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ACOUSTOELECTRIC IMAGE-GUIDED
THERAPY

CROSS REFERENCE TO RELATED
APPLICATION(S)

[0001] This application claims priority to U.S. provisional
patent application No. 62/345,377, filed on Jun. 3, 2016,
which is hereby incorporated herein by reference in its
entirety.

GOVERNMENT SPONSORSHIP

[0002] This invention was made with government support
under Grant No. RO1 EB009353 awarded by NIH. The
government has certain rights in the invention.

FIELD OF THE INVENTION

[0003] Embodiments are in the field of therapy systems
and methods for applying therapy. More particularly,
embodiments disclosed herein relate to therapy systems and
methods that utilize and are based on acoustoelectric imag-
ing.

BACKGROUND OF THE INVENTION

[0004] Imaging techniques such as those described in U.S.
Pat. No. 8,057,390 issued to Witte et al. on Nov. 15, 2011 are
known. A current source density mapping system, such as
that described in the *390 patent, includes an ultrasound
transducer emitting an ultrasound wave traveling along an
ultrasound beam directed at a mapping field in a region of
living tissue and an ultrasound pulser delivering a transmit
pulse to the ultrasound transducer. The system includes a
timing device producing controlled excitation of the transmit
pulse; a plurality of recording electrodes positioned in
contact with the living tissue detecting an acoustoelectric
voltage signal generated at a bioelectric current source and
within a focal zone of said ultrasound beam. An amplifier
operatively connected to the recording electrodes amplify-
ing the acoustoelectric voltage signal at a predetermined
gain; and an analyzing component comprising a digitizer, a
sampling device, a signal processor and a display unit
operatively connected to the amplifier determining the loca-
tion of the bioelectric current source by analyzing the
acoustoelectric voltage signal detected by the recording
electrodes in response to an interaction between the ultra-
sound wave and the presence of a current source in the
mapping field.

[0005] Current therapy techniques are somewhat deficient
in efficacy and accuracy and can lack sufficient spatial
resolution. In addition, the procedure time is increased due
to the additional time required for mapping of the desired
locations targeted for therapy, because the therapy mapping
is separate and independent from the imaging mapping. An
additional disadvantage of the separate and independent
mapping is the additional devices and tools required for the
therapy apparatus and equipment related thereto such as
additional electrodes, etc. Additional calibration is also
needed for the separate and independent imaging and
therapy systems.

[0006] Thus, it is desirable to provide embodiments of a
therapy system that utilize acoustoelectric imaging tech-
niques (such as those described in the *390 patent) that do
not suffer from the above drawbacks.
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[0007] These and other advantages of the present inven-
tion will become more fully apparent from the detailed
description of the invention hereinbelow.

SUMMARY OF THE INVENTION

[0008] Embodiments are directed to an acoustoelectric
image-guided therapy system. The system comprises: an
acoustoelectric imaging system that generates a map of a
region of interest; and a therapy system that targets the
region of interest using the map, and that applies therapy to
the targeted region of interest.

[0009] In an embodiment, the therapy system is an ultra-
sound therapy system.

[0010] In an embodiment, the therapy system is an abla-
tion therapy system.

[0011] In an embodiment, the therapy system is selected
from the group consisting of ultrasound ablation, radio
frequency (RF) ablation. cryoablation, hyperthermia abla-
tion, and a combination thereof.

[0012] In an embodiment, the therapy system is selected
from the group consisting of transient opening of the blood
brain barrier (BBB), sonoporation, ablation, hyperthermia,
cavitation, necrosis, coagulation of blood vessels, sono-
thrombolysis, sonolysis, lithotripsy, neuromodulation, and a
combination thereof.

[0013] In an embodiment, the acoustoelectric imaging
system is selected from the group consisting of pulse-echo
ultrasound, ultrasound current source density imaging (UC-
SDI), and a combination thereof.

[0014] In an embodiment, the therapy system is config-
ured to use integrated feedback from the acoustoelectric
imaging system while targeting the region of interest. The
integrated feedback may be in real-time.

[0015] In an embodiment, the acoustoelectric imaging
system comprises a transducer/probe used for generating the
map, and wherein the therapy system is configured to target
the region of interest using the transducer/probe.

[0016] In an embodiment, the acoustoelectric imaging
system is configured to utilize passive electrical conduction
to generate the map.

[0017] In an embodiment, the acoustoelectric imaging
system is configured to utilize active electrical conduction to
generate the map.

[0018] Additional embodiments and additional features of
embodiments for the acoustoelectric image-guided therapy
system and method for applying acoustoelectric image-
guided therapy are described below and are hereby incor-
porated into this section.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] The foregoing summary, as well as the following
detailed description, will be better understood when read in
conjunction with the appended drawings. For the purpose of
illustration only, there is shown in the drawings certain
embodiments. It’s understood, however, that the inventive
concepts disclosed herein are not limited to the precise
arrangements and instrumentalities shown in the figures.
The detailed description will refer to the following drawings
in which like numerals, where present, refer to like items.

[0020]
effect.

FIG. 1 is a diagram illustrating the acoustoelectric
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[0021] FIGS. 2A and 2B are diagrams illustrating an
embodiment of a set-up for UCSDI imaging and HIFU
ablation.

[0022] FIGS. 3A and 3B are diagrams illustrating an
embodiment of a demonstration of ultrasound current source
density imaging (UCSDD)+HIFU in tissue samples. FIGS.
3A and 3B depict images of tissue ablation in preserved
porcine tissue before and after HIFU (with a 3 MHz trans-
ducer/probe), respectively. As shown, R1 and R2 are the
recording electrodes shown in FIG. 5B.

[0023] FIG. 4 is a diagram illustrating UCSDI images of
tissue ablation in preserved porcine tissue before and after
HIFU.

[0024] FIGS. 5A and 5B are diagrams illustrating an
embodiment of a demonstration of UCSDI+HIFU in tissue
samples. FIGS. 5A and 5B depict images of tissue ablation
in fresh porcine tissue before and after HIFU (with a 3 MHz
transducer), respectively.

[0025] FIG. 6 is a diagram illustrating UCSDI images of
tissue ablation in fresh porcine tissue using HIFU.

[0026] FIG. 7is a diagram depicting cross-sectional pulse-
echo (PE) images for porcine tissue at ablation times cor-
responding to and automatically co-registered with UCSDI
frames #1 and #6 in FIG. 6.

[0027] FIG. 8 is a diagram illustrating current (mA) and
AE signal (1V) changes during HIFU ablation, using a
comparison of two porcine samples.

[0028] FIGS. 9A and 9B are diagrams illustrating 3D
UCSDI representations (volumes) of preserved porcine
sample before and after ablation, respectively.

[0029] FIG. 10 is a diagram illustrating an embodiment of
acoustoelectric cardiac imaging before, during, and after
cryoablation.

[0030] FIG. 11 are diagrams depicting images of a rabbit
heart with an electrode catheter on epicardium before/after
cryoablation (at site indicated on right). Acoustoelectric
images and ECG were acquired at each interval.

[0031] FIG. 12 is a diagram illustrating standard ECGs
before and after cryoablation on 5 channels as indicated.
Channel 4 (CH4) shows a dramatic change after cryoabla-
tion.

[0032] FIG. 13 is a diagram illustrating plots of standard
ECG and acoustoelectric ECG at one position of US beam,
before (darker lines) and after (lighter lines) cryoablation.
[0033] FIG. 14 is a diagram illustrating an AE image (XY
slice, top row) and ECG (bottom row) before ablation (left
column) and after ablation (right column).

[0034] FIG. 15 is a diagram illustrating an AE image (XY
slice, top row) and ECG (bottom row) before ablation (left
column) and after ablation (right column).

[0035] FIG. 16 is a diagram illustrating an AE B Mode
color image (X7) for Channel 4 only showing cross-section
through right ventricle, before and after ablation.

[0036] FIG. 17 is a diagram illustrating an AE B Mode
color image (X7) for Channel 2 only showing cross-section
through right ventricle, before and after ablation.

[0037] FIG. 18 is a flowchart illustrating an embodiment
of a method for applying acoustoelectric image-guided
therapy, in accordance with an embodiment.

DETAILED DESCRIPTION OF THE
INVENTION

[0038] It is to be understood that the figures and descrip-
tions of the present invention may have been simplified to

Oct. 10, 2019

illustrate elements that are relevant for a clear understanding
of the present invention, while eliminating, for purposes of
clarity, other elements found in a typical acoustoelectric/
ultrasound imaging system (or method) or typical therapy
system (or method). Those of ordinary skill in the art will
recognize that other elements may be desirable and/or
required in order to implement the present invention. How-
ever, because such elements are well known in the art, and
because they do not facilitate a better understanding of the
present invention, a discussion of such elements is not
provided herein. It is also to be understood that the drawings
included herewith only provide diagrammatic representa-
tions of the presently preferred structures of the present
invention and that structures falling within the scope of the
present invention may include structures different than those
shown in the drawings. Reference will be made to the
drawings wherein like structures are provided with like
reference designations.

[0039] Before explaining at least one embodiment in
detail, it should be understood that the inventive concepts set
forth herein are not limited in their application to the
construction details or component arrangements set forth in
the following description or illustrated in the drawings. It
should also be understood that the phraseology and termi-
nology employed herein are merely for descriptive purposes
and should not be considered limiting.

[0040] It should further be understood that any one of the
described features may be used separately or in combination
with other features. Other invented devices, systems, meth-
ods, features, and advantages will be or become apparent to
one with skill in the art upon examining the drawings and the
detailed description herein. It’s intended that all such addi-
tional devices, systems, methods, features, and advantages
be protected by the accompanying claims.

[0041] With regard to imaging, the imaging involves a
combination of ultrasound (i.e., a transmitted ultrasound
beam) and at least one recording electrode. The transmitted
beam generates an acoustoelectric interaction with tissue
that changes the electrical properties of the tissue just
transiently at the location of the ultrasound focus of the
ultrasound beam. And that interaction can be considered
essentially as a change in conductivity; i.e., it changes
conductivity of the tissue at the specific location. When a
current is flowing through the tissue it could be passive (i.e.,
passive electrical conduction), where one would inject a
current, or active (i.e., active electrical conduction), where
the natural currents in the body might come from the heart
or the brain or the nerve or skeletal muscle that generates its
own current. When this active current interacts with the
ultrasound beam, there’s an interaction signal that can be
picked up on the recording electrode(s). And what’s inter-
esting about that signal is that it’s an electrical measurement
that is related to the local current source density of the tissue
while the current is flowing through the tissue, but it’s also
confined to the ultrasound focus. Thus, an improved spatial
resolution for imaging electrical activity or current flow in
the body may be achieved, rather than from combining a
number of electrodes and attempting to do a reconstruction.
This technique is effectively an improvement of spatially
confining an electrical measurement using the ultrasound
beam.

[0042] The region that is imaged may be co-registered to
the area that is applied therapy to (e.g., ablating). However,
imaging data may alternatively be used at different times.
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For example, instead of using the same ultrasound beam
during, for example, cryoablation, a stick with liquid nitro-
gen may be used to ablate some cardiac tissue, and then an
imaging technique may be used to monitor the electrical
activity that was an effect of the cryoablation. Thus, in the
latter case, the same instrument is not actually used to do the
therapy that was used for the imaging. Two different devices
were used but the devices are still used together and possibly
could be combined if used at the same time as well.
[0043] In embodiments, an imaging map may be used as
feedback for the therapy/treatment itself, e.g., to determine
when to stop treatment or perhaps whether the correct area
of treatment is being treated. Thus, feedback in real-time is
possible with the therapy.

[0044] In an embodiment where there are separate image
and therapy devices, it may be necessary to avoid negative
interaction between the devices. For example, when using an
ultrasound transducer, an interweaving of pulses may be
employed. In this example, a long pulse during therapy may
be followed by downtime. Then, during the downtime,
imaging could be performed between the therapeutic pulses,
so there wouldn’t necessarily be any significant interference
between the two.

[0045] There are some other advantages as well but that’s
one of the main interesting aspects of this technique. So
information that is obtained from the acoustoelectric imag-
ing helps guide the therapy. As for the types of therapy, there
could be lots of different possible applications of different
types of therapies. Feedback from the acoustoelectric imag-
ing is informative about the electrical properties of the tissue
which could be inherent to the tissue itself like the heart or
a nerve or it could be like an impedance imaging measure-
ment where one is injecting current through the tissue. There
are different scenarios where one could use this as feedback
for monitoring the electrical properties of the tissue as the
ablation of the tissue occurs or applying other therapy to the
tissue, which would be one example of the therapy’s abla-
tion. So one can imagine there are scenarios where treating
peripheral nerves (for example, neuropathic pain) and an
ultrasound is one of the ways that can be employed to treat
it; but it would be desirable to monitor the electrical con-
duction of the nerve while doing the ablation to get feedback
on, for example, the times it stopped or some other signature
one is looking for.

[0046] Embodiments are directed to an acoustoelectric
image-guided therapy system which combines acoustoelec-
tric-type ultrasound imaging with therapy which is co-
registered based on the mapping from the ultrasound imag-
ing. The acoustoelectric imaging that may be employed in
any of the embodiments includes acoustoelectric impedance
imaging and acoustoelectric current source density imaging
(i.e., ultrasound current source density imaging (UCSDI)).
However, other acoustoelectric imaging techniques may be
contemplated.

[0047] Embodiments may perform acoustoelectric imag-
ing of tissue electrical properties (impedance or current
densities) during ablation therapy of the heart, brain, periph-
eral nerve or other types of tissue.

[0048] For example, in embodiments, UCSDI may be
combined with focused therapies such as ultrasound, abla-
tion, or hyperthermia for treatment of acute or chronic
conduction abnormalities (e.g., neuropathy, arrhythmia, epi-
lepsy, etc.). Current-density maps are obtained near the
region of interest at the resolution of the ultrasound focus.
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Targeting of the region of interest is then identified for
therapy (e.g., ablation, hyperthermia, etc.) based on the
current density maps. Treatment of the targeted region of
interest (e.g., using High-Intensity Focused Ultrasound
(HIFU) pulses) is then employed to treat the targeted region
of interest while optionally monitoring bioelectric propetties
in real-time. Imaging (e.g., standard pulse-echo ultrasound,
UCSDI, etc.) and therapy (e.g., ultrasound, ablation, hypet-
thermia, cavitation, cryotherapy, etc.) are automatically co-
registered. Standard electrophysiology (e.g., ENG, ECG,
EEG, etc.) may be performed simultaneously on the same
electrodes used for ultrasound imaging (e.g., UCSDI).

[0049] Different types of imaging may be applicable to
embodiments described herein. Imaging applications that
may be employed would cause tissue to be electrically
excitable (e.g., the heart, the brain, muscle and nerves). In
the heart, there’s a broad application for ablation therapy
where inter-cardiac mapping can be performed which is a
routine procedure, wherein electrocardiac mapping may be
performed prior to ablation for treatment of arrhythmia. Ills
is one type of category where imaging/mapping is per-
formed actually inside the heart; and then the ablation is
most often done with radio frequency (RF) heating, e.g,,
with the electrode on the tip of a catheter. Other therapies,
such as cryoablation, may similarly be contemplated when
using focused ultrasound for that application. In the brain,
focused ultrasound may be employed, such as through the
skull and into the brain for treatment of brain tumors,
Parkinson’s, epilepsy, etc. Thus, for both the brain and the
heart, there are a variety of different procedures being used
including using ultrasound to treat these tissues. Embodi-
ments described herein can also be extended for peripheral
nerves and skeletal muscles. In these techniques, these target
areas could be excited and their electrical activity may be
observed with the acoustoelectric imaging technique. How-
ever, there may be other scenarios as well, such as by
actually injecting current to perform, for example, imped-
ance imaging. In this scenario, it’s not required to have
tissue that is itself electrically excitable. Rather, the current
is being generated and the changes in the impedance of the
tissue are being observed during the application of the
generated current. That information may also be obtained
from the acoustoelectric technique from injecting current
through a piece of tissue and looking at the image as the
ablation (or other type of therapy) occurs and one can
observe the signal change as the ablation (or other type of
therapy) occurs.

[0050] Imaging may be performed relatively deep within
the body. The technique can go centimeters down and in
some situations, depending on the frequency being used, one
can go through the skull even and can resolve signals deep
into the brain or into the body because the speed of sound is
utilized for the depth information. Therefore, the acousto-
electric imaging technique being used is the same principal
as typical ultrasound imaging. It has been shown that
four-dimensional mapping may be achieved where volume
is observed over time in the tissue. The ability to do this with
an electrical signal is unique. As for the therapy aspect, the
depth of application depends on the particular therapy, but if
focused ultrasound therapy is employed, the focus target
may be pinpointed down to a couple millimeters into the
body.

[0051] Embodiments of the present disclosure utilize an
application-specific apparatus, integrating various compo-
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nents, which is envisioned to facilitate adoption of the
method and ease-of-use. The apparatus/system involves
combining acoustoelectric imaging (i.e., UCSDI) hardware
and software with HIFU therapy optionally using the same
ultrasound transducer. The system also may use a custom
chamber for imaging+therapy. Images of the tissue were
taken before and after the procedure as mentioned with
respect to the figures below.

[0052] The embodiments in this disclosure demonstrate
that acoustoelectric imaging can provide feedback during
ablation therapy (e.g., via ultrasound, RF, or cryoablation) or
other types of hyperthermia.

[0053] Any of the embodiments described in this disclo-
sure may provide for immediate and/or future applications
of at least one or more of the following:

1) Provides bioelectrical feedback for peripheral nerve abla-
tion, along with standard ultrasound imaging (all co-regis-
tered); peripheral neuropathy.

2) Provides bioelectrical feedback during HIFU treatment of
cardiac arrhythmia treatment, along with standard ultra-
sound imaging (all co-registered).

3) Provides bioelectrical feedback during HIFU treatment of
brain disorders (e.g., epilepsy, cancer, Parkinson’s), along
with standard ultrasound imaging (all co-registered).

4) Provides bioelectrical feedback during HIFU treatment of
skeletal muscle disorders (e.g., myasthenia gravis, atrophy),
along with standard ultrasound imaging (all co-registered).
5) Potentially competes with RF ablation (and cryoablation)
treatment for cardiac arrhythmias by using image-guided
HIFU ablation.

6) Potential targeting of non-sustained arrhythmias, like
ventricular tachycardia (currently untreatable with existing
mapping and ablation methods).

7) Potential for tracking bioelectric current during ultra-
sound therapy for the heart, brain, peripheral nerve, skeletal
muscle, and other electrically-excitable tissue.

[0054] The embodiments described in this disclosure pro-
vide at least one or more of the following advantages:

[0055] Imaging is co-registered with therapy.

[0056] Improves ablation eflicacy/accuracy; ablations
guided by biocurrent density information relevant to
the tissue being ablated.

[0057] Improved accuracy, improved spatial resolution,
localization (reduced number of erroneous ablations).

[0058] Reduced procedure time spent on mapping com-
pared to ElectroAnatomical Mapping (EAM). EAM
procedures are typically used for ablation therapy in the
heart and take a very long time. Electrodes are placed
along the cardiac catheter, and then over 1 to 2 hours
they will stimulate the heart and look at the contrac-
tions of the heart and move this electrode array around
inside the heart to develop ElectroAnatomical maps
that may be registered with the structure of the heart
and the electrical conduction. This technique is used for
detecting arrhythmias during this 1 to 2 hours period to
find the location where they want to ablate the heart.
Because the technique takes so long, the registrations
are often not very good especially towards the end of
the mapping. As a result, ablation of the heart must
occur multiple times until the right spot is hit. Thus, this
technique can be very imprecise. Because of the long
procedure, one can generally only do this procedure for
certain types of arrhythmias that are what are called
sustained, meaning they can repeat themselves many
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times over a period of an hour or two hours. But there
are certain types of arthythmias that are not sustained.
They may only happen for a minute or two minutes and
they might go away which would require a real-time
technique where one should be able to pick up those
arrhythmias as well. Therefore, the acoustoelectric
imaging technique may be a real-time technique of
looking at the electrical conduction of the heart, and
possibly in 3D, but also obtain the anatomical infor-
mation because the echo ultrasound is present and is
co-registered automatically to the electrical map.

[0059] Method requires a minimal # of electrodes for
mapping current flow.

[0060] Imaging component is safe and does not require
ionizing radiation.

[0061]
time.

[0062] The biggest impact would be to utilize these tech-
niques completely non-invasively which would mean hav-
ing electrodes on the chest in order to then deliver ultrasound
transthoracically and the signal can be picked up. An ECT
signal may be utilized but it would have very little spatial
resolution, so it would be desirable to use the ultrasound
beam to get much better spatial information, perhaps to
obtain a non-invasive way to diagnose an arrhythmia which
is one possible application. Of course, an intracardiac tech-
nique could alternatively be employed where one would
piggyback on an intracardiac catheter that already exists
with its electrodes on it and so then the catheter would be
configured for ultrasound imaging capability. Using just as
few as two electrodes, multidimensional mapping of up to
even four dimensional type of imaging may be contem-
plated. Using just two electrodes won’t be optimum in terms
of sensitivity, but would be useful as long as the associated
smaller signal could be sufliciently detected. However, by
strategically placing the electrodes and having as many
electrodes as necessary to detect the signal, this would
optimize the technique which would make the technique
feasible. In theory, even one electrode and a ground may be
contemplated and similarly feasible.

[0063] When dealing with cardiac tissue or the brain, the
signal that is being observed is a very small signal with
regards to physiologic current. There is a lot of other
electrical activity in the brain or the heart and so the
amplitude of the signal being measured is typically a lot
smaller than that activity. But it’s that activity that is actually
being measured, and the way that this is accomplished is this
interaction signal is occurring on a different timescale which
is the ultrasound timescale. The ultrasound happens in a few
microseconds. So, a megahertz pulse is generated over a few
microseconds and the electrical activity in the brain is
evolving on the milliseconds, tens of milliseconds, time
scale, or a kilohertz signal. Since the interaction signal is on
a megahertz scale, the way that that electrical signal that’s
coming from the brain is sampled, which is exactly what the
inventors’ are trying to measure, is that the ultrasound signal
is pulsed. The ultrasound is pulsed every few hundred
microseconds, for example. So every time it is pulsed,
instantaneous information about the conduction is obtained,
i.e., the electrical current in the brain at that moment in time.
So if the ultrasound transducer is pulsed at a certain rate, for
example five kilohertz, then the volume is sampled at five
thousand times per second so one could then track in time

Imaging system is potentially portable and real-
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the neural currents that are happening much lower than the
ultrasound pulsing that is employed to make the images.
[0064] Although these systems described in the embodi-
ments in this disclosure apply passive (or “artificial”) current
(providing impedance information via the AE signal), the
tracking of bioelectric current during ultrasound therapy
using the same methods may alternatively be contemplated.
[0065] A key feature of the present disclosure is using
image-guided integrated feedback. The imaging technique
employed in the *390 patent generates imaging maps which
can assist with the ablation in a separate operation, but it
doesn’t integrate therapy directly with the imaging or maps
generated, either together or in real-time.

[0066] Embodiments are directed to an acoustoelectric
image-guided therapy system comprising: an acoustoelectric
imaging system that generates a map of a region of interest;
and a therapy system that targets the region of interest using
the map, and that applies therapy to the targeted region of
interest.

[0067] In an embodiment, the therapy system is an ultra-
sound therapy system.

[0068] In an embodiment, the therapy system is an abla-
tion therapy system.

[0069] In an embodiment, the therapy system is selected
from the group consisting of ultrasound ablation, radio
frequency (RF) ablation, cryoablation, hyperthermia abla-
tion, and a combination thereof.

[0070] In an embodiment, the therapy system is selected
from the group consisting of transient opening of the blood
brain barrier (BBB), sonoporation, ablation, hyperthermia,
cavitation, necrosis, coagulation of blood vessels, sono-
thrombolysis, sonolysis, lithotripsy, neuromodulation, and a
combination thereof.

[0071] In an embodiment, the acoustoelectric imaging
system is selected from the group consisting of pulse-echo
ultrasound, UCSDI, and a combination thereof.

[0072] In an embodiment, the therapy system is config-
ured to use integrated feedback from the acoustoelectric
imaging system while targeting the region of interest. The
integrated feedback may be in real-time.

[0073] In an embodiment, the acoustoelectric imaging
system comprises a transducer/probe used for generating the
map, and wherein the therapy system is configured to target
the region of interest using the transducer/probe.

[0074] In an embodiment, the acoustoelectric imaging
system is configured to utilize passive electrical conduction
to generate the map.

[0075] In an embodiment, the acoustoelectric imaging
system is configured to utilize active electrical conduction to
generate the map.

[0076] Embodiments are also directed to a method for
applying acoustoelectric image-guided therapy. FIG. 18 is a
flowchart illustrating an embodiment of a method 1800 for
applying acoustoelectric image-guided therapy, in accor-
dance with an embodiment. In an embodiment, the method
comprises: generating a map of a region of interest via an
acoustoelectric imaging system (block 1802); and providing
a therapy system for targeting the region of interest using the
map, and for applying therapy to the targeted region of
interest (block 1804).

[0077] In an embodiment, the therapy system is an ultra-
sound therapy system.

[0078] In an embodiment, the therapy system is an abla-
tion therapy system.
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[0079] 1In an embodiment, the therapy system is selected
from the group consisting of ultrasound ablation, radio
frequency (RF) ablation, cryoablation, hyperthermia abla-
tion, and a combination thereof.

[0080] In an embodiment, the therapy system is selected
from the group consisting of transient opening of the blood
brain barrier (BBB), sonoporation, ablation, hyperthermia,
cavitation, necrosis, coagulation of blood vessels, sono-
thrombolysis, sonolysis, lithotripsy, neuromodulation, and a
combination thereof.

[0081] In an embodiment, the acoustoelectric imaging
system is selected from the group consisting of pulse-echo
ultrasound, UCSDI, and a combination thereof.

[0082] In an embodiment, the therapy system uses inte-
grated feedback from the acoustoelectric imaging system
while targeting the region of interest. The integrated feed-
back may be in real-time.

[0083] In an embodiment, the acoustoelectric imaging
system comprises a transducer used for generating the map,
and wherein the therapy system targets the region of interest
using the transducer.

[0084] In an embodiment, the acoustoelectric imaging
system utilizes passive electrical conduction for generating
the map.

[0085] In an embodiment, the acoustoelectric imaging
system utilizes active electrical conduction for generating
the map.

[0086] Theory of Combined UCSDI and Ultrasound
Therapy Technique

[0087] Bioelectrical current (J) passing through tissue
induces a voltage drop (V) across the region of interest.
When the tissue is pulsed with ultrasound, its resistance
modulates along with the induced voltage. (FIG. 1) The
magnitude of the voltage drop depends on the magnitude of
the local pressure and current density and the acoustoelectric
interaction constant, a material property of the tissue on the
order of 0.1%/MPa. By scanning the sample with the
ultrasound transducer, or using an array of transducers, a
map is created of the sample’s electrical properties (e.g,,
instantaneous current density distribution or resistivity),
which may be related to the tissue’s structure or physical
properties, such as an infarct or scar tissue. This same
transducer may simultaneously collect pulse-echo data for
creating ultrasound images which are automatically co-
registered with the map of current densities (FIG. 7). Patho-
logical tissue or tissue targeted for therapy may then be
treated (via ablation, acoustic cavitation or modest heating)
(FIGS. 2A-5B). Since imaging and ablation may be done
with the same transducer, high spatial accuracy is achieved.
However, it is noted that an ultrasound probe that’s been
designed for therapy wouldn’t necessarily be the same type
designed for imaging. This may be due to, for example,
differences in power requirements for imaging versus
therapy, let alone the different types of therapies. In other
words, in an example, an ultrasound transducer that’s
designed for (e.g., ablation) therapy is not typically opti-
mized for imaging. That doesn’t mean it can’t be used for
imaging, it’s just not necessarily the ideal parameters one
would choose for imaging something. So there may be some
tradeoff in this situation in terms of using the same device
for imaging and therapy. But in the case of cryoablation or
RF ablation, then one would have a different device that’s
doing something to the tissue versus the device used for
imaging. Feedback may still be employed, it’s just that one
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may not have the precise control of where the ablation
occurs versus where the imaging occurs. More image guid-
ance would be needed rather than being automatically
co-registered to the same location.

[0088] FIG. 1 is a diagram illustrating the acoustoelectric
effect. Pressure from the ultrasound (US) pulse modulates
resistance in the sample at the US frequency. This produces
a momentary modulation in voltage (VAE) for a given
bioelectric (or applied) current (J). The voltage modulation
is a function of the pressure amplitude, beam size near the
focus, local current density, acoustoelectric interaction con-
stant of the tissue, and geometry. Volume images of the
current densities (or impedances) may be obtained by scan-
ning the US transducer across the region of interest.
[0089] FIGS. 2A and 2B are diagrams illustrating an
embodiment of a set-up for UCSDI imaging and HIFU
ablation. FIG. 2A shows a CAD design of an exemplary
chamber, perspective X-7 cross-sectional view (left-side of
figure) and an image (right-side of figure). The middle
compartment contains a tunnel for placement of the samples.
The two side compartments provide access for electrical
coupling. FIG. 2B shows an instrumentation diagram for
current injection, voltage modulation, and High-Intensity
Focused Ultrasound (HIFU) ablation. T/R represents an
ultrasound pulser/receiver, which is pulsed in synchrony
with the function generator. HPF represents a high pass
filter, LPF represents a low pass filter, LF represents low
frequency, HF represents high frequency, S1 & S2 represent
source electrodes, R1 & R2 represent recording electrodes.
A function generator provides a low-frequency signal (e.g.,
200 Hz sine or square wave), which is the source of the
injected current. The high and low frequency electrical
signals (i.e., the acoustoelectric (AF) signal and the original
signal) are separated, amplified, and recorded by the back-
end electronics. It is optional to replace the passive applied
current with the intrinsic bioelectric current of the tissue
(e.g., ECG or ENG).

[0090] FIGS. 3A and 3B are diagrams illustrating an
embodiment of a demonstration of UCSDI+HIFU in tissue
samples. FIGS. 3A and 3B depict images of tissue ablation
in preserved porcine tissue before and after HIFU (with a 3
MHz transducer), respectively. As shown, R1 and R2 are the
recording electrodes shown in FI1G. 5B.

[0091] This exemplary demonstration in this embodiment
includes the following criteria:

[0092] Transducer: 3 MHz commercial HIFU ultrasound
transducer:;
[0093] Tissue: Preserved porcine tissue with 3x3 mm

cross-sectional area;

[0094] Ablation: Twenty-four 10-20 second periods at ~3
min intervals, using 3 MHz, continuous-wave (CW), with an
intensity of 2.05 kW/cm? for each sequence;

[0095] Ultrasound: 3 MHz tone burst with 10 cycles,
following each ablation period with pulse echo ultrasound &
UCSDI (i.e., acoustoelectric imaging); and

[0096] Current source: Current is injected through the
tissue by applying a 200 Hz square wave (10V peak-to-peak)
across the sample.

[0097] FIG. 4 is a diagram illustrating UCSDI images of
tissue ablation in preserved porcine tissue before and after
HIFU. The figure shows cross-sectional UCSDI images after
successive ablation periods (~15 sec, 3 MHz, 2.9 kW/cm?)
for preserved porcine tissue. These images are a cross-
section at the ablation spot shown in FIG. 3B. Note that the
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UCSDI signal increases with ablation at first, then decreases
as tissue is destroyed. This indicates that the impedance
initially dropped (consistent with a temperature rise) and
then increased (consistent with cell destruction and thermal
damage).

[0098] FIGS. 5A and 5B are diagrams illustrating an
embodiment of a demonstration of UCSDI+HIFU in tissue
samples. FIGS. 5A and 5B depict images of tissue ablation
in fresh porcine tissue before and after HIFU (with a3 MHz
transducer), respectively. The image in FIG. 5B denotes an
ablated region of fresh porcine tissue with HIFU using a 3
MHz HIFU transducer (~15 sec, 0.73 kW/em?) and driven
at 1.5 MHz. Electrodes R, and R, record the AE voltage
modulations from which the UCSDI image is created.
[0099] This exemplary demonstration in this embodiment
includes the following criteria:

[0100] Transducer: 3 MHz HIFU ultrasound transducer;
[0101] Tissue: porcine strip with 3x3 mm cross-sectional
area;

[0102] HIFU Ablation: Twelve 10-20 second periods at

various intervals, using 3 MHz, CW, with intensity of 0.51
kW/cm? each time;

[0103] UCSDI: 1.5 MHz tone burst with 5 cycles, follow-
ing each ablation period; and

[0104] Current source: 200 Hz square wave (10V peak-
to-peak).
[0105] FIG. 6 is a diagram illustrating UCSDI images of

tissue ablation in fresh porcine tissue using HIFU. The figure
shows cross-sectional UCSDI images following successive
ablation periods for fresh porcine tissue. The transducer is
driven at 1.5 MHz, lowering the spatial resolution compared
to the 3 MHz images of FIG. 4. These images in FIG. 6 are
a cross-section of the ablation spot shown in FIG. 5B.
[0106] FIG. 7is a diagram depicting cross-sectional pulse-
echo (PE) images for porcine tissue at ablation times cor-
responding to and automatically co-registered with UCSDI
frames #1 and #6 in FIG. 6. The arrows denote the tissue in
the tunnel. While the PE images provide a structural frame
of reference, it is unable to distinguish between the ablated
and non-ablated tissue clearly differentiated by UCSDI in
FIG. 6. Thus, standard US and UCSDI have different
sources of contrast.

[0107] FIG. 8 is a diagram illustrating current (mA) and
AE signal (uV) changes during HIFU ablation, using a
comparison of two porcine samples. The figure depicts
graphs that show the changes in the current and AE signal
during the ablation periods for each porcine sample
described in the previous figures. As seen in the UCSDI
images, the AFE signal initially increases during ablation,
then decreases as the tissue degrades.

[0108] FIGS. 9A and 9B are diagrams illustrating 3D
UCSDI representations (volumes) of preserved porcine
sample before and after ablation, respectively. Volume
UCSDI images of the preserved porcine sample before (FIG.
9A) and after (FIG. 9B) ablation (dynamic range=20 dB).
FIG. 9A shows the HIFU ablation-spot corresponding to
FIG. 4, frame #4; FIG. 9B shows that, by frame #8, the tissue
is completely degraded and passes almost no current. There
is no visible ablated region in the final image because
virtually no AE signal is generated.

[0109] FIG. 10 is a diagram illustrating an embodiment of
acoustoelectric cardiac imaging before, during, and after
cryoablation. The figure shows a set-up for UCSDI in rabbit
heart (acoustoelectric cardiac imaging) with cryoablation.
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[0110] FIG. 11 are diagrams depicting images of a rabbit
heart with an electrode catheter on epicardium before/after
cryoablation (at site indicated on right). Acoustoelectric
images and ECG were acquired at each interval.

[0111] FIG. 12 is a diagram illustrating standard ECGs
before and after cryoablation on 5 channels as indicated.
Channel 4 (CH4) shows a dramatic change after cryoabla-
tion.

[0112] FIG. 13 is a diagram illustrating plots of standard
ECG and acoustoelectric ECG at one position of US beam,
before (darker lines) and after (lighter lines) cryoablation.

[0113] FIG. 14 is a diagram illustrating an AE image (XY
slice, top row) and ECG (bottom row) before ablation (left
column) and after ablation (right column). The images and
ECG represent an AVERAGE of 5 channels as depicted in
FIG. 12. A dramatic change in the intensity and spatial and
temporal pattern is observed in the image after cryoablation.
[0114] FIG. 15 is a diagram illustrating an AE image (XY
slice, top row) and ECG (bottom row) before ablation (left
column) and after ablation (right column). The images and
ECG represent data for just channel 4 as depicted in FIG. 12.
A dramatic change in the intensity and spatial and temporal
pattern is observed in the image after cryoablation.

[0115] FIG. 16 is a diagram illustrating an AE B Mode
color image (XZ) for Channel 4 only showing cross-section
through right ventricle, before and after ablation. Color
indicates direction of current field relative to the lead,
whereas the intensity is related to the amplitude of the
current density. Images represent a snapshot in time indi-
cated by a red circle (in plot on right-side of images) on the
ECG waveform.

[0116] FIG. 17 is a diagram illustrating an AE B Mode
color image (XZ) for Channel 2 only showing cross-section
through right ventricle, before and after ablation. Color
indicates direction of current field relative to the lead,
whereas the intensity is related to the amplitude of the
current density. Images represent a snapshot at time indi-
cated by a red circle (in plot on right-side of images) on the
ECG waveform. The pattern is similar before and after
cryoablation for this channel, despite an overall increased
delay typically observed during the time period of the
procedure.

[0117] Although embodiments are described in this dis-
closure with reference to ultrasound-type therapies, other
therapies such as ablation, hyperthermia, cryotherapy, cavi-
tation, etc., may alternatively or additionally be employed
and are considered to be within the spirit and scope of the
present invention, and may therefore utilize the advantages
of the configurations and embodiments described herein. For
example, the following list of ultrasound-induced therapies
may be combined with acoustoelectric imaging for guided
feedback, in accordance with embodiments of the present
invention:

[0118] 1) Transient opening of the blood brain barrier
(BBB) (e.g., to deliver drugs to the brain);

[0119] 2) Sonoporation (e.g., for gene delivery);

[0120] 3) Ablation (high temperature); also known as
HIFU or focused ultrasound (FUS);

[0121] 4) Hyperthermia (local and regional); ablation is
one type with high temperatures;

[0122] 5) Cavitation (high pressure); also known as his-
totripsy;

[0123] 6) Necrosis (e.g., via cavitation or ablation);
[0124] 7) Coagulation of blood vessels;
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[0125] 8) Sonothrombolysis (break up clots to prevent
stroke);

[0126] 9) Sonolysis;

[0127] 10) Lithotripsy; and

[0128] 11) Neuromodulation, modulation of electrical cir-

cuits (without causing damage), neural plasticity.
[0129] The method steps in any of the embodiments
described herein are not restricted to being performed in any
particular order. Also, structures or systems mentioned in
any of the method embodiments may utilize structures or
systems mentioned in any of the device/system embodi-
ments. Such structures or systems may be described in detail
with respect to the device/system embodiments only but are
applicable to any of the method embodiments.
[0130] Features in any of the embodiments described in
this disclosure may be employed in combination with fea-
tures in other embodiments described herein, such combi-
nations are considered to be within the spirit and scope of the
present invention.
[0131] The contemplated modifications and variations
specifically mentioned in this disclosure are considered to be
within the spirit and scope of the present invention.
[0132] More generally, even though the present disclosure
and exemplary embodiments are described above with ref-
erence to the examples according to the accompanying
drawings, it is to be understood that they are not restricted
thereto. Rather, it is apparent to those skilled in the art that
the disclosed embodiments can be modified in many ways
without departing from the scope of the disclosure herein.
Moreover, the terms and descriptions used herein are set
forth by way of illustration only and are not meant as
limitations. Those skilled in the art will recognize that many
variations are possible within the spirit and scope of the
disclosure as defined in the following claims, and their
equivalents, in which all terms are to be understood in their
broadest possible sense unless otherwise indicated.
1. An acoustoelectric image-guided therapy system com-
prising:
an acoustoelectric imaging system that generates a map of
a region of interest; and

a therapy system that targets the region of interest using
the map, and that applies therapy to the targeted region
of interest.

2. The acoustoelectric image-guided therapy system of
claim 1, wherein the therapy system is one of an ultrasound
therapy system and an ablation therapy system.

3. (canceled)

4. The acoustoelectric image-guided therapy system of
claim 1, wherein the therapy system is selected from the
group consisting of ultrasound ablation, radio frequency
(RF) ablation, cryoablation, hyperthermia ablation, and a
combination thereof.

5. The acoustoelectric image-guided therapy system of
claim 1, wherein the therapy system is selected from the
group consisting of transient opening of the blood brain
barrier (BBB), sonoporation, ablation, hyperthermia, cavi-
tation, necrosis, coagulation of blood vessels, sonothrom-
bolysis, sonolysis, lithotripsy, neuromodulation, and a com-
bination thereof.

6. The acoustoelectric image-guided therapy system of
claim 1, wherein the acoustoelectric imaging system is
selected from the group consisting of pulse-echo ultrasound,
ultrasound current source density imaging (UCSDI), and a
combination thereof.
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7. The acoustoelectric image-guided therapy system of
claim 1, wherein the therapy system is configured to use
integrated feedback from the acoustoelectric imaging sys-
tem while targeting the region of interest.

8. The acoustoelectric image-guided therapy system of
claim 7, wherein the integrated feedback is in real-time.

9. The acoustoelectric image-guided therapy system of
claim 1, wherein the acoustoelectric imaging system com-
prises a transducer used for generating the map, and wherein
the therapy system is configured to target the region of
interest using the transducer.

10. The acoustoelectric image-guided therapy system of
claim 1, wherein the acoustoelectric imaging system is
configured to utilize passive electrical conduction to gener-
ate the map.

11. The acoustoelectric image-guided therapy system of
claim 1, wherein the acoustoelectric imaging system is
configured to utilize active electrical conduction to generate
the map.

12. A method for applying acoustoelectric image-guided
therapy, the method comprising:

generating a map of a region of interest via an acousto-

electric imaging system; and

providing a therapy system for targeting the region of

interest using the map. and for applying therapy to the
targeted region of interest.

13. The method of claim 12, wherein the therapy system
is one of an ultrasound therapy system and an ablation
therapy system.

14. (canceled)
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15. The method of claim 12, wherein the therapy system
is selected from the group consisting of ultrasound ablation,
radio frequency (RF) ablation, cryoablation, hyperthermia
ablation, and a combination thereof.

16. The method of claim 12, wherein the therapy system
is selected from the group consisting of transient opening of
the blood brain barrier (BBB), sonoporation, ablation,
hyperthermia, cavitation, necrosis, coagulation of blood
vessels, sonothrombolysis, sonolysis, lithotripsy, neuro-
modulation, and a combination thereof.

17. The method of claim 12, wherein the acoustoelectric
imaging system is selected from the group consisting of
pulse-echo ultrasound, ultrasound current source density
imaging (UCSDI), and a combination thereof.

18. The method of claim 12, wherein the therapy system
uses integrated feedback from the acoustoelectric imaging
system while targeting the region of interest.

19. The method of claim 18, wherein the integrated
feedback is in real-time.

20. The method of claim 12, whetrein the acoustoelectric
imaging system comprises a transducer used for generating
the map, and wherein the therapy system targets the region
of interest using the transducer.

21. The method of claim 12, wherein the acoustoelectric
imaging system utilizes passive electrical conduction for
generating the map.

22. The method of claim 12, wherein the acoustoelectric
imaging system utilizes active electrical conduction for
generating the map.



TRBR(F) FEREGISITE

K (BE)S US20190307333A1 K (nE)R
HRiES US16/306664 g H
FRIRE(EFR)AGE) LRRBAREF

RF(EFR)AGE)

HAT R E (TR AGE)

N RFEE SRR F R A AZ T F R AR

MMNAZEELNRITFRIBAZEILF R IBR

patsnap

2019-10-10

2017-06-05

[#RI &8 A WITTE RUSSELL
INGRAM CHARLES M
LI QIAN
QIN YEXIAN
KBAA WITTE, RUSSELL
INGRAM, CHARLES M.
LI, QIAN
QIN, YEXIAN
IPCH =S A61B5/00 A61B18/02 A61B18/08 A61B18/12 A61N7/02
CPCH¥%(= AB61N7/02 A61B5/4836 A61B2018/00994 A61B2018/00577 A61B2017/320069 A61N2007/003 A61B18
/02 A61B17/225 A61B5/0093 A61B18/08 A61B18/12 A61N2007/0026
R 5 62/345377 2016-06-03 US
ShEBEEEE Espacenet  USPTO
BEGF)

NFT—HATHNRAFEEGSI ST ENFERRBRSISIIEREMNA
Eo KMESIHXNFAHETFREGHET REMA E, FREEAL
SRMBER , BRSATHRETERES | SUAT NS tESe
BSRE (W, L% , VETT , BmRE ) . EAFERERRE
RMBXEMREEREER, ARRERRAZERAEBRXEN
BARA#ATIATT . RERABRBNEXENAST |, B Ak A%
B B AR K IR A s, RRRUATT LB BEM. |
DEARTEERGNARERERNITIREREERS (HIWENG ,
ECG, EEGE ),

z

L,

HE Ugsol

| HPF



https://share-analytics.zhihuiya.com/view/d9b0e9ce-4a43-4fc3-a22f-9a82f0c02cc0
https://worldwide.espacenet.com/patent/search/family/060479151/publication/US2019307333A1?q=US2019307333A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220190307333%22.PGNR.&OS=DN/20190307333&RS=DN/20190307333

