to be focused at the depth of a
blood clot 54 in the mddle cerebral artery (MA) 52,
The broader dashed line profile 32 delineates the region
in which low pressure insonation is provided to the
surroundi ng microvasculature of the brain. The MCA 52
on the other side of the brain is illustrated as
containing a continuous flow of VARs in the bloodstream
indicated by the snmall white dots in the draw ng. As | ow
I evel ultrasound pressure is directed within the profile
32 at the volune surrounding the clot 54, it should be

| ow enough to avoid bubble disappearance during the

i nsonation of each |owpressure ultrasound pulse train if
possi bl e. Then, periodically, a md-pressure pulse train
is ained at the presunmed |location of the blood clot 54
itself, in the profile 122, in an attenpt to erode the
clot. The ultrasound beam can cover the necessary region
of interest by noving it mechanically and/or

el ectronically, defocusing it into a broader beam or
bot h. The same probe 10 can further be used for

di agnosis by incorporating both transmt and receive
capabilities for inmaging or Doppler processing. The clot
can be located through imaging, and clot lysis and
perfusion evaluated by imaging the sane VARs as are used
for therapy .

For stroke treatnment the transducer array 10a, 10b
is preferably not enployed in a conventional ultrasound
probe as shown in FIGURES 2 and 4, but is built into a
headset and placed on the tenporal bone w ndow of a
stroke victim as shown in FIGURE 6. Preferably two
transducer arrays are used so that the headset wll
position them against the tenporal bone acoustic w ndows



WO 2015/000953 PCT/EP2014/064052
21

on both sides of the skull 100. When positioned this
way, the acoustic fields of the arrays are generally
oriented towards the MCA region of the brain and a clot
can be treated on either side of the brain, using the
array located on the ipsi- and/or on the contra-lateral
side of the occlusion to be treated. In this drawing the
| ow pressure regions of the arrays are indicated by
regions 102 and 104, and the arrows 110 and 112 indicate
the md/high pressure beam regions which are ainmed at an
occl usi on. In practice of the nmethod of the present
invention VARs would be admnistered intravenously and
the location of the clot would be determined by MR CT,
or ultrasound. When the sane transducer array 10a, 10b
is used for diagnosis and therapy it can be used to
locate the clot itself via the absence of blood flow
and/or perfusion distal to the site of the clot
occlusion, wusing lowM ultrasound contrast inmaging or
Doppl er techniques already known. The m d/ hi gh-pressure
beans produced by the 2D matrix array transducer (a two-
di mensional array transducer wth attached

m crobeanf ornmer or driven by high power drive circuitry)
is then ained at the general clot location and the |ower
pressure mcrovascular reperfusion beans flood the
surrounding volumetric region at risk. Typi cal
penetration distance requirements are approxinmately 3-10
cm from the skull surface. Typical 3D beam steering
angle requirenents are approximately up to +27°, and
focal zone size requirenents are approximately 5-10mm in
di anet er. The ultrasonic output of the array transducer
should be sufficient to generate both nid-pressure and

| owpressure pulses inside the brain, further accounting
for tenporal bone attenuation, which attenuates the beam
by approxinmately 75% In an inplenentation of the
present invention operating at 1 MHz, an in-situ pressure
of more than 140 kPa is needed for a phospholi pid-based
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gas-filled microbubble to sustain stable cavitation in
the brain, and nore than 250 kPa i s needed to achieve
inertial cavitation.

FIGURE 7 illustrates, in a schematic way, the
conversion of acoustic pressure from an ultrasound wave
123 applied on a VAR 125a, 125b located within a vessel
lunen 124, going from a conpression phase 125a to an
expansi on phase 125b, to apply strain to the surface of a
blood clot 126. This deformation is localized in the
imediate vicinity of the VAR does not occur elsewhere
and causes a massaging effect believed to be associated
with the pronotion of flow restoration.

The high acoustic pressure levels facilitate clot
lysis and vessel recanalization while mnimzing
detrinmental bioeffects. These pressures are applied
while focusing the ultrasound beam directly at the main
clot or occlusion. Low acoustic pressures induce
m crovascul ar reperfusion with significantly |ower
m cr obubbl e di sappearance rates than those at nid/high
acoustic pressure. These | ow acoustic pressures are
applied while focusing or directing the ultrasound beam
in the volume surrounding the main occlusion to
facilitate microvascular reperfusion, and allow the blood
flow to replenish the various vessels in the proxinmty of
the clot with additional nicrobubbles before continuing
treatment with the higher pressure pulses. For instance,
the |low acoustic pressures can be applied by sequentially
stepping differently steered ultrasound beans around the
region surrounding the site of the occlusion.

FIGURES 3 and 5 illustrate spatial and tenporal
characteristics of exenplary VAR-nediated ultrasound
treatment procedures in accordance wth the present
i nventi on. Each of FIGURES 3a, 3b, 3c and 3d illustrate
spatial distributions of pulsed ultrasound therapy beans
in the treatnment region in accordance wth one

PCT/EP2014/064052
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i npl enentation of the present invention. The left imge
of each pair of inages shows the instantaneous pulse at a
given tine in the pulse sequence and the right inage
shows the accumul ated pulse energy of the sequence. In
the illustrated sequence the transducer array transnmts a
plurality of differently steered high pressure pul ses
directed at the site of the occlusion, followed by a
plurality of differently steered |ow pressure pul ses
directed at the microvascul ature surrounding the
occlusion site. In FITIGURE 3a a first high pressure pul se
is transmtted toward the occlusion site. This pulse is
followed by three nore high pressure pulses steered
adjacent to the first pulse as illustrated by the four
dark pulses at the center of the right inage in FlI GURE
3b, in order to maximze the target area insonation on
the clot. These four high pressure pulses are foll owed
by low pressure pulses steered (e.g. in sequential steps)
around the region exposed to high pressure pulses as
shown in FI GURE 3b. In the right inmage it is seen that
four | ow pressure pulses have been transnmitted around the
regi on exposed to high pressure pulses, starting at the
three o' clock position and continuing to the six o'clock
position by the time of FIGURE 3b. This sequence of |ow
pressure pulses continues in ever-expanding circles
around the previous pulse locations as shown in Fl GURE
3c, where a second ring of |ow pressure pulses is nearing
conpl eti on. O her, non-circular insonation patterns

(i.e. raster scan pattern, random outside-in, etc.) are
al so possi bl e. Furthernore, the beam patterns of the

| ow and m d/ hi gh-pressure beans may be different, for
exanple with a broader spatial distribution for the |ow
pressure beans than for the md/high-pressure beam The
sequence continues until the entire region exposed to the
| ow pressure pul ses has been insonified as shown in

FI GURE 3d. The spatial sequencing of relatively narrow
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pul ses as opposed to a full floodlight insonation of the
regions enables the practice of the present invention
with the transducer arrays of many inaging probes w thout
the need for nechanical scanning or a specially designed
t herapy/imagi ng probe by taking advantage of the probe's
beam focusing and steering capabilities. The pul sing can
be perfornmed rapidly enough to provide the necessary
pressure for therapy while avoiding probe heating and the
bui |l dup of hazardous energy levels in the body in nost
i nstances .

FIGURES 5a and 5b illustrate two other ultrasound
treatment procedures in accordance with the present
i nventi on. The taller, dark bars in each draw ng
represent high level therapy pulses for clot lysis and
the shorter, lighter bars represent |ow |level therapy
pul ses for microvascular reperfusion stimulation. The
treatment procedure of FIGURE 5a begins with a sequence
70 of high pressure pulses directed at a clot to produce
clot lysis. This is followed by a period 72 during which
no therapeutic ultrasound waves are applied to allow
m crobubbles to replenish at the site of treatnent.

Optionally, imaging can be done at diagnostic |evels
during this tine. | mgi ng at very |low |evels of
nmechani cal index will have a minimal effect on VAR

repl eni shnment and enables the clinician to visualize the
site of the therapy and assess the progress of clot
lysis. |Imaging is perforned in a tine-interleaved nanner
with ultrasonic therapy as described in international
patent pub. no. WO 2008/017997 (Browning et al .) During
the following interval 74 low level ultrasound pressure
is delivered to the region surrounding the site of the
occlusion (and may also overlap the occlusion site) to
stinmulate reperfusion in the surrounding

m crovascul ature . Since this insonation is at |ow
acoustic pressure, VAR replenishnent can al so occur
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during this interval. Interval 76 is another interval of
no therapy to allow for maxi mal m crobubble replenishnent
and, if desired, acquisition of one or nore new 2D or 3D
i nages of the treatnent site. This is followed by
another interval 78 of the delivery of |ow |evel
ultrasound pressure to the surrounding microvascul ature
After interval 78 the sequence repeats w th another
interval of high acoustic pressure therapy pulses.

For instance, the following paraneters can be used
for the treatnent procedure of FIGURE 5a, in conbination
wi th phospholipi d-based gas-filled mcrobubbles : an
ultrasonic frequency of 1 MHz for therapy pulses, a
m d/ high pressure |evel of about 200 kPa and a |ow
pressure |evel of about 100 kPa (in-situ), a pulse
duration of 2 mlliseconds (nsec) for each therapy pulse,
and a mcrobubble replenishment interval of one second.

FIGURE 5b illustrates another treatnment procedure in
whi ch higher pressure therapy pulses are imediately
followed by |ower pressure pulses. One or nore high
pressure pulses are delivered to the site of an occlusion
at tinme 80, followed by a plurality of differently
steered |ow pressure pulses during the follow ng interval
82. Each of the low pressure pulses are directed in a
different direction through the surrounding
m crovascul ature as illustrated in FIGURE 3, thereby
insonifying the full region subjected to the |ow pressure
with a plurality of differently steered beans . The |ow
pressure interval 82 is followed by a period 84 of no
therapy pulses for mcrobubble replenishnent during which
imaging may optionally be perforned. The sequence then
repeats with another interval 86 of differently steered
high pressure and |ow pressure pulses followed by another
m crobubbl e replenishment/inmaging interval 84'. The
sequence then continues in this manner until a
satisfactory recanalization of the vessel is achieved,
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preferably with a substantially conplete renoval of the
bl ood clot, which may optionally be followed by continued
m crovascul ar reperfusion stinmulation. Typi cal

parameters used for the treatnent procedure of FIGURE 5b
are an ultrasonic frequency of 1 MHz for therapy pulses,
a md/ high pressure |evel of 200 kPa or greater and a |ow
pressure level of 80 kPa or less (in-situ), , a pulse
duration of 200msec for high pressure pulses and 950msec
for each |low pressure therapy pulse, and a mcrobubble
repl eni shnment interval of six seconds.

In other inplenmentations the replenishment interval
72 or 84 may be onitted altogether, especially if
ultrasound waves with |ow pressure pulses allows
mai nt enance of a substantial amount of VAR at the site of
therapeutic treatnment, or if the successive pulses are
sufficiently spaced apart in time, allowing the
repl eni shnment to occur during the application of
ul trasound waves.

QO her inplenentations wll be readily apparent to
those skilled in the art. For instance, instead of
transmtting narrowy defined beans over a therapy
region, an array transducer can be operated to produce
floodlight insonation of the different regions of
i nsonati on. A high pressure beam can be forned and ained
at an occlusion to cause clot lysis, and a larger |ow
pressure floodlight beam which insonifies the surrounding
m crovascul ature can be formed and transmitted to
stinmulate mcrovascular reperfusion with a single broad
beam as illustrated in FIGURE 2.

In a preferred enbodiment, therapy and inmaging are
alternately perforned and inmaging is done while therapy
i s suspended for the uninpeded flow of fresh microbubbles
to the site of an occlusion. Referring to FIGURE 1,
according to a preferred enbodinment, the transducer
arrays 10a and 10b transmt wultrasonic waves into the
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cranium of a patient from opposite sides of the head,
al though other locations nmay also or alternately be
enpl oyed such as the front of the head or the sub-
occipital acoustic w ndow at the back of the skull. The
sides of the head of npbst patients advantageously provide
suitable acoustic w ndows for transcranial ultrasound at
the tenporal bones around and above the ears on either
side of the head. Sui tabl e headsets for cranial
ultrasound transducers are described in previously
mentioned international patent publication no WO
2008/ 017997 (Browning et al .), US pat. pub. no. US
2012/0083718 (Alleman et al .), and US pat. pub. no. US
2011/ 0251489 (zhang et al .), for instance.

The aforementioned Browning et al . application shows
a headset with two transducer arrays acoustically coupled
to opposite sides of the head. Each transducer array can
imge the side of the brain closest to the array to
search for a thronbus, then deliver acoustic energy to
treat a located thronbus. A thronboenbolic occlusion
that causes stroke nobst often occurs in the region of the
proximal mddle cerebral artery (MCA) that is very close
to the brain nidline. Less frequently, such an occlusion
can occur much closer to the ipsilateral tenporal bone,
in the distal MCA or other regions away from the brain
m dl i ne. VARs generally flow toward the occluded region
in the blood stream and, due to the geonmetry of the brain
and its vascul ature, the blood flow in the MCA is
directed from the brain midline toward the ipsilateral
tenporal bone. Thus, the flow of fresh VARsS to the site
of an occlusion is generally toward the tenple where the
headset transducer <closest to the occlusion is |ocated.
As a result, acoustic waves from the ipsilateral
transducer can have the effect of opposing the desired
flow of fresh VARs toward the thronbus. In order for
effective thronbus dissolution, it is desirable for VARs
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to be present in the treatnment region, nobve close to the
surface of the occluding thronbus, or even penetrate into
the occluding thronbus itself. In accordance with the
principles of the present invention, this is achieved or,
mnimally, enhanced by using the mechanism of acoustic
radiation force, which acts on the VARs by pushing them
along in the direction of the ultrasound propagation.
Because of the vessel geonetry in the brain, in order for
the acoustic radiation force to push VARs into the
occlusion, it is necessary for the ultrasound "pushing"
array to be placed on the contralateral tenporal bone.
The contralateral array produces ultrasound beans that
propagate from the contralateral to the ipsilateral side,
t hereby pushing the VARs toward the occl usion. The
radiation force can not only push VARs to nobve toward the
initial occlusion clot, but also push them closer to the
clot or even inside the clot for nore effective lysis.
In addition, the radiation force nmay help VARs nmove (wth
the synergistic assistance of pulsatile blood pressure,
possibly in an oscillating, forward, peristaltic notion)
into the entire occlusive region, including the initial
occlusion site and any subsequently occluded or resultant
i schemi ¢ downstream vascul ar space. The greater the
degree of flow obstruction, the smaller the supply of
fresh resonator-containing blood to the occlusion site as
well as its downstream vascularity. The pul satile blood
pressure can push VARs closer to the clot surface, as
well as to nobve into the space of the downstream
vascul arity. Accordingly it is desirable to be able to
promote the flow notion of new resonators both to the
initial occlusion site as well as its downstream vascul ar
space to enhance the lysis effect of VARs that are close
to or inside the occluded vascul ar space.

This is illustrated in FIGURE 8, in which the
ultrasound system of FIGURE 1 is used to apply



10

15

20

25

30

35

WO 2015/000953

PCT/EP2014/064052
29

sonot hronbol ysis therapy and concurrently urge a flow of
fresh VARs to the therapy site in a tinme interleaved
manner . For stroke treatment the transducer arrays 100a,
100b are preferably not enployed in conventional
ultrasound probes, but are custom probes built into a
headset and placed on the tenporal bone w ndows of a
stroke victim as shown in FIGURE 8. The two transducer
arrays of the headset will position thenselves against
the tenporal bone acoustic w ndows on both sides of the
skull 1000 as shown in the illustration. When positioned
this way, the acoustic fields of the arrays are generally
oriented towards the MCA region toward the center of the
brai n. In this exanple, the ipsilateral side where a
clot 1160 is located is within the therapy beam steering
region 1020 of transducer array 100a. A therapy beam
1100 can be steered in three dinmensions within this
region 1020 and directed at a thronmbus 1160 for therapy
as shown in the illustration. A simlar region 1040
exists in front of the contralateral transducer 100b on
the other side of the head. However the ultrasonic
energy produced by the contralateral transducer 100b is
not at a therapeutic level but at a |ower |evel which
produces ultrasonic energy waves 1120 which are
sufficient to pronote a gentle acoustic radiation force
on VARs in the blood vessel 1140 leading to the thronbus
1160. Preferably this is done with |ow acoustic pressure
that is insufficient to disrupt or rupture the VARs as
the higher energy therapeutic beam does, but is only
sufficient to pronote the novenent of the VARs in vessel
1140 toward the clot 1160. The contral ateral transducer
array 100b could be used for therapy. But the greater
distance from the contralateral tenporal bone to the
occlusion 1016 as conpared to that from the ipsilateral
tenporal bone to the occlusion means that ultrasound

pul ses with greater pressure anplitude would be needed to
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be transmitted for therapy from the contralateral side
than from the ipsilateral side, to account for the
increased signal attenuation due to the longer beam path
| engt h. The greater pressure anplitude inplies the use
of an ultrasound array with a larger aperture for
producing a high intensity focused beam reaching a

greater distance from the array. However, the effective
aperture of the array is typically limted by the size of
the particular tenporal acoustic w ndow. In addition, it

is desirable to use identical transducer arrays wth
identical apertures for uniformty of operation

regardl ess of the thronmbus |[ocation. Therefore, it is
advant ageous to deliver the therapeutic ultrasound pulses
fromthe ipsilateral side transducer array 100a, where
the therapeutic beans have a shorter distance to traverse
to reach the site of the thrombus 1160. Thus, it is
advantageous in an inplenmentation of the present
invention to use contralateral wultrasound beans to
generate the acoustic radiation force needed to push the
VARs towards the occluding thronbus, and ipsilateral
beanms for the delivery of the therapeutic ultrasound

pul ses to actually Ilyse the clot. Various electronic
configurations can be used to actuate the opposing
transducer arrays . Both arrays can be driven
alternatively by multiplexing the same electronics, or
the array (operated for imaging and radiation force) on
the contralateral side and the array (operated for
therapy) on the ipsilateral side nmay be driven

si mul taneously by two separate signal generators and
power anplifiers.

In practice of the nmethod of the present invention
an IV would be started to later deliver the VARs and the
| ocation of the clot could be determned by MR CT, or
ul trasound i maging. The VAR nediation can be provided by
a systemically infused dose of a VAR contrast agent
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circulating throughout the entire blood stream and
capable of reaching the occluded region via residual and
collateral flow The VARs will remain substantially
intact at low ultrasound pressure levels, wll provide
increased clot lysis capability at md-pressure |evels,
and will replenish the treatnent region throughout the
entire sonothronbolysis therapy procedure during the
periods of non/low anplitude insonification.

When the sane transducer array 100a, 100b is used
for diagnhosis and therapy it can be used to locate the
clot itself via the absence of blood flow and/or
perfusion distal to the site of the clot occlusion, using
the lowM ultrasound contrast imaging or Doppler
techni ques already in use. Once a clot has been I|ocated
in a blood vessel, md- or high-pressure beans are
produced by the ipsilateral array transducer which are
aimed at the general clot |ocation. Typi cal penetration
di stance requirenments are approximately 3-10 cm from the
skul | surface. Typi cal 3D beam steering angle
requirenents are approximately up to +27°, and focal zone
size requirenments for treatnent are approximtely 5-10nm
in dianeter . The ultrasonic output of the array
transducer should be sufficient to generate both m d-
pressure and |ow pressure pulses inside the brain,
further accounting for tenporal bone attenuation, which
attenuates the beam by approximately 75%

In an inplenmentation of the present invention
operating at 1 MHz, an in-situ pressure of approximtely
140 to 250 kPa is needed for a phospholi pid-based
m crobubbl e agent to undergo stable cavitation in the
brai n. Periodically, the transm ssion of therapy beans
by the ipsilateral transducer array is interrupted to
allow a fresh supply of mcrobubbles to flow to the
t hr onbus. During this tinme the contralateral transducer
array is actuated to transmt |ow acoustic pressure
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levels toward the therapy site, e.g., between
approximtely 80 and 140 kPa, with the effect of
providing acoustic pushing pulses which urge fresh

m crobubbles toward and into the thronbus. This | ow
level ultrasonic stinmulation can also provide the
beneficial effect of inducing mcrovascular reperfusion
as described herein. The low level ultrasound wused to
urge the microbubbles toward the clot can also be used to
imge the site of the clot from the contralateral side of
the head if desired. Utrasound imaging is preferably
enpl oyed by either transducer array to image mcrobubble
reperfusion during pauses in the treatnment, to observe
the progress of clot lysis, and to observe the presence
and flow of mcrobubbles to the site of the occlusion and
surrounding microvasculature . Therapeutic ultrasound
exposure is resuned once a sufficiently high amunt of

m crobubbl es have re-perfused the target region after

m crobubble destruction wth the stimulus of the

contral ateral acoustic radiation force.

FIGURE 9 is an anatomical illustration of stroke
sonot hronbol ysis therapy being applied from an acoustic
wi ndow at the left side of the head which is alternated
with acoustic radiation force from the other side of the
head to urge mcrobubbles 1140 toward a cranial thronbus
1160. The transducer probe 100a used for therapy in this
exanple is seen located at the acoustic w ndow of the
tenple on the left side of the head where it insonifies
the brain 1010 from the ipsilateral side where the
thronmbus i s |ocated. The narrow hourgl ass-shaped energy
profile 1020 of md- to high-energy ultrasound is seen to
be focused at the depth of the blood clot 1160 in the
mddle cerebral artery (MCA) . Located at the acoustic
wi ndow of the right tenple of the head, the contral ateral
side, in this exanple, is another transducer probe 100b.
The broader energy profile 1040 produced by transducer
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probe 100b provides |ow energy acoustic radiation force
toward the ipsilateral MCA urging the VARs 1140 toward
the blood clot 1160. Preferably high energy clot-

di srupting therapy and |low energy radiation force urging
of the VARs are alternated periodically, as it can be
seen that the pressure waves from the two transducer
probes are directed in opposite directions and the
resulting radiation forces would otherw se oppose each
ot her. During the periods of |low energy radiation force
pushing of the VARs towards 1160 imaging is performed of
the therapy site by one of the probes so that the
clinician can assess the progress of the therapy and
observe a build-up of fresh VARS in proximty to the
thronbus 1160 before resunm ng therapy.

It has been found that in order to achieve effective
in-situ pressures wth phospholipid-based VARs,
approximately 140 to 250 kPa of acoustic pressure is
needed. This higher pressure level facilitates clot
lysis and vessel recanalization while nininizing
detrinental bioeffects. These pressures are applied
while focusing the ultrasound beam directly at the main
cl ot/ occl usi on. Lower pressures at approximtely 140 kPa
(or lower) at IMHz, are used for acoustic radiation force
push pul ses and inducing microvascular reperfusion wth
significantly |ower mcrobubble destruction rates. These
| oner pressures are applied while focusing the ultrasound
beam nore broadly as shown in FIGURE 9. Pressures below
these levels, for exanple on the order of 50kPa, are
those that may also stinulate mcrovascular reperfusion
but are less effective at IMAz to push m crobubbles

towards the thronbus. In general, mcrobubbles of
different sizes respond differently to various pressures,
and | ower pressures wll destroy fewer mcrobubbles while
hi gher pressures wll destroy nore.

While relatively |ower frequency ultrasound is nore
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effective for clot lysis, relatively higher frequency
ultrasound is nore effective for generating greater
radiation force and in addition inducing |ess mcrobubble
destructi on. Therefore, lowintensity, |ong ultrasound
tonebursts at a relatively higher frequency are preferred
for the effective generation of non-destructive radiation
force fromthe contralateral transducer. O her pul se
types such as chirps or anplitude nodul ated tone-bursts
may al so be enployed for producing pulsatile radiation
forces which are effective for pushing mcrobubbles of
di fferent sizes.

In accordance with enbodinents herein, the present
i nvention provides an ultrasonic sonothronbolysis system
that includes two array transducers each acoustically
coupled to an acoustic w ndow on opposite sides of the
head of a subject; and a transmt controller, coupled to
control the transmission of ultrasound by the two array
transducers, and operated to cause an ipsilateral one of
the array transducers to direct high energy ultrasound to
the site of an occlusion and to cause a contral ateral one
of the array transducers to direct |ow energy ultrasound
to a blood vessel supplying mcrobubbles to the site of
the occlusion. The contralateral array transducer
produces an acoustic radiation force for urging
ni crobubbl es toward the occl usion. The transmt
controller can be further adapted to produce high energy
and |ow energy ultrasound transm ssion by the two array
transducers in a tine-interleaved sequence. The transmt
controller can further cause the ipsilateral array
transducer to produce ultrasound which is narrowy
focused at the occlusion, and cause the contral ateral
array transducer to produce ultrasound which is nore
broadly focused at the site of the occlusion and
surroundi ng vascul ature. In some enbodi nents, the
i psilateral array transducer directs therapy beanms to the
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site of an occlusion from one side of the head and the
contral ateral transducer directs an oppositely directed
acoustic radiation force fromthe other side of the head.
The acoustic windows can further include the tenples on
opposite sides of the head. The transnit controller can
further cause one of the array transducers to perform
ultrasound inmaging of the site of the occlusion during
periods of low energy ultrasound transni ssion. In sone
enbodi nents, the transnit controller is further adapted
to cause the ipsilateral array transducer to produce high
energy insonification sufficient to cause inertial
cavitation at the site of the occlusion and to cause the
contralateral array transducer to produce |ow energy
insonification sufficient to cause stable cavitation at
the site of the occl usion. In certain enbodinents, the
transnit controller is adapted to produce high pressure
insonification of at l|least 180kPa and |low |level pressure
insonification of not greater than 140kPa.

The present invention further provides a nethod of
providing sonothronbolysis to a site of a vascul ar
occl usi on. The nmethod can include controlling an
i psilateral array transducer which is acoustically
coupled to one side of a head to direct high energy
ultrasound to the site of an occlusion; and controlling a
contralateral array transducer which is acoustically
coupled to the other side of the head to direct |ow
energy acoustic radiation force ultrasound to the site of
the occlusion to stinulate flow of mcrobubbles toward
t he occl usion. The high energy and |ow energy ultrasound
can be provided in a tinme-interl eaved sequence. In sone
enbodi rents, the controlling the ipsilateral array
transducer to direct high energy ultrasound to the site
of an occlusion can include producing ultrasound pressure
| evel s which are at |east capable of causing stable
cavitation, and controlling the contralateral array
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transducer to direct low energy ultrasound to the site of
the occlusion can include producing ultrasound pressure

| evel s not greater than those capable of causing stable
cavitation. The nmethod can also include controlling the
ipsilateral array transducer to cease production of high
energy ultrasound during a m crobubble replenishnent
interval, in which the contralateral array transducer
produces acoustic pushing pulses during the mcrobubble
repl eni shment interval. In sonme enbodi ments, the nethod
can include controlling one of the array transducers to
perform diagnostic inaging of the site of the occlusion
during the m crobubble replenishnent interval. The

net hod can include controlling the ipsilateral array
transducer to perform diagnostic inmaging of the site of
the occlusion during the mcrobubble replenishment

i nterval . In sone enbodi nents, the high energy
ultrasound is at a relatively low frequency, and the |ow
energy ultrasound is at a relatively high frequency.
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CLAI M5

1. An ultrasound stroke treatnent system
conprising :

an array transducer configured to selectively
produce insonation wth ultrasound waves at mid/high
acoustic pressure levels or with ultrasound waves at |ow
acoustic pressure levels; and

a transmt controller, coupled to control the
transm ssion of ultrasound by the array transducer, and
configured to direct ultrasound waves at nid/high
acoustic pressure to the site of an occlusion during a
first therapy tine interval and configured to direct
ultrasound waves at |ow acoustic pressure levels to a
region surrounding the site of the occlusion during a
second reperfusion stimulation time interval,

wherein the insonation at md/high acoustic pressure
levels stimulates clot lysis and the insonation at |ow
acoustic pressure levels stinulates mcrovascul ar
reperfusion of tissue surrounding the site of the
occlusion in the presence of vascular acoustic resonators
( VARs)

2. The ultrasound stroke treatnent system of Caim
1, wherein the transmit controller is configured to step
ultrasound waves at |ow acoustic pressure |evels around
the region surrounding the site of the occlusion.

3. The ultrasound stroke treatnent system of Caim
1, wherein the transmit controller is further operated to
produce insonation at md/ high acoustic pressure |evels
or at |low acoustic pressure levels in a tine-interleaved
sequence .

4. The ultrasound stroke treatnent system of Caim
3, wherein the transnmit controller is further operated to
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produce insonation at |ow acoustic pressure |evels by
floodlight insonation of the tissue surrounding the site
of the occl usion.

5. The ultrasound stroke treatnent system of Claim
3, wherein the transmt controller is further operated to
produce insonation at |ow acoustic pressure |evels by
sequentially transmtting |ow acoustic pressure beans in
different directions through the tissue surrounding the
site of the occlusion.

6. The ultrasound stroke treatnent system of Claim
5, wherein the transmt controller is further operated to
produce insonation at md/high acoustic pressure by
sequentially transmtting md/high acoustic pressure
beans in different directions proximate to the site of
t he occl usi on.

7. The ultrasound stroke treatnent system of Claim
1, wherein the transmt controller is further operated to
suspend m d/ high and |ow acoustic pressure therapy
insonation during a third time interval to enable VAR
repl enishment in the therapy region.

8. The ultrasound stroke treatnent system of Claim
7, wherein the transmt controller is further operated to
perform diagnostic imaging during the third tine
i nterval,

wherein the level of insonation for diagnostic
i mgi ng does not exceed the l|evel of |ow acoustic
pressure insonation.

9. The ultrasound stroke treatnent system of Claim
1, wherein the transmt controller is operated at a
frequency of 1 MHz to produce md/high pressure
i nsonation of at least 140kPa in situ and |low |evel
pressure insonation of not greater than 140kPA in situ.
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10. A nethod of treating ischemic stroke by
promoting clot lysis and vessel recanalization at a site
of a vascular occlusion and concurrently pronoting
m crovascul ar reperfusion in the area surrounding the
occl usion conpri sing:

adm nistering a conposition containing vascul ar
acoustic resonators (VARs);

controlling an array transducer to direct an
ultrasound wave at md/ high acoustic pressure to the site
of an occlusion where VARs are present to stimulate clot
lysis at the site during a first therapy tinme interval;
and

controlling an array transducer to direct an
ultrasound wave at |ow acoustic pressure to a region
surrounding the site of the occlusion to stimulate
m crovascul ar reperfusion stimulation tinme interval,

wherein a peak acoustic pressure transmtted during
the first therapy tine interval is greater than a peak
acoustic pressure transmtted during the second
reperfusion stimulation tine interval.

11. The nethod of Caim 10, wherein the nid/ high
acoustic pressure and |ow acoustic pressure is provided
in a tinme-interleaved sequence.

12. The method of Claim 11, wherein the |ow
acoustic pressure is produced by sequentially stepping
differently steered ultrasound beans around the region
surrounding the site of the occlusion.

13. The method of Claim 11, wherein the |ow
acoustic pressure is produced by floodlight insonation of
the region surrounding the site of the occlusion.

14. The nethod of Caim 10, wherein controlling a
two dinensional array transducer to direct the ultrasound
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wave at nmid/high acoustic pressure to the site of an
occlusion further conprises producing ultrasound pressure
| evel s of at |east 140kPA, and

wherein controlling the array transducer to direct
the ultrasound wave at |ow acoustic pressure to a region
surrounding the site of the occlusion further conprises
produci ng ultrasound pressure levels of not greater than
140kPa .

15. The nmethod of Claim 10, further conprising
controlling the array transducer to cease production of
ul trasound waves at md/high acoustic pressure during a
vascul ar acoustic resonator replenishnment interval.

16. The nmethod of Claim 10, further conprising
perform ng diagnostic inmaging of the site of the
occlusion during an interval between sonothronbolysis
therapy intervals.

17.  An ultrasound stroke treatnment system
conprising:

an array transducer which is operated to selectively
produce insonation with ultrasound waves at m d/high
acoustic pressure levels or with ultrasound waves at |ow
acoustic pressure levels;

a transmit controller, coupled to control the
transnission of ultrasound by the array transducer, and
operated to direct ultrasound waves at m d/high acoustic
pressure to the site of an occlusion during a first
therapy time interval and to direct ultrasound waves at
| ow acoustic pressure levels to a region surrounding the
site of the occlusion during a second reperfusion
stinmulation tinme interval; and

a vascul ar acoustic resonator;

wherein a peak acoustic pressure transmitted during
the first therapy tine interval is greater than a peak
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reperfusion stinulation tine interval, and
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cond

wherein insonation at md/high acoustic pressure

levels stimulates clot lysis and the insonation at |ow

acoustic pressure levels stinulates mcrovascul ar

reperfusion of tissue surrounding the site

of the

occlusion in the presence of vascular acoustic resonators

( VARS)

18. The system according to claim 17,
VAR is a gas-filled mcrovesicle

19. The system according to claim 17,

wherein the

wherein the

system conprises an ipsilateral array transducer probe

conprising the array transducer, the array

t ransducer

being configured to produce insonation at nid/high

pressure levels and the ipsilateral array t
configured to direct therapy beams to a sit
occlusion from one side of a patient's head,
the system further conprises a contral ateral

ransducer

e of an
and wherein
t ransducer

probe conprising an array transducer configured to

produce insonation at |low pressure levels a
contral ateral transducer being configured t

nd the
o direct an

oppositely directed acoustic radiation force from an

opposite side of the patient's head.
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