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Description

[0001] This invention relates to medical diagnostic ul-
trasound systems and, in particular, to ultrasound sys-
tems which perform imaging and therapy for stroke vic-
tims.

[0002] Ischemic stroke is one of the most debilitating
disorders known to medicine. The blockage of the flow
of blood to the brain can rapidly result in paralysis or
death. Attempts to achieve recanalization through throm-
bolytic drug therapy such as treatment with tissue plas-
minogen activator (tPA) has been reported to cause
symptomatic intracerebral hemorrhage in a number of
cases. Advances in the diagnosis and treatment of this
crippling affliction are the subject of continuing medical
research.

[0003] Transcranial Doppler ultrasound has been de-
veloped for use in monitoring and diagnosing stroke. A
headset device manufactured by Spencer Technologies
of Seattle, Washington, USA holds two transducers
against the side of the skull, one on each temporal bone
justin front of the ear. The transducers transmit ultrasonic
waves through the temporal bone and the returning echo
signals are Doppler processed and the phase shift infor-
mation reproduced at audible frequencies. The audible
Doppler identifies the presence or absence of blood flow
inside the cranium as the clinician listens for character-
istic sounds of blood flow velocities of specific arteries.
The technique can also be augmented with a spectral
Doppler display of the phase shift information, providing
information on flow velocities inside the cranium. How-
ever, since there is no information concerning the anat-
omy inside the skull, the clinician must attempt to make
a diagnosis on the basis of this limited information.
[0004] A system according to the preamble of claim 1
is known from EP 1 591 073 A1.

[0005] Recently Dr. Andrei Alexandrov of the Univer-
sity of Texas Medical School at Houston, Texas found
that the application of ultrasound during tPA treatment
improved the efficacy of tPA for stroke treatment. Dr. Al-
exandrov observed that the micro-vibrations of the ultra-
sonic waves work on the surface of the blood clot to open
up a larger surface that the tPA can then bind to and
penetrate. Dr. Alexandrov is now leading aresearch team
which is investigating the added efficacy of adding ultra-
sonic contrast agent microbubbles to the tPA or using
microbubbles and ultrasound alone to dissolve blood
clots. It is also contemplated that microbubbles may be
targeted to components in the blood clot such as fibrin
and stick to the clot, increasing the concentration and
effectiveness of the treatment. Targeted nanoparticles
are another possibility for this procedure. It is thus be-
lieved by many that ultrasound together with thrombolytic
drugs, microbubbles, or both can lead to significant im-
provement in stroke treatment.

[0006] In accordance with the principles of the present
invention, a diagnostic ultrasound system is described
which enables a clinician to transcranially visualize a re-
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gion of the cerebral vasculature where blood clots may
be present. A corresponding method is described, too,
however, with no claim being directed at such method.
Either two dimensional or three dimensionalimaging may
be employed. The imaging of the vasculature is prefer-
ably enhanced by the administration of microbubbles. If
the flow conditions of the vasculature indicate the pres-
ence of a partial or complete occlusion, a focused or pen-
cil beam is directed to the location of the blockage to
break up the clot by the vibrations and/or rupturing of the
microbubbles. In some instances the ruptured microbub-
bles may also release an encapsulated thrombolytic
drug. In accordance with a further aspect of the present
invention, the cranial vasculature may be monitored by
ultrasonic imaging for changes which are indicative of
the recurrence of an occlusion, and medical aid alerted
to the condition.

[0007] In the drawings:

FIGURE 1 illustrates in block diagram form an ultra-
sonic diagnostic imaging system constructed in ac-
cordance with the principles of the presentinvention.

FIGURES 2a and 2b illustrate a safety helmet liner
suitable for use in a transcranial imaging transducer
headset.

FIGURE 3 illustrates a procedure for ultrasonically
imaging the cranial vasculature and dissolving blood
clots.

FIGURE 4 illustrates three dimensional transcranial
imaging.

FIGURE 5 illustrates two dimensional transcranial
imaging.

FIGURES 6a-6d illustrate treatment of a cranial oc-
clusion.

FIGURE 7 illustrates a procedure for ultrasonically
monitoring for cranial occlusions.

[0008] Referring firstto FIGURE 1, an ultrasound sys-
tem 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 transmit-
ting ultrasonic waves and receiving echo information. In
this example the arrays shown are two dimensional ar-
rays of transducer elements capable of providing 3D im-
age information although an implementation of the
present invention may also use two dimensional arrays
of transducer element which produce 2D (planar) imag-
es. The transducer arrays are coupled to microbeam-
formers 12a and 12b which control transmission and re-
ception of signals by the array elements. Microbeam-
formers are also capable of at least partial beamforming
of the signals received by groups or "patches" of trans-
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ducer elements as described in US Pats. 5,997,479 (Sa-
vord et al.), 6,013,032 (Savord), and 6,623,432 (Powers
et al.) Signals are routed to and from the microbeam-
formers by a multiplexer 14 by time-interleaving signals.
The multiplexer is coupled to a transmit/receive (T/R)
switch 16 which switches between transmission and re-
ception and protects the main beamformer 20 from high
energy transmit signals. The transmission of ultrasonic
beams from the transducer arrays 10a and 10b under
control of the microbeamformers 12a and 12b is directed
by the transmit controller 18 coupled to the T/R switch,
which received input from the user’s operation of the user
interface or control panel 38.

[0009] The partially beamformed signals produced by
the microbeamformers 12a, 12b are coupled to a main
beamformer 20 where partially beamformed signals from
the individual patches of elements are combined into a
fully beamformed signal. For example, the main beam-
former 20 may have 128 channels, each of which re-
ceives a partially beamformed signal from a patch of 12
transducer elements. In this way the signals received by
over 1500 transducer elements of a two dimensional ar-
ray can contribute efficiently to a single beamformed sig-
nal.

[0010] The beamformed signals are coupled to a fun-
damental/harmonic signal separator 22. The separator
22 acts to separate linear and nonlinear signals so as to
enable the identification of the strongly nonlinear echo
signals returned from microbubbles. The separator 22
may operate in a variety of ways such as by bandpass
filtering the received signals in fundamental frequency
and harmonic frequency bands, or by a process known
as pulse inversion harmonic separation. A suitable fun-
damental/harmonic signal separator is shown and de-
scribed in international patent publication WO
2005/074805 (Bruce et al.) The separated signals are
coupledto asignal processor 24 where they may undergo
additional enhancement such as speckle removal, signal
compounding, and noise elimination.

[0011] The processed signals are coupled to a B mode
processor 26 and a Doppler processor 28. The B mode
processor 26 employs amplitude detection for the imag-
ing of structures in the body such as muscle, tissue, and
blood cells. B mode images of structure of the body may
be formed in either the harmonic mode or the fundamen-
tal mode. Tissues in the body and microbubbles both
return both types of signals and the harmonic returns of
microbubbles enable microbubbles to be clearly seg-
mented in an image in most applications. The Doppler
processor processes temporally distinct signals from tis-
sue and blood flow for the detection of motion of sub-
stances in the image field including microbubbles. The
structural and motion signals produced by these proces-
sors are coupled to a scan converter 32 and a volume
renderer 34, which produce image data of tissue struc-
ture, flow, or a combined image of both characteristics.
The scan converter will convert echo signals with polar
coordinates into image signals of the desired image for-
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mat such as a sector image in Cartesian coordinates.
The volume renderer 34 will convert a 3D data setinto a
projected 3D image 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 image can appear to rotate
in what is known as kinetic parallax. This image manip-
ulation is controlled by the user as indicated by the Dis-
play Control line between the user interface 38 and the
volume renderer 34. Also described is the representation
of a 3D volume by planar images of different image
planes, a technique known as multiplanar reformatting.
The volume renderer 34 can operate on image data in
either rectilinear or polar coordinates as described in US
Pat. 6,723,050 (Dow et al.) The 2D or 3D images are
coupled from the scan converter and volume renderer to
an image processor 30 for further enhancement, buffer-
ing and temporary storage for display on animage display
40.

[0012] A graphics processor 36 is also coupled to the
image processor 30 which generates graphic overlays
for displaying with the ultrasound images. These graphic
overlays can contain standard identifying information
such as patient name, date and time of the image, imag-
ing parameters, and the like, and can also produce a
graphic overlay of a beam vector steered by the user as
described below. For this purpose the graphics processor
received input from the user interface 38. The user inter-
face is also coupled to the transmit controller 18 to control
the generation of ultrasound signals from the transducer
arrays 10a and 10b and hence the images produced by
and therapy applied by the transducer arrays. The trans-
mit parameters controlled in response to user adjustment
include the MI (Mechanical Index) which controls the
peak intensity of the transmitted waves, which is related
to cavitational effects of the ultrasound, steering of the
transmitted beams for image positioning and/or position-
ing (steering) of a therapy beam as discussed below.
[0013] The transducer arrays 10a and 10b transmit ul-
trasonic waves into the cranium of a patient from opposite
sides of the head, although other locations may also or
alternately be employed such as the front of the head or
the sub-occipital acoustic window at the back of the skull.
The sides of the head of most patients advantageously
provide suitable acoustic windows for transcranial ultra-
sound at the temporal bones around and above the ears
on either side of the head. In order to transmit and receive
echoes through these acoustic windows the transducer
arrays mustbe in good acoustic contact atthese locations
which may be done by holding the transducer arrays
against the head with a headset. For instance, FIGURE
2a shows a conventional safety helmet 200 which is ad-
justably held on the wearer’s head by a helmet liner 202
shown in the view of FIGURE 2b. The helmet liner wraps
securely about the circumference of the wearer’s head.
Transducer arrays positioned inside the helmet liner on
either side as indicated by the locations of circles 204,206
will be held securely against the skin of the temporal
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bones of the wearer, enabling the helmet liner 202 to
function as a transcranial ultrasound headset. The hel-
met liner headset is adjustably secured in place by an
adjustment knob 208. An occipital transducer would be
positioned at or below the location of adjustment knob
208. The headset has one or more straps 210 which pass
over the top of the head for adjustment of the vertical
position of the headset. These straps and other adjust-
able members of the headset can be elastic or adjustable
through other means such as buckles or Velcro®. When
properly adjusted the headset will hold the acoustic trans-
ducer arrays securely in good acoustic contact on the
temples of the patient. Acoustic coupling may be aided
by applying an acoustic coupling gel between the trans-
ducer and the skin.

[0014] A procedure which uses the ultrasound system
and transcranial ultrasound headset just described is il-
lustrated by the flowchart of FIGURE 3. In step 60 the
headset is put on the patient with the transducer arrays
in acoustic contactwith the skin ofthe patient. The system
is activated to image inside the cranium and in step 62
the headset is adjusted until flow inside the cranium can
be seen in the ultrasound image of one or (when dis-
playedin duplex) both of the transducerarrays. The color-
flow imaging mode of the system is preferably used at
this time to produce a two or three dimensional image of
the bloodflow inside the cranium. If the cranial flow can
be seen in colorflow, the other steps of this procedure
can be expected to proceed as desired. When the flow
is seenin the ultrasound images the headset is tightened
in step 64 to secure the transducer array in theirimaging
positions. FIGURE 4 illustrates the situation at this point
for 3D imaging. In this illustration the transducer arrays
10a,10b are held against the sides of the skull 100 and
are imaging 3D image fields 102,104 inside the cranium.
The user will see one or both of the 3D image fields
102,104 on the display of the ultrasound system in either
amultiplanar or volume rendered 3D projection. The user
can manipulate the kinetic parallax control to observe the
volume rendered 3D image from different orientations.
The user can adjust the relative opacity of the tissue and
flow components of the 3D image to better visualize the
vascular structure inside the brain tissue as described in
US Pat. 5,720,291 (Schwartz) or can turn off the B mode
(tissue) portion of the display entirely and just visualize
the flow of the vascular structure inside the 3D image
field 102,104.

[0015] When the cranium is beingimaged successfully
a microbubble contrast agent is introduced into the pa-
tient’s bloodstream at step 66. In a short time the micro-
bubbles in the bloodstream will be pumped through the
carotid arteries and into the cranial vascular system and
appear in the image. The clinician user is now able to
begin a diagnostic search for blood clots occluding blood
vessels in the brain, looking for branches of the vascu-
lature which terminate or are only dimly lighted by echo
returns from microbubbles due to a partial occlusion.
When a dual display from both transducer arrays is
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present the clinician is also able to compare the relative
symmetry of the two displayed regions, looking for signs
of asymmetry. If the clinician finds no signs of occlusion
in the vasculature presently being viewed by the image
fields 102,104, the clinician can steer the image field to
other regions of the anatomy as indicated by step 68.
Steering the image field can be done mechanically by
physically adjusting the position of a transducer array to
aim its image field through different anatomy of the brain.
Preferably, the clinician is able to adjust the steering of
the beams from the transducer array with a control on
the user interface. By adjusting this control (the Beam
Steer control line to the transmit controller 18), the clini-
cian is able to electronically steer the image field around
inside the skull without disturbing the acoustic coupling
of the array against the head of the patient.

[0016] At each position of the image field 102,104 the
clinician can look for obstructions of the blood flow in the
real time images on the display, or can capture (freeze)
an image or map of the cranial vasculature as indicated
in step 70. When the vascular map is acquired and held
statically, the image can undergo enhanced processing
(e.g.,compounding, signal averaging) toimprove the res-
olution or scale of the image and can be manipulated on
the screen and examined carefully at different points and
from different views in a precise search for blood vessel
occlusions. In this way the clinician can diagnose for sten-
oses as indicated at step 72. If the clinician examines a
vascular map and finds no evidence of obstruction in the
blood flow paths, the clinician can steer the image field
to another region of the cranium and examine the vas-
cular map of another image field. The clinician can use
the Doppler data of the vascular map or the spectral Dop-
pler function of the ultrasound system to take flow velocity
measurements at specific points in the cranial vascula-
ture, then use the report generation capabilities of the
ultrasound system to record the measurements and pre-
pare a report of his diagnosis.

[0017] Examples of vascular maps are shown in FIG-
URES 6a-6¢. FIGURE 6a illustrates a vascular network
300 of blood vessels. When only flow imaging is per-
formed and the flow image is displayed in the absence
of any surrounding B mode tissue structure, as described
in US Pat. 5,474,073 (Schwartz et al.), only the flow of
the vasculature is shown without any obscuring sur-
rounding structure as FIGURE 6a illustrates. The vascu-
lar network 300 may be displayed in two dimensions,
three dimensions, and by various Doppler techniques
such as colorflow (velocity) Doppler or power (intensity)
Doppler. In the absence of stenoses the flow network will
appear continuous and with velocities and intensities pro-
portionate to vessel size. But if a branch 302 of the vas-
cular network is obstructed, the flow will appear different,
e.g., higher velocity and/or intensity, and, if completely
obstructed, will disappear entirely in the Doppler flow
map as shown in FIGURE 6c. By discerning character-
istics such as these, the clinician can diagnose a steno-
sis, then direct a therapeutic beam 110 to the suspected
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location of the obstruction of the vessel as shown in FIG-
URE 6d.

[0018] Iftheclinician discovers a stenosis, therapy can
be applied by agitating or breaking microbubbles at the
site of the stenosis in an effort to dissolve the blood clot.
The clinician activate the "therapy" mode, and a graphic
110,112 appears in the image field 102,104, depicting
the vector path of a therapeutic ultrasound beam. The
therapeutic ultrasound beam is manipulated by a control
on the user interface 38 until the vector graphic 110,112
is focused at the site of the blockage, as indicated by
step 74. The therapeutic beam can be a tightly focused,
convergent beam or a beam with a relatively long focal
length known as a pencil beam. The energy produced
for the therapeutic beam can be in excess of the ultra-
sound levels permitted for diagnostic ultrasound, in which
case the microbubbles at the site of the blood clot will be
sharply broken. The energy of the resulting microbubble
ruptures will strongly agitate the blood clot, tending to
break up the clot and dissolve it in the bloodstream. How-
ever in some instances insonification of the microbubbles
at diagnostic energy levels may be sufficient to dissolve
the clot. Rather than breaking in a single event, the mi-
crobubbles may be vibrated and oscillated, and the en-
ergy from such extended oscillation prior to dissolution
of the microbubbles can be sufficient to break up the clot,
as indicated at step 76.

[0019] A particularly effective way to insonify the mi-
crobubbles is known as "flash" transmission. In flash
transmission, insonification is halted to allow the flow of
blood to deliver a substantial volume of microbubbles to
the site of the blockage. At the end of this pause, a rapid
series of high MI pulses are transmitted to rapidly and
energetically rupture the microbubbles, which releases
energy at the site of the blockage. The gas from the rup-
tured microbubbles dissolves in the bloodstream. Anoth-
er pause period commences to allow the buildup of a
fresh supply of microbubbles and the process continues.
See US Pats. 5,560,364 (Porter) and 5,685,310 (Porter).
The flash technique was improved with the discovery that
imaging can be performed at low Ml levels as the micro-
bubbles accumulate, enabling the clinician to visually
monitor the buildup of microbubbles and determine the
optimal time to administer the high Ml flash. See US Pat.
6,171,246 (Averkiou et al.)

[0020] It has been found that a low duty cycle flash will
create rapid microbubble destruction within the energy
limits of diagnostic ultrasound. There is thus no need to
expose the patient to possibly harmful therapeutic expo-
sure levels. In this technique, the flash pulses are deliv-
ered within the MI (instantaneous pressure) limits of di-
agnostic ultrasound. Another energy limit parameter for
ultrasound is the spatial peak temporal average (SPTA),
which is a measure of the average energy delivered over
time and is related to temperature rise. It has been dis-
covered that a series of high Ml pulses (within diagnostic
limits) will cause the targeted microbubbles to break up
and dissolve in the bloodstream in 100-300 milliseconds.
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Thus, continued insonification is of no effect, for virtually
no microbubbles remain after this period. In the inventive
technique, the high Ml pulse period has a duty cycle of
50% or less. For instance, the high Ml pulses may be
delivered for 200ms, after which high MI pulses are in-
hibited for the following 800msec. The duty cycle of the
high Ml pulse delivery period is thus only 20%. Needless
high MI pulses are inhibited and the time averaged en-
ergy delivered over the one second interval is within the
temporal average limits of the SPTA parameter. Further-
more, new microbubbles are allowed to reinfuse the
blood clot site as soon as the high MI transmission has
ceased. Moreover, longer pulse lengths may be em-
ployed during the high Ml portion of the duty cycle, which
have been found to be very effective for microbubble dis-
ruption.

[0021] The type of stroke suffered by a patient can be
either hemorrhagic stroke or ischemic stroke. Hemor-
rhagic stroke, which may for instance be caused by a
ruptured aneurism, results in blood flow outside of blood
vessels and will not be improved by treatment with mi-
crobubbles and ultrasound. Furthermore, a hemorrhagic
condition is often worsened by the application of tPA.
Ischemic stroke caused by a stenosis such as a blood
clot is the type of stroke that an embodiment of the
present invention is designed to treat. Accordingly it is
desirable to initially determine whether the stroke condi-
tion is hemorrhagic or ischemic. One way this may be
done is by looking for a blood pool outside the vascula-
ture, which is indicative of a hemorrhagic condition. A
blood pool will appear black in the standard ultrasound
image since blood is not a strong reflector of ultrasonic
waves. The blood pool may also exhibit a lower rate of
flow (Doppler velocity) than the flow of blood in a con-
taining blood vessel. After the contrast agent is intro-
duced, the perfusion of the contrast agent into the micro-
vasculature of surrounding tissue can create a slight halo
effect of brighter contrast about the darkened blood pool
in an ultrasound image. Itis characteristics such as these
which can be used to identify whether the stroke is he-
morrhagic or ischemic in origin.

[0022] In the depiction of FIGURE 4, each image field
102, 104 is seen to extend almost halfway across the
cranium, which is a balance between the size of the im-
age field and the acoustic penetration and attenuation
which may be expected through the bone at the acoustic
window. For some patients, low attenuation effects may
enable an image field to extend fully across the cranium,
allowing the clinician to examine the vascular structure
near the skull bone on the opposite side of the cranium.
By alternately examining image fields of both transducer
arrays, the vasculature across the full cranium may be
effectively examined. It is possible to acquire extended
image fields which cover the same central region of the
cranium but image from opposite sides of the head.
These images can be correlated and compounded to-
gether, forming a fused image that may reveal additional
characteristics of the brain. The therapeutic beam can
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also be transmitted from both sides of the head, enabling
breakup of a clot at both sides of the clot. Rather than be
limited to reflective ultrasound imaging, through-trans-
mission imaging can be performed by transmitting ultra-
sound from one transducer array and receiving the re-
maining unabsorbed ultrasonic energy at the other trans-
ducer array, which may reveal yet other characteristics
of the brain tissue.

[0023] FIGURE 5illustrates a two dimensionalimaging
example. In this example the transducer array 122 is a
one dimensional array which performed 2D imaging. The
array is configured as a circular phased array transducer
asdescribedin US Pat. 5,226,422. This transducer array,
like the other arrays described herein, is covered with a
lens 124 which electrically insulates the patient from the
transducer array and in the case of a one dimensional
array may also provide focusing in the elevation (out-of-
plane) dimension. The transducer array 122 is backed
with acoustic damping material 126 which attenuates
acoustic waves emanating from the back of the array to
prevent their reflection back into the transducer ele-
ments. Behind this transducer stack is a device 130 for
rotating the image plane 140 of the array. The device 130
may be a simple knob or tab which may be grasped by
the clinician to manually rotate the circular array trans-
ducer in its rotatable transducer mount (not shown). The
device 130 may also be a motor which is energized
through a conductor 132 to mechanically rotate the trans-
ducer as discussed in US Pat. 5,181,514 (Solomon et
al.) Rotating the one dimensional array transducer 122
as indicated by arrow 144 will cause its image plane 140
to pivot around its central axis, enabling the repositioning
of the image plane for full examination of the vasculature
in front of the transducer array. As discussed in the '514
patent, the planes acquired during atleasta 1800 rotation
of the array will occupy a conical volume in front of the
transducer array, which may be renderedinto a 3D image
of that volumetric region. Other planes outside this vol-
umetric region may be imaged by repositioning, rocking
or tilting the transducer array in its headset in relation to
the skull 100. If a stenosis is found in the image of the
plane beingimaged, the therapeutic beam vector graphic
142 can be steered by the clinician to aim the beam at
the stenosis and therapeutic pulses applied to disrupt the
microbubbles at the site of the stenosis.

[0024] It is common in the case of stroke that the af-
fliction will not manifest itself in a single episode, but in
repeated episodes as a blood clot or obstruction in the
heart, lungs, or blood vessel breaks up gradually, releas-
ing small clots which successively make their way to the
vascular system of the brain over time. Thus, a patient
who survives an initial stroke event, may be at risk for
other events in the near future. Accordingly, itis desirable
to monitor these patients for some time after an initial
stroke event so that recurrences can be treated immedi-
ately. An embodiment of the invention may be used for
the monitoring of stroke victims for recurrent events. The
transducer arrays 10a,10b, microbeamformers 12a,12b,
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and multiplexer 14 can be efficiently packaged in a flip-
chip configuration as part of the headset. These compo-
nents can be battery powered and the output of the mul-
tiplexer connected to an r.f transmitter. A fixed image
field 102,104 is continually imaged as shown in FIGURE
4; it is not necessary to be able to steer or reposition the
image field in thisembodiment. The image data produced
by the microbeamformers 12a,12b is wirelessly transmit-
ted to a base unit as described in US Pat. 6,113,547
(Catallo etal.) Atthe base station additional beamforming
can be performed if necessary as well as the image
processing and display functions of the system of FIG-
URE 1. If a patient is not ambulatory a wireless connec-
tion may not be necessary and a wired connection to the
base station may be employed. The wireless connection
is also useful when the headset is being applied by indi-
viduals having minimal experience with the device. For
example, a first responder may be unsure that the head-
set is applied properly and is acquiring a satisfactory im-
age data set of the patient’s vasculature. In that case the
images can be transmitted to a base station, hospital or
other location where experienced personnel can view the
images in real time and talk the first responder through
a successful application of the headset on the patient.

[0025] In the present example, image display is not
necessary for the monitoring application. As successive
images of the vasculature are formed at the base station
they are stored in an image store 52, and temporally dif-
ferentimages are compared to detect changes in flow of
the vasculature by operation of flow change detector 50.
The flow change detector operates by comparing the
identical nature of the temporally differentimages, similar
to the image data correlation techniques used to identify
motion by image processing as described in US Pat.
6,442,289 (Olsson et al.) As long as successive images
and images separated by greater time intervals appear
substantially the same in their flow characteristics, e.g.,
there is no localized change in the flow characteristics of
a particular section of the vasculature and no section of
the vasculature has ceased to return a Doppler signal
indicating the continuation of flow, the flow change de-
tector 50 will continue its monitoring of the vasculature
with no change. For example, the vasculature may ap-
pear as the vascular network 300 of FIGURE 6a for an
extended period, and suddenly a section of the flow may
cease to be detected as illustrated by the absence of
vessels 302 in FIGURE 6c¢. If a flow change such as one
of those indicated above is detected by the flow change
detector 50, an alarm is activated such as an audible
alarm 42 at a nurse’s station. Medical assistance can
then be brought immediately to the patient. In addition,
the images stored in the image store at the time of the
detected flow change can be examined by medical per-
sonnel to discern exactly where in the vasculature the
detected obstruction occurred. Therapy can then be di-
rected specifically to the site of the obstruction without
the need to closely examine a series of vascular maps.
[0026] Since this is a monitoring application, image ac-



11 EP 2 051 777 B1 12

quisition does not have to be performed at the high rates
necessary for real time imaging. A new image could be
acquired every second, for example, or at greater inter-
vals between image acquisitions. The lower acquisition
rate is helpful for conserving battery power in an ambu-
latory implementation with an r.f. link. The lower image
rate also permits images from multiple patients to be
processed in atime-interleaved manner by the same sys-
tem, which is useful for a nurse’s station which needs to
monitor multiple patients.

[0027] During long term monitoring or monitoring of
ambulatory patients it is possible that the headset may
move relative to the head of the patient, causing a differ-
ence between successive images from a transducer 10a,
10b which has moved. Such movement can also cause
a specific anatomical region being monitored to move
outside of the image field of the transducer array 10a or
10b. While the flow change detector 50 can be designed
to be immune to such global changes and look only for
localized changes in flow, it may be desirable to alert
medical personnel to readjust the headset or to reacquire
target anatomy in the image field. This is done in the
embodiment of FIGURE 1 by means of an image field
controller 54, which performs image analysis of tempo-
rally different images to detect changes in global align-
ment of the image data. If the headset has not moved
between successive images, for example, the succes-
sive images of each transducer array will be the same
and the image data of the images will exhibit a high de-
gree of correlation. The image analysis techniques used
to measure image alignment in US Pats. 5,556,674
(Weng), 6,572,549 (Jong et al.) or 6,589,176 (Jago et
al.) and others may be used to perform the image com-
parison, for instance. Movement of the headset will result
in a global change in correlation, which can alert medical
personnel to adjust the headset. A local change in cor-
relation may be a localized flow change that should be
detected by the flow change detector 50 or the local
decorrelation can be used to alert medical personnel to
check the patient’s condition. Another possibility is to use
the global correlation vector as an indication of image-
to-image motion. The motional change is then used by
the transmit controller 18 to adjust the steering of beams
of the image field 102, 104, 140 to relocate the anatomy
in the same position in the newly acquired image field,
as in the manner of image stabilization discussed in the
aforementioned US Pat. 6,589,176. This will enable the
anatomy initially monitored by the system to remain in
view and in the image data set despite small changes in
the headset positioning. If the target anatomy moves be-
yond the range of beam steering reacquisition, an alert
can be issued for medical personnel to reposition the
headset. Such resteering correction in the presence of
motion can similarly be used to keep the therapeutic pen-
cilbeam 110, 112 constantly directed at a targeted blood
clot being treated.

[0028] A typical sequence for a monitoring implemen-
tation is illustrated by the flowchart of FIGURE 7. The
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headset with the array transducers is put on the patient
at step 60 and images are initially displayed and reviewed
until the headset is adjusted so that flow is observed in
the images in step 62. When it is determined that images
of cranial flow are being acquired, image display is no
longer necessary and the headset is tightened in place
on the patient at step 64. Periodically image data is ac-
quired from the image field of the arrays and transmitted
to the monitoring unit at step 80. At the monitoring unit
the image data may be further processed as desired at
step 82, then the new image is compared to one or more
previously acquired images at step 84. If the flow char-
acteristics of the images are unchanged, periodic trans-
mission, reception, and comparison of image data con-
tinues. Butifthe newimage is differentin a predetermined
flow characteristic, the flow change is detected at 86 and
an alert issued at 88 for medical attention.

[0029] While the monitoring implementation can be
performed with 2D (planar) imaging, it is preferred that
3D imaging be used so that a larger volumetric region
can be monitored. Monitoring can be performed with only
one transducer array, buta greater number of arrays like-
wise provides monitoring of a larger region of the crani-
um.

Claims

1. Astroke therapy system for treating cranial vascular
obstructions comprising:

a transducer array headset (200) which main-
tains an ultrasonic transducer array (10a, 10b,
122) in acoustic contact with the head of a sub-
ject;

animage processor (26, 28, 30, 32, 34), coupled
tothe ultrasonictransducer array, which produc-
es images of blood flow in the cranium of the
subject in an imaging mode of the ultrasonic
transducer array;

an image display (40), coupled to the image
processor, which produces an image of the cra-
nial vasculature;

characterized in that:

the ultrasonic transducer array is operable
in a therapy mode to direct a therapeutic
beam at an obstruction site (302) in the cra-
nium of the subject, said therapeutic beam
being capable of breaking up microbubbles,
introduced to the subject’s bloodstream, at
the obstruction site and comprising a series
of ultrasonic beam pulses having a duty cy-
cle of 50% or less,

wherein, in the therapy mode, the ultrasonic
therapeutic beam is iteratively:

delivered to the obstruction site for a



13 EP 2 051 777 B1 14

period of 100-300 milliseconds, to
thereby break up substantially all of the
microbubbles at the obstruction site;
and

subsequently inhibited, to allow new
microbubbles to reinfuse the obstruc-
tion site.

The stroke therapy system of Claim 1, wherein the
system further comprises a user interface (38) com-
prising a control adapted to, in the therapy mode, be
manipulated by a user to steer a therapeutic beam
vector graphic (110, 112, 142) on the image display
(40) to direct the therapeutic beam at the obstruction
site (302).

The stroke therapy system of Claim 1, wherein the
therapeutic beam is a pencil beam.

The stroke therapy system of Claim 1, wherein the
image processor comprises a Doppler processor,
wherein the Doppler processor (28) produces at
least one of velocity Doppler images or power Dop-
pler images.

The stroke therapy system of Claim 1, wherein the
transducer array headset maintains a first ultrasonic
transducer array (10a) in acoustic contact with one
side (204) of the head (100); and

further comprising a second transducer array (10b)
maintained in acoustic contact with the other side
(206) of the head by the headset (200).

The stroke therapy system of Claim 1, wherein the
system further comprises a transmitter, coupled to
the transducer array, which acts to cause the ultra-
sonic transducer array to transmit said therapeutic
beam, wherein imaging and delivery of the therapeu-
ticbeam are done by the ultrasonic transducer array.

The stroke therapy system of Claim 6, wherein the
transmitter further acts to cause the ultrasonic trans-
ducer array to transmit beams for at least one of Dop-
pler or B mode imaging.

The stroke therapy system of Claim 6, wherein the
transmitter further acts to transmit beams forimaging
over an image field exhibiting a given lateral dimen-
sion in the cranium, wherein the therapeutic beam
exhibits a lateral dimension which is less than the
given lateral dimension.

The stroke therapy system of Claim 6, wherein the
transmitter further acts to transmitimage beams over
an image field occupying a given spatial region in
the cranium, wherein the therapeutic beam is trans-
mitted over a portion of the given spatial region.
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10. The stroke therapy system of Claim 9, wherein the

1.

ultrasonic transducer array comprises a two dimen-
sional array of transducer elements, wherein the giv-
en spatial region is a volumetric region.

The stroke therapy system of Claim 10, wherein the
two dimensional array is maintained in acoustic con-
tact with one side of the head;

the stroke therapy system further comprising a sec-
ond two dimensional array maintained in acoustic
contact by the headset with the other side of the
head.

12. The stroke therapy system of Claim 11, wherein:

the first two dimensional array scans imaging
beams over a majority of the cranial distance
between the left side of the head and the center
of the cranium; and

the second two dimensional array scans imag-
ing beams over a majority of the cranial distance
between the right side of the head and the center
of the cranium.

Patentanspriiche

1.

Schlaganfalltherapiesystem zur Behandlung der
Obstruktion kranialer GefaRe, umfassend:

ein Wandlerarray-Headset (200), das ein Ultra-
schallwandlerarray (10a, 10b, 122) in akusti-
schem Kontakt mit dem Kopf eines Patienten
halt;

einen Bildprozessor (26, 28, 30, 32, 34), der mit
dem Ultraschallwandlerarray gekoppelt ist und
in einem Bildgebungsmodus des Ultraschall-
wandlerarrays Bilder der Blutstrdmung im Kra-
nium des Patienten erzeugt;

eine Bildanzeige (40), die mitdem Bildprozessor
gekoppelt ist und ein Bild der kranialen Gefalle
erzeugt;

dadurch gekennzeichnet, dass

das Ultraschallwandlerarray in einem Therapi-
emodus betrieben werden kann, um ein thera-
peutisches Strahlenbiindel auf einen Obstrukti-
onsort (302) im Kranium des Patienten zu rich-
ten, wobei das therapeutische Strahlenbiindel
in der Lage ist, in den Blutstrom des Patienten
eingefiihrte Mikroblaschen am Obstruktionsort
aufzubrechen, und eine Serie von Ultraschall-
strahlenblindelimpulsen mit einem Tastverhalt-
nis von 50 % oder weniger umfasst,

wobei das therapeutische Ultraschallstrahlen-
blindel im Therapiemodus iterativ:

fur eine Zeitdauer von 100 - 300 Millisekun-
den an den Obstruktionsort abgegeben
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wird, um dadurch im Wesentlichen alle Mi-
kroblaschen am Obstruktionsort aufzubre-
chen; und

anschlieRend unterdriickt wird, damit neue
Mikroblaschen den Obstruktionsort reinfun-
dieren kénnen.

Schlaganfalltherapiesystem nach Anspruch 1, wo-
bei das System ferner eine Benutzerschnittstelle
(38) umfassend eine Steuerung umfasst, die dafir
ausgelegtist, im Therapiemodus durch einen Benut-
zer manipuliert zu werden, um eine Vektorgrafik
(110, 112, 142) fur das therapeutische Strahlenbiin-
del auf der Bildanzeige (40) so zu lenken, dass das
therapeutische Strahlenbiindel auf den Obstrukti-
onsort (302) gerichtet wird.

Schlaganfalltherapiesystem nach Anspruch 1, wo-
bei das therapeutische Strahlenbilindel ein Schmal-
blndel ist.

Schlaganfalltherapiesystem nach Anspruch 1, wo-
bei der Bildprozessor einen Doppler-Prozessor um-
fasst, wobei der Doppler-Prozessor (28) mindestens
eines von Geschwindigkeits-Doppler-Bildern oder
Leistungs-Doppler-Bildern erzeugt.

Schlaganfalltherapiesystem nach Anspruch 1, wo-
bei das Wandlerarray-Headset ein erstes Ultra-
schallwandlerarray (10a) in akustischem Kontakt mit
einer Seite (204) des Kopfs (100) halt; und

ferner umfassend ein zweites Wandlerarray (10b),
das durch das Headset (200) in akustischem Kontakt
mit der anderen Seite (206) des Kopfs gehalten wird.

Schlaganfalltherapiesystem nach Anspruch 1, wo-
bei das System ferner einen Sender umfasst, der mit
dem Wandlerarray gekoppelt ist und wirkt, um das
Ultraschallwandlerarray zu veranlassen, das ge-
nannte therapeutische Strahlenblindel auszusen-
den, wobei Bildgebung und Abgabe des therapeuti-
schen Strahlenblindels durch das Ultraschallwand-
lerarray erfolgen.

Schlaganfalltherapiesystem nach Anspruch 6, wo-
beider Sender ferner wirkt, um das Ultraschallwand-
lerarray zu veranlassen, Strahlenbiindel fir mindes-
tens eine von Doppler- oder B-Mode-Bildgebung
auszusenden.

Schlaganfalltherapiesystem nach Anspruch 6, wo-
bei der Sender ferner wirkt, um Strahlenbiindel zur
Bildgebung Uber ein Bildfeld auszusenden, das eine
gegebene lateralen Dimension im Kranium aufweist,
wobei das therapeutische Strahlenblindel eine late-
rale Dimension aufweist, die kleiner als die gegebe-
ne laterale Dimension ist.
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10.

1.

12.

Schlaganfalltherapiesystem nach Anspruch 6, wo-
bei der Sender ferner wirkt, um Bildstrahlenbiindel
Uber ein Bildfeld auszusenden, das eine gegebene
raumliche Region im Kranium einnimmt, wobei das
therapeutische Strahlenbtlindel iber einen Teil der
gegebenen rdumlichen Region ausgesendet wird.

Schlaganfalltherapiesystem nach Anspruch 9, wo-
bei das Ultraschallwandlerarray ein zweidimensio-
nales Array von Wandlerelementen umfasst, wobei
die gegebene raumliche Region eine volumetrische
Region ist.

Schlaganfalltherapiesystem nach Anspruch 10, wo-
beidas zweidimensionale Array in akustischem Kon-
takt mit einer Seite des Kopfs gehalten wird;

wobei das Schlaganfalltherapiesystem ferner ein
zweites zweidimensionales Array umfasst, das
durch das Headset mit der anderen Seite des Kopfs
in akustischem Kontakt gehalten wird.

Schlaganfalltherapiesystem nach Anspruch 11, wo-
bei:

das erste zweidimensionale Array mit bildge-
benden Strahlenblindeln einen GroRteil des kra-
nialen Abstands zwischen der linken Seite des
Kopfs und der Mitte des Kraniums abtastet; und
das zweite zweidimensionale Array mit bildge-
benden Strahlenblindeln einen GrofRteil des kra-
nialen Abstands zwischen der rechten Seite des
Kopfs und der Mitte des Kraniums abtastet.

Revendications

1.

Systéme de thérapie d’accident vasculaire cérébral
pour traiter des obstructions vasculaires craniennes
comprenant :

un casque a réseau de transducteurs (200) qui
maintient un réseau de transducteurs a ultra-
sons (10a, 10b, 122) en contact acoustique avec
la téte d'un sujet ;

un processeur d'image (26, 28, 30, 32, 34), cou-
plé au réseau de transducteurs a ultrasons, qui
produit des images de circulation sanguine dans
le créne du sujet dans un mode d’imagerie du
réseau de transducteurs a ultrasons ;

un affichage d’'image (40), couplé au processeur
d’'image, qui produit une image de la vasculari-
sation cranienne ;

caractérisé en ce que :

le réseau de transducteurs a ultrasons peut
étre utilisé en mode de thérapie pour diriger
un faisceau thérapeutique au niveau d’'un
site d’obstruction (302) dans le crane du su-
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jet, ledit faisceau thérapeutique étant capa-
ble de briser des microbulles, introduites
dans le flux sanguin du sujet, au niveau du
site d’obstruction et comprenant une série
d’'impulsions de faisceau ultrasonore ayant
un cycle de service égal ou inférieur a 50 %,
dans lequel, dans le mode de thérapie, le
faisceau thérapeutique ultrasonore est, de
maniére itérative :

délivré au site d’obstruction pendant
une période de 100 a 300 millisecon-
des, afin de briser ainsi la quasi-totalité
des microbulles au niveau du site
d’obstruction ; et

ensuite inhibé, pour permettre a de
nouvelles microbulles d’étre réintrodui-
tes au niveau site d’obstruction.

Systeme de thérapie d’accident vasculaire cérébral
selon la revendication 1, dans lequel le systeme
comprend en outre une interface utilisateur (38)
comprenant une commande adaptée pour, dans le
mode de thérapie, étre manipulée par un utilisateur
pour diriger un graphique vectoriel de faisceau thé-
rapeutique (110, 112, 142) sur l'affichage d’'image
(40) afin de diriger le faisceau thérapeutique au ni-
veau du site d’obstruction (302).

Systeme de thérapie d’accident vasculaire cérébral
selon la revendication 1, dans lequel le faisceau thé-
rapeutique est un faisceau-crayon.

Systeme de thérapie d’accident vasculaire cérébral
selon la revendication 1, dans lequel le processeur
d’'image comprend un processeur Doppler, dans le-
quel le processeur Doppler (28) produit au moins
une d’'images Doppler de vitesse ou des images
Doppler de puissance.

Systeme de thérapie d’accident vasculaire cérébral
selon la revendication 1, dans lequel le casque a
réseau de transducteurs maintient un premier ré-
seau de transducteurs a ultrasons (10a) en contact
acoustique avec un cété (204) de la téte (100) ; et
comprenant en outre un second réseau de transduc-
teurs (10b) maintenu en contact acoustique avec
l'autre c6té (206) de la téte par le casque (200).

Systeme de thérapie d’accident vasculaire cérébral
selon la revendication 1, dans lequel le systeme
comprend en outre un émetteur, couplé au réseau
de transducteurs, qui agit pour amener le réseau de
transducteurs a ultrasons a transmettre ledit fais-
ceau thérapeutique, dans lequel 'imagerie et la dé-
livrance du faisceau thérapeutique sont effectuées
par le réseau de transducteurs a ultrasons.
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10

7.

10.

1.

12.

Systéme de thérapie d’accident vasculaire cérébral
selon la revendication 6, dans lequel I'émetteur agit
en outre pour amener le réseau de transducteurs a
ultrasons a transmettre des faisceaux pour au moins
une imagerie en mode Doppler ou en mode B.

Systéme de thérapie d’accident vasculaire cérébral
selon la revendication 6, dans lequel I'émetteur agit
en outre pour transmettre des faisceaux pour une
imagerie sur un champ d’image présentant une di-
mension latérale donnée dans le crane, dans lequel
le faisceau thérapeutique présente une dimension
latérale qui estinférieure a la dimension latérale don-
née.

Systéme de thérapie d’accident vasculaire cérébral
selon la revendication 6, dans lequel I'émetteur agit
en outre pour transmettre des faisceaux d’image sur
un champ d’image occupant une zone spatiale don-
née dans le crane, dans lequel le faisceau thérapeu-
tique est transmis sur une partie de la zone spatiale
donnée.

Systéme de thérapie d’accident vasculaire cérébral
selon la revendication 9, dans lequel le réseau de
transducteurs a ultrasons comprend un réseau bidi-
mensionnel d’éléments transducteurs, dans lequel
la zone spatiale donnée est une zone volumétrique.

Systéme de thérapie d’accident vasculaire cérébral
selon la revendication 10, dans lequel le réseau bi-
dimensionnel est maintenu en contact acoustique
avec un coté de la téte ;

le systeme de thérapie d’accident vasculaire céré-
bral comprenant en outre un second réseau bidimen-
sionnel maintenu par l'intermédiaire du casque en
contact acoustique avec l'autre c6té de la téte.

Systéme de thérapie d’accident vasculaire cérébral
selon la revendication 11, dans lequel :

le premier réseau bidimensionnel balaie des
faisceaux d’'imagerie sur une majorité de la dis-
tance cranienne entre le c6té gauche de la téte
et le centre du crane ; et

le second réseau bidimensionnel balaye des
faisceaux d’'imagerie sur une majorité de la dis-
tance cranienne entre le c6té droit de la téte et
le centre du créne.
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