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ADAPTIVE MULTIFOCUS BEAMFORMING
ULTRASOUND METHODS AND SYSTEMS
FOR IMPROVED PENETRATION AND
TARGET SENSITIVITY AT HIGH
FRAME-RATES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims benefit of U.S. Provisional
Patent Application Ser. No. 62/503,880, filed May 9, 2017,
herein incorporated by reference in its entirety.

TECHNICAL FIELD

[0002] The presently disclosed subject matter relates gen-
erally to methods and systems for generating ultrasound
images. In some embodiments, the presently disclosed sub-
ject matter relates to methods and systems employing adap-
tive multifocus beamforming for generating ultrasound
images.

BACKGROUND

[0003] In ultrasound imaging the shape of the transmitted
sound beam has a large impact on the image quality and
frame-rate. Currently, plane wave transmissions, which are
very wide, are used to illuminate the whole field of view at
a high frame-rate. An advantage of this approach is that the
frame-rates can be very high. However, the disadvantage of
using such a broad transmit beam is that the image quality
is poor and the penetration is low. A focused transmission,
which is also currently widely used, sends out a beam that
is focused to a single location. It has a higher image quality
in terms of contrast and penetration but a lower frame-rate
because multiple focused emissions must be used to obtain
a single ultrasound image. For plane-wave imaging, on the
other hand, only a single emission is necessary to generate
an image.

SUMMARY

[0004] This Summary lists several embodiments of the
presently disclosed subject matter, and in many cases lists
variations and permutations of these embodiments. This
Summary is merely exemplary of the numerous and varied
embodiments. Mention of one or more representative fea-
tures of a given embodiment is likewise exemplary. Such an
embodiment can typically exist with or without the feature
(s) mentioned; likewise, those features can be applied to
other embodiments of the presently disclosed subject matter,
whether listed in this Summary or not. To avoid excessive
repetition, this Summary does not list or suggest all possible
combinations of such features.

[0005] Insome embodiments, the presently disclosed sub-
ject matter provides a method for generating an ultrasound
image of a volume. In some embodiments, the method
comprises detecting a position of each of two or more targets
in the volume to be imaged; generating and directing a single
beam of ultrasound energy toward the volume by simulta-
neously focusing the single beam on each of the two or more
the target positions; detecting the ultrasound energy from
each of the two or more the target positions; and using the
detected ultrasound energy to generate an image of the
volume to be imaged.

[0006] In some embodiments, the each of the two or more
targets comprises a contrast agent. In some embodiments,
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the contrast agent comprises one or more microbubble, one
or more microdroplet, or a combination thereof. In some
embodiments, the detecting a position of each of two or
more targets comprises generating and directing a plane
wave into the volume. In some embodiments, the detecting
a position of each of two or more targets is carried out
continually. In some embodiments, the method comprises
transmitting pulses according to a sequence, optionally a
temporal sequence, which simultaneously focuses the single
beam on each of the two or more the target positions. In
some embodiments, the method comprises employing an
ultrasound transducer comprising a programmable array
configured to transmit pulses according to a sequence,
optionally a temporal sequence, that simultaneously focuses
the single beam on each of the two or more the target
positions. In some embodiments, the method comprises
repeating the steps at a frame rate of at least about 5,000
frames per second.

[0007] In some embodiments, the volume to be imaged
comprises a tissue in a subject, optionally wherein the tissue
is selected from the group consisting of brain, breast and
thyroid tissue. In some embodiments, the volume to be
imaged comprises a tumor in a subject, optionally a micro-
vasculature of a tumor, in a subject.

[0008] Insome embodiments, the presently disclosed sub-
ject matter provides an imaging system. In some embodi-
ments, the imaging system comprises: at least one ultra-
sound transducer configured to detect a position of each of
two or more targets in the volume to be imaged, to generate
and direct a single beam of ultrasound energy toward the
volume by simultaneously focusing the single beam on each
of the two or more the target positions, and to detect the
ultrasound energy from each of the two or more the target
positions; and a processor programmed to analyze data
acquired by the ultrasound transducer from the volume in
order to output an image from the volume. In some embodi-
ments, the at least one ultrasound transducer comprises two
or more ultrasound transducers, optionally wherein each
ultrasound transducer is configured to detect a position of
each of two or more targets in the volume to be imaged, to
generate and direct a single beam of ultrasound energy
toward the volume by simultaneously focusing the single
beam on each of the two or more the target positions, and to
detect the ultrasound energy from each of the two or more
the target positions.

[0009] In some embodiments, the system comprises a
contrast agent, wherein contrast agent is adapted for admin-
istration to the volume, such that the each of the two or more
targets can comprise a contrast agent. In some embodiments,
the contrast agent comprises one or more microbubble, one
or more microdroplet, or a combination thereof.

[0010] In some embodiments, the at least one ultrasound
transducer is configured to detect a position of each of two
or more targets by generating and directing a plane wave
into the volume. In some embodiments, the at least one
ultrasound transducer is configured to detect a position of
each of two or more targets continually. In some embodi-
ments, the at least one ultrasound transducer is configured to
transmit pulses according to a sequence, optionally a tem-
poral sequence, that simultaneously focuses the single beam
on each of the two or more the target positions. In some
embodiments, the at least one ultrasound transducer com-
prises a programmable array configured to transmit pulses
according to a sequence, optionally a temporal sequence,
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which simultaneously focuses the single beam on each of the
two or more the target positions. In some embodiments, the
system is configured to repeat functions at a frame rate of at
least about 5,000 frames per second.

[0011] In some embodiments, the system is configured to
image a volume comprising a tissue in a subject, optionally
wherein the tissue is selected from the group consisting of
brain, breast and thyroid tissue. In some embodiment, the
system is configured to image a volume comprising a tumor
in a subject, optionally a microvasculature of a tumor, in a
subject.

[0012] Insome embodiments, the presently disclosed sub-
ject matter provides a non-transitory computer readable
medium having stored thereon executable instructions that
when executed by the processor of a computer control the
computer to perform steps comprising: detecting a position
of each of two or more targets in the volume to be imaged,
generating and directing a single beam of ultrasound energy
toward the volume by simultaneously focusing the single
beam on each of the two or more the target positions;
detecting the ultrasound energy from each of the two or
more the target positions; and using the detected ultrasound
energy to generate an image of the volume to be imaged.
[0013] In accordance with some embodiments of the pres-
ently disclosed subject matter, a method for generating a
blood flow profile in a blood vessel is disclosed. In some
embodiments, the method comprises: detecting a position
and/or motion of a target in the blood flow in a blood vessel
to be imaged in a first ultrasound image and in a second
ultrasound image, wherein the first ultrasound image and the
second ultrasound image are generated by: (a) generating
and directing a beam of ultrasound energy toward the blood
vessel, (b) focusing the beam on the target, and (c) detecting
the ultrasound energy from the target, wherein steps (a)-(c)
are carried out in a manner that provides a super-resolved
image; and generating a blood flow profile in the blood
vessel based on the position and/or of the target in the first
frame and the second frame.

[0014] In some embodiments, the target comprises a con-
trast agent. In some embodiments, the contrast agent com-
prises one or microbubble, one or more microdroplet, or a
combination thereof.

[0015] In some embodiments, the target comprises two or
more targets wherein the generating and directing a beam of
ultrasound energy toward the blood vessel and focusing the
beam on each of the two or more the targets comprises:
generating and directing a single beam of ultrasound energy
toward the blood vessel by simultaneously focusing the
single beam on each of the two or more the targets. In some
embodiments, the method comprises transmitting pulses
according to a sequence, optionally a temporal sequence,
which simultaneously focuses the single beam on each of the
two or more the targets. In some embodiments, the method
comprises employing an ultrasound transducer comprising a
programmable array configured to transmit pulses according
to a sequence, optionally a temporal sequence, that simul-
taneously focuses the single beam on each of the two or
more the targets. In some embodiments, the method com-
prises repeating the steps (a)-(c) at a frame rate of at least
about 5,000 frames per second.

[0016] In some embodiments, the blood vessel to imaged
comprises a blood vessel in a tissue in a subject, optionally
wherein the tissue is selected from the group consisting of
brain, breast and thyroid tissue. In some embodiments, the
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blood vessel to be imaged comprises a blood vessel of a
tumor in a subject. In some embodiments, the blood vessel
is present in the subject at a depth of at least about 3
centimeters

[0017] In some embodiments, generating a blood flow
profile comprises determining a velocity of the blood flow,
determining a blood vessel pattern, generating a tortuosity
measurement for the blood vessel. In some embodiments,
generating a blood flow profile in the blood vessel based on
the position and/or of the target in the first frame and the
second frame comprises applying a pattern matching func-
tion to the ultrasound energy from the target in the first
image and the second image.

[0018] In some embodiments, the blood vessel is in the
brain of a subject, and the method comprises applying a
correction that refocuses the ultrasound beam as it propa-
gates through a skull of the subject and/or accounts for one
or more variation in skull morphology. In some embodi-
ments, the correction is applied twice, first when the beam
propagates through the skull after being directed toward the
blood vessel, and then when the beam propagates from each
of the two or more the target positions for detection.
[0019] In some embodiments, the method comprises
detecting the position and/or motion of a target in the blood
flow in a blood vessel to be imaged in a reference ultrasound
image or images and in a subsequent ultrasound image or
images, wherein the reference image or images and the
subsequent ultrasound image or images are generated by (a)
generating and directing a beam of ultrasound energy toward
the blood vessel, (b) focusing the beam on the target, and (c)
detecting the ultrasound energy from the target, wherein
steps (a)-(c) are carried out in a manner that provides a
super-resolved image; and generating a blood flow profile in
the blood vessel based on the position of the target in the
reference image or images and subsequent image or images.
[0020] In accordance with some embodiments of the pres-
ently disclosed subject matter, an imaging system is dis-
closed. In some embodiments, the imaging system com-
prises at least one ultrasound transducer configured to detect
a position and/or motion of a target in the blood flow in a
blood vessel to be imaged in a first ultrasound image and in
a second ultrasound image, wherein the first ultrasound
image and the second ultrasound image are generated by: (a)
generating and directing a beam of ultrasound energy toward
the blood vessel, (b) focusing the beam on the target, and (c)
detecting the ultrasound energy from the target, wherein
steps (a)-(c) are carried out in a manner that provides a
super-resolved image; and a processor programmed to ana-
lyze data acquired by the ultrasound transducer to generate
a blood flow profile in the blood vessel based on the position
and/or of the target in the first frame and the second frame.
[0021] In some embodiments, the system comprises a
contrast agent, wherein the contrast agent is adapted for
administration to the blood vessel. In some embodiments,
the contrast agent comprises one or microbubble, one or
more microdroplet, or a combination thereof.

[0022] In some embodiments, the target comprises two or
more targets and wherein the at least one ultrasound trans-
ducer is configured to generate and direct a single beam of
ultrasound energy toward the blood vessel by simultane-
ously focusing the single beam on each of the two or more
the targets. In some embodiments, the at least one ultrasound
transducer is configured to transmit pulses according to a
sequence, optionally a temporal sequence, which simulta-
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neously focuses the single beam on each of the two or more
the targets. In some embodiments, the at least one ultrasound
transducer comprises a programmable array configured to
transmit pulses according to a sequence, optionally a tem-
poral sequence, that simultaneously focuses the single beam
on each of the two or more the targets. In some embodi-
ments, the at least one ultrasound transducer is configured to
repeat the steps (a)-(c) at a frame rate of at least about 5,000
frames per second.

[0023] In some embodiments, the system is configured to
image a blood vessel in a tissue in a subject, optionally
wherein the tissue is selected from the group consisting of
brain, breast and thyroid tissue. In some embodiments, the
system is configured to image a blood vessel of a tumor in
a subject. In some embodiments, the blood vessel is present
in the subject at a depth of at least about 3 centimeters In
some embodiments, the processor is configured to generate
a blood flow profile comprising one or more of a velocity of
the blood flow, a blood vessel pattern, and a tortuosity
measurement for the blood vessel. In some embodiments,
the processor is configured to apply a pattern matching
function to the ultrasound energy from the target in the first
image and the second image.

[0024] In some embodiments, the blood vessel is in the
brain of a subject, and the at least one ultrasound transducer
is configured to apply a correction that refocuses the ultra-
sound beam as it propagates through a skull of the subject
and/or accounts for one or more variation in skull morphol-
ogy. In some embodiments, the correction is applied twice,
first when the beam propagates through the skull after being
directed toward the blood vessel, and then when the beam
propagates from each of the two or more the target positions
for detection.

[0025] In some embodiments, the at least one ultrasound
transducer configured to detect the position and/or motion of
a target in the blood flow in a blood vessel to be imaged in
a reference ultrasound image or images and in a subsequent
ultrasound image or images, wherein the reference image or
images and the subsequent ultrasound image or images are
generated by (a) generating and directing a beam of ultra-
sound energy toward the blood vessel, (b) focusing the beam
on the target, and (¢) detecting the ultrasound energy from
the target, wherein steps (a)-(c) are carried out in a manner
that provides a super-resolved image.

[0026] In accordance with some embodiments of the pres-
ently disclosed subject matter, a non-transitory computer
readable medium having stored thereon executable instruc-
tion is disclosed. In some embodiments, the non-transitory
computer readable medium having stored thereon execut-
able instructions that when executed by the processor of a
computer control the computer to perform steps comprising:
detecting a position and/or motion of a target in the blood
flow in a blood vessel to be imaged in a first ultrasound
image and in a second ultrasound image, wherein the first
ultrasound image and the second ultrasound image are
generated by: (a) generating and directing a beam of ultra-
sound energy toward the blood vessel, (b) focusing the beam
on the target, and (c) detecting the ultrasound energy from
the target, wherein steps (a)-(c) are carried out in a manner
that provides a super-resolved image; and generating a blood
flow profile in the blood vessel based on the position and/or
motion of the target in the first frame and the second frame.
[0027] It is thus an object of the presently disclosed
subject matter to provide methods and systems employing
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adaptive multifocus beamforming for generating ultrasound
images and methods and systems for generating blood flow
profiles.

[0028] An object of the presently disclosed subject matter
having been stated hereinabove, and which is achieved in
whole or in part by the presently disclosed subject matter,
other objects will become evident as the description pro-
ceeds when taken in connection with the accompanying
Figures and Examples as best described herein below.

BRIEF DESCRIPTION OF THE FIGURES

[0029] FIG. 1 is a schematic drawing showing a represen-
tative ultrasound system that can employ adaptive multifo-
cus beamforming for generating ultrasound images in accor-
dance with some embodiments of the presently disclosed
subject matter.

[0030] FIG. 2 is a schematic drawing showing adaptive
multifocus beamforming for generating ultrasound images
in accordance with some embodiments of the presently
disclosed subject matter.

[0031] FIG. 3 is a digital image showing an example of
super-resolution contrast US in the rat brain, showing reso-
lution of vessels on the order of 10 pm at depths greater than
1 em. Reproduced from Ericco et al, Nature, 2015.

[0032] FIGS. 4A and 4B show CESR imaging in vitro.
(FIG. 4A) Acquired beamformed B mode image of 50
micron tube with contrast. (FIG. 4B) Reconstructed CESR
image after filtering and centroid detection illustrating sub-
stantial resolution enhancement (same scale).

[0033] FIG. 5 shows a maximum intensity projection
through three-dimensional CESR images of a rat subcuta-
neous fibrosarcoma (FSA) tumor volume, showing micro-
vascular structure. Analysis of vessel branching (not shown
here) demonstrates resolution of separable 25 micron ves-
sels.

[0034] FIG. 6 provides a demonstration of a representative
embodiment of an adaptive beamforming multi-focus
approach in accordance with the presently disclosed subject
matter, involving a phantom constructed from 150 pm
microtubes in a 6 cm deep ex-vivo tissue phantom. The triple
panel to the left of FIG. 6 shows a comparison of multifocus
adaptive beamforming versus plane wave and flat focused
beam. Left triple panel: (FIG. 6, Panel a) B-mode image
from conventional plane wave imaging; (FIG. 6, Panel b)
B-mode image from 16 broad focused beams with flat focal
depth at 43 mm. (FIG. 6, Panel ¢) B-mode image from one
multifocus beam with two targeting foci at the locations of
the microtubes (perpendicular to image plane). Squares and
arrows show locations of microtubes at 36 and 53 mm deep.
Other squares show tissue location for CTR measurements.
The triple panels to the right and top of FIG. 6 show
reconstructed images (from ~35-55 mm only, SVD filtered
image. Right triple panel of FIG. 6, top, Panels a2, b2, c2,
respectively: SVD filtered images of the tubes from the data
presented in FIG. 6, Panel a-FIG. 6, Panel c. Right triple
panel bottom of FIG. 6, resultant contrast enhanced super
resolution (CESR) images, and zoom-in of super-resolution
images of deeper tube. Note that plane wave imaging does
not provide sufficient sensitivity at depth (FIG. 6, Panel a3)
whereas the multi-focus technique (FIG. 6, Panel c¢3)
achieves sensitivity as good as flat focusing (FIG. 6, Panel
b3), and can detect and resolve the 150 micron tube even at
5+ cm with high CTR. (See data in Table 2). Yet, the
multi-focus technique achieves a ~16 fold greater frame rate.
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[0035] FIG. 7 is a schematic system diagram for 1024
channel imaging system showing integration of four 256
channel subsystems and controllers.

[0036] FIG. 8A is a reference B-mode image illustrating
the transcranial imaging and showing the skull between a
depth of 12-25 mm (top panel), reverberation artefact
between 25 and 70 mm (middle panel), and the 150 micron
tube which is oriented into the imaging plane (bottom
panel)(should be a point) but appears laterally blurred at a 78
mm depth.

[0037] FIG. 8B is a graph showing the cross section of the
super-resolution images as measured by bubble count for the
three imaging configurations, which shows the increased
sensitivity of the proposed phase corrected method, which
also accurately measures the microtube size.

[0038] FIG.9 shows average difference between consecu-
tives B-mode frames and shows that the proposed phase
corrected transcranial super-resolution method resolves a
150 um diameter tube at 78 mm depth through pig skull at
2.5 MHz. The bubble detection (FIG. 9, Panels al through
a3) and super-resolution images (FIG. 9, Panels b1 through
b3) of the 150 micron microtube imaged transcranially at a
depth of 78 mm. The top triple panels, Panels al through a3,
show the subtraction images used to detect bubble motion
zoomed in at the tube location for the three imaging modes:
plane wave, Panel al; conventional focused wave, Panel a2;
skull corrected focused wave, Panel a3. The bottom triple
panels, Panels bl through b3, show the super-resolution
images and zooms in even further to show fine details. The
corrected focused imaging sequence (Panel b3) clearly
resolves the microtube with accurate size and position, even
through the skull bone and at 78 mm of depth. This ability
for precision resolution microvessel imaging through a skull
bone is unprecedented in ultrasound imaging and is due to
the combined approaches for aberration correction and super
resolution imaging.

[0039] FIG. 10 shows an exemplary 3-D contrast
enhanced super resolution image of rat sarcoma tumor
microvasculature, resolving vessels on the order of 20
microns (shown as a maximum intensity projection).
Adapted from Lin et al., Theranostics, vol. 7, pp. 196-204,
2016; FOV~12x30 mm. 4.5 MHz, 220 kPa, 8000 images/
slice.

[0040] FIG. 11 is a series of panels showing imaging of a
200 micron inner diameter microtube. The 200 micron inner
diameter microtube at 57.7 mm depth with a controlled
microbubble flow was imaged using in accordance with the
presently disclosed subject matter (Panel A). A zoom in of
the microtube region is depicted in Panel B. The
microbubbles were localized and their positions were
tracked to estimate the velocity inside the tube (Panel C).
The disclosed TCESR blood velocity technique can estimate
the parabolic velocity profiles inside the tube (Panel D). The
plot lines correspond to 3 different imposed flows, 5 pl./min;
10 pul/min; and 20 pl/min. The velocity measurements
match simplified theoretical predictions based on conserva-
tion of mass (Panel E).

[0041] FIG. 12 is a series of schematic panels showing coil
configuration for continuous arterial spin labeling (CASL)
(left), and schematic presentation of the method to measure
cerebral blood flow (CBF). High resolution quantitative
blood flow maps are obtaining by calculating difference
between control and blood tagging signal contrast. Figure
extracted from Ajna Borogovac and Iris AsMani, “Arterial
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Spin Labeling (ASL) fMRI: Advantages, Theoretical Con-
strains and Experimental Challenges in Neurosciences,”
International Journal of Biomedical Imaging, vol. 2012,
Article 1D 818456, 13 pages, 2012.

DETAILED DESCRIPTION

[0042] The present subject matter will now be described
more fully hereinafter with reference to the accompanying
Figures, in which representative embodiments of the pres-
ently disclosed subject matter are shown. The presently
disclosed subject matter can, however, be embodied in
different forms and should not be construed as limited to the
embodiments set forth herein. Rather, these embodiments
are provided so that this disclosure will be thorough and
complete, and will fully convey the scope of the presently
disclosed subject matter to those skilled in the art.

[0043] Reference will now be made in detail to the
description of the present subject matter, one or more
examples of which are shown in the Figures. Each example
is provided to explain the subject matter and not as a
limitation. In fact, features illustrated or described as part of
one embodiment can be used in another embodiment to yield
still a further embodiment. It is intended that the present
subject matter cover such modifications and variations.
Wherever possible, the same reference numbers will be used
throughout the Figures to refer to the same or like parts. The
scaling of the Figures does not represent precise dimensions
of the various elements illustrated therein.

[0044] Unless otherwise defined, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
presently described subject matter belongs. All publications,
patent applications, patents, and other references mentioned
herein are incorporated by reference in their entirety.
[0045] While the following terms are believed to be well
understood by one of ordinary skill in the art, the following
definitions are set forth to facilitate explanation of the
presently claimed subject matter.

[0046] Insome embodiments, the subject imaging accord-
ing to the presently disclosed subject matter is a human
subject, although it is to be understood that the methods
described herein are effective with respect to all mammals.
More particularly, provided herein is the imaging of mam-
mals, such as humans, as well as those mammals of impor-
tance due to being endangered (such as Siberian tigers), of
economical importance (animals raised on farms for con-
sumption or another use (e.g., the production of wool) by
humans) and/or social importance (animals kept as pets or in
700s) to humans, for instance, carnivores other than humans
(such as cats and dogs), swine (pigs, hogs, and wild boars),
ruminants (such as cattle, oxen, sheep, giraffes, deer, goats,
bison, and camels), and horses. Thus, embodiments of the
methods described herein include the imaging of livestock
and pets.

[0047] Following long-standing patent law convention,
the terms “a”, “an”, and “the” refer to “one or more” when
used herein, including in the claims.

[0048] As used herein, the term “about”, when referring to
a value or an amount, for example, relative to another
measure, is meant to encompass variations of in some
embodiments £20%, in some embodiments £10%, in some
embodiments 5%, in some embodiments +1%, and in some
embodiments +0.1% from the specified value or amount, as
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such variations are appropriate. The term “about” can be
applied to all values set forth herein.

[0049] As used herein, the term “and/or” when used in the
context of a listing of entities, refers to the entities being
present singly or in combination. Thus, for example, the
phrase “A, B, C, and/or D” includes A, B, C, and D
individually, but also includes any and all combinations and
sub-combinations of A, B, C, and D.

1. General Considerations

[0050] Ultra-Fast and Super-Resolution Imaging.

[0051] Recent developments in ultrasound hardware and
software have enabled a substantial leap forward in ultra-
sound imaging technology. New programmable ultrasound
systems can utilize software beamformers, parallel and
distributed computing architectures, and large onboard
memory to perform ultra-fast imaging, on the order of
thousands of frames per second, compared to ultrasound
systems still utilized in the clinic which are limited to only
slightly past 30 frames per second. One such novel technol-
ogy is “ultrasound localization microscopy”, also referred to
herein as contrast enhanced super-resolution (CESR) imag-
ing [5].

[0052] Optical localization microscopy exploits the sto-
chastic blinking of specific fluorescent sources and supet-
localizes the center of each source by virtue of its separa-
bility [3, 4]. By accumulating these center positions over
thousands of acquisitions, the resulting image achieves a
ten-fold resolution improvement and enables imaging cell
membrane and small organelles with a resolution beyond the
diffraction limit. In the medical ultrasound domain, different
techniques have been investigated to achieve an ultrasound
super resolution image, using the blinking of contrast agent
microbubbles as an acoustic equivalent of the fluorescent
sources. Some groups used highly diluted contrast agents to
meet the key requisite of separable microbubble detection
[16, 17]. Although these groups obtained super-resolved
images using conventional ultrasound scanners, the long
acquisition time necessary to perform diluted microbubble
super resolution imaging is likely to impinge upon its
practicality. The application of ultrafast acquisition and
spatiotemporal filtering to separate microbubbles even at a
clinically-relevant concentration, by exploiting the decorre-
lation of microbubbles from a stack of images, has been
demonstrated [16, 18]. This technique is a direct analog to
fluorescence  photoactivation localization —microscopy
(FPALM) in optics and the acquisition time is more reason-
able for clinical translation. By localizing the centers of
separable scattering microbubbles, this ultrasound localiza-
tion microscopy technique allows imaging of microvessels
at resolutions as small as ten micrometers, over an order of
magnitude smaller than the ultrasound diffraction limit. See
FIG. 3, which shows super-resolved vasculature maps of rat
brain slices using this super resolution contrast ultrasound
technique [5]. This approach has been taken a step further,
applying it with a mechanically scanned system to obtain
3-D images of tumor-associated angiogenesis [6]. These
results illustrate that the same microvascular abnormalities
observed with Acoustic Angiography in tumors can be
observed—supporting that super-resolution imaging can be
used to image cancer biomarkers in humans. It is of par-
ticular note that CESR can be performed effectively at
clinical frequencies (data to date has been acquired at 4.5
MHz with a clinical ATL probe), and depths up to 10 cm are
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theoretically achievable while still retaining resolution bet-
ter than 100 microns, as long as microbubbles are detectable
in original B mode imaging.

[0053] Another notable advantage of CESR is that it can
be performed at low mechanical indices, less than 0.2, which
means that it is a non-destructive imaging technique, and can
readily be performed within guidelines for contrast in
humans.

[0054] Software-Based Ultrasound Systems.

[0055] Within the last few years, computational power has
finally achieved the performance required to design almost
all components of an ultrasound system with dedicated
programmable integrated circuits. Consequently, instead of
large analog componentry with fixed capabilities, modern
ultrasound systems can fit into the case of a simple PC, and
still be highly programmable. Commercial vendors such as
Verasonics, Cephasonics, and others, are now making pro-
grammable ultrasound systems widely available. The high-
performance hardware means that these systems can trans-
mit and receive data at rates up to the pulse repetition
frequency limit based on speed of sound (thousands of
frames per second, depending on tissue depth). This has
facilitated super-resolution imaging as described above.
[0056] Impact of Ultrasound as a Diagnostic Tool.
[0057] While there are clearly clinical applications for
MRI, PET, SPECT, and CT that will never be supplanted by
acoustics, there are clear clinical applications where ultra-
sound is well positioned to improve clinical outcome.
[0058] For example, breast ultrasound has poor specificity
and a high false positive rate, and hence it is not used as a
screening tool for breast cancer. Furthermore, ultrasound is
challenged to detect breast lesions smaller than a few
millimeters. The same can be said about ultrasound’s sen-
sitivity to malignant thyroid and prostate cancer.

[0059] Improvements in specificity in these fields would
have a significant clinical impact. Furthermore, due to the
low cost and portability of the next generation of laptop or
handheld-sized ultrasound systems, this modality is
uniquely poised to expand diagnostic capability to rural and
underserved locations and populations worldwide.

[0060] Other clinical applications, such as assessing vasa
vasorum in atherosclerotic plaques, or assessing angiogen-
esis in wound healing, may also benefit from high-resolution
microvascular ultrasound imaging. Furthermore, the appli-
cations of high resolution microvascular imaging in pre-
clinical cancer research are readily apparent.

[0061] Contrast Ultrasound in the Clinic.

[0062] Although several years ago (2007) there had been
a concern about the safety of ultrasound contrast due to
events in a clinical trial of a new agent, an overwhelming
amount of more recent evidence from large clinical studies
has shown that contrast ultrasound is very safe; [19-21] in
fact, it is much safer than other commonly used techniques,
such as coronary angiography, exercise ECG, or myocardial
scintigraphy.[22] Over the past decade, the FDA has
reversed most of the limitations indicated with contrast
enhanced ultrasound based on accumulated safety data from
hundreds of thousands of contrast ultrasound exams, and in
2016, the FDA approved contrast ultrasound approval
include liver radiological applications in addition to cardi-
ology. Contrast ultrasound is widely gaining renewed enthu-
siasm, and many sites have ongoing clinical trials for other
applications, such as contrast ultrasound for renal applica-
tions and breast lesion differentiation.
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[0063] Angiogenesis as a Biomarker of Malignancy.
[0064] More than 40 years ago, Judah Folkman published
his seminal paper postulating that tumor angiogenesis was a
requirement for tumor growth beyond 2-3 millimeters.[7]
Since then, thinking has evolved and it is now understood
that angiogenesis is required for the development of even
much smaller malignancies in many environments [9, 10,
23-27]. In 2006, Dr. Folkman further elaborated on his initial
postulate, suggesting that “tumor cell proliferation alone, in
the absence of angiogenesis, can give rise to dormant,
microscopic tumors of 1 mm? or less, but these in situ
cancers are harmless to the host” [27]. Hanahan and Wein-
berg have more recently stated “Historically, angiogenesis
was envisioned to be important only when rapidly growing
macroscopic tumors had formed, but more recent data
indicate that angiogenesis also contributes to the micro-
scopic premalignant phase of neoplastic progression, further
cementing its status as an integral hallmark of cancer” [9].
The angiogenic vascular remodeling caused by the presence
of cancer cells is characterized by vascular enlargement,
increased vessel density, vascular malformations, and
increased vessel tortuosity [28]. Most importantly, it occurs
very early in tumor development, and thus is an early
biomarker for cancer [8-10, 28, 29].

[0065] Several key observations related to cancer-associ-
ated vascular abnormalities support working in microvas-
cular imaging. Furthermore, we have validated each of these
observations, previously based largely on optical micros-
copy data, with ultrasound microvascular imaging [1].
Researchers have observed that drastic changes in surround-
ing microvessel morphology initiate early in tumor devel-
opment, when tumors are very small, using optical micros-
copy [9, 10, 23-27]. The significance of this effect is that
presence of abnormal vessels is an early indicator of cancer
presence, even for micro-tumors. Prior studies using Acous-
tic Angiography imaging in spontaneous rodent models of
breast cancer have confirmed this observation—significant
differences in microvascular morphology can be visualized
even 2-3 micron tumors, compared to healthy tissue [1, 2,
13, 14].

[0066] The tortuous morphologies of vessels are not lim-
ited to the boundaries of the tumor and are observed well
outside lesions boundaries [10, 28]. This has been illustrated
in animal models and as well as in humans, and in both large
and microscopic tumors by previous investigators [10, 27].
This observation has been validated using ultrasound micro-
vascular imaging as well [14]. The significance is that the
“angiogenic” fingerprint presents a larger imaging target
than just the tumor mass, thereby potentially improving our
detection/differentiation ability.

[0067] Vessel abnormalities are observed with many types
of cancer, in different organs, and across species [1, 10, 30].
The significance of this observation is that a method to
detect cancer based on vascular abnormalities would be
applicable to a very wide range of pre-clinical and clinical
studies.

[0068] Changes in microvascularity preceed changes in
tumor size in response to therapy. providing an early bio-
marker of response to therapy [31, 32]. This phenomena has
been observed with ultrasound imaging of microvessels
also, showing the ability to detect response in “responder”
tumors earlier than indicated with measurements of tumor
volume alone [33]. The clear advantages of CESR include
superior resolution at clinically relevant depths (3-8 cm), the
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ability to use low mechanical index (<0.2) as well as
standard commercial transducers, can be combined with
high frame rate 3-D imaging.

[0069] Ultrasound-Localization Microscopy/Contrast
Enhanced Super Resolution (CESR) Imaging.

[0070] The methods described herein employ the imaging
techniques of Ultrasound Localization Microscopy, also
called Contrast Enhanced Super-Resolution Imaging
(CESR), including 3-D CESR implementation. Thus, in
some embodiments, the term “super-resolved” refers to the
use of CESR. Fast 3-D CESR is employed with a matrix
transducer and is combined with unique approaches such as
multi-focus adaptive beamforming to increase sensitivity.
[0071] High-Frame Rate Plane Wave Imaging.

[0072] CESR employs high frame rate imaging, in the
range of hundreds to thousands of frames per second (fps).
This employs interrogation of the imaged medium with a
large number of transmit pulses, typically in the form of a
plane wave that insonifies the entire image space. Image
reconstruction for plane wave transmits employs capturing
and storage of the echo returns from each individual element
in the transducer for later processing. Verasonics, a com-
mercial source, has developed plane wave reconstruction in
its research systems, with capturing of multi-frame receive
channel data and high speed software reconstruction tech-
niques. This has enabled the development of a number of
new ultrasound techniques, including shear wave elastogra-
phy, high frame rate Doppler and vector Doppler imaging,
flow imaging using speckle tracking, functional brain flow
imaging, and more. High speed data acquisition, storage and
processing capabilities are provided with Verasonics sys-
tems.

[0073] Adaptive Multifocus Beamforming for Improved
Penetration and Target Sensitivity at High Frame-Rates.
[0074] Plane wave transmissions, which are currently used
in super resolution imaging, illuminate the whole field of
view with a single planar emission. The advantage of this
method is that the frame-rates can be very high; however, the
disadvantage of using such a broad transmit beam is that the
image quality is poor and the penetration is low. In accor-
dance with some embodiments of the presently disclosed
subject matter an adaptive multifocus method circumvents
these imaging limitations while preserving the same high
frame-rates in plane wave imaging. Representative results
using this technique (see Examples below) show that by
using this method, the imaging quality is significantly
improved in terms of contrast-to-tissue ratio (CTR), as one
representative measure. This translates the imaging technol-
ogy from the mouse/rat, which has a shallow imaging depth,
to human targets such as the breast and other organs, which
require deeper imaging.

[0075] Real-Time High Channel Count High-Frame Rate
Acquisition.
[0076] Three dimensional plane wave imaging can

employ matrix arrays with a large number of elements
operating very quickly. All received data from the individual
elements of the transducer are captured and processed for
image reconstruction. A 1024 channel programmable acqui-
sition system capable of acquiring more than 5000 frames/
second is provided. This can be employed volume imaging
with a 32x32 matrix array at thousands of Hertz. This
performance is several times what is currently available
commercial devices to coherently capture the full RF data
set from large element count arrays. Data is stored in large
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arrays of fast solid state drives, and consolidated via high
speed network transfers for image reconstruction and bubble
tracking.

[0077] Assessing Vascular Morphologies as a Function of
Tumor Progression in Clinically Relevant Models of Dis-
ease.

[0078] With the development of 3-D high resolution
microvascular imaging tools, a diagnostic approach for
human diseases characterized by abnormalities of the micro-
vasculature is provided. Imaging tools in mice genetically
engineered to mimic the progression of human breast cancer
are used, and observations with high-resolution optical
microscopy are validated.

[0079] Clinical Diagnostic Technique.

[0080] The ability to use microvessel angiogenesis imag-
ing as a local indicator of the likelihood of malignant cancer
may provide an innovative clinical diagnostic tool. Although
ultrasound will likely never be used for whole-body screen-
ing, it is already utilized for imaging target areas such as
breast, thyroid, testes, ovaries, and prostate. The ability to
use microvascular ultrasound imaging as a sensitive method
for screening at-risk patients, for guidance of biopsy, or for
ultimately the early detection of subresolution micro-tumors
would be highly innovative.

11. Methods, Systems and Computer Readable
Media

[0081] To date, all super-resolution contrast imaging is
performed with plane wave imaging. This technique is fast,
but has poor sensitivity as it uses low energy unfocused
beams, and thus is challenged to image clinically relevant
concentrations of contrast at depth. The presently disclosed
subject matter provides in some embodiments methods that
combine the advantages of the imaging quality of a focused
transmission with the high frame-rates of a plane wave
transmission. The presently disclosed subject matter can
therefore circumvent the plane-wave imaging limitations
while preserving its high frame-rates.

[0082] Insome embodiments, the presently disclosed sub-
ject matter employs a two-step process. First, the target
positions in the imaging field are detected with a conven-
tional imaging transmission. Second, a multifocal beam is
designed to simultaneously focus a single transmit beam to
the target positions. Since this is a single beam this second
transmission can be repeated at high frame-rates. By com-
bining the multiple foci into a single transmission the same
frame-rate as plane wave imaging can be achieved. How-
ever, the imaging quality is significantly improved in terms
of contrast and penetration, which improves the target
detection of the imaging system. The imaging quality is
significantly improved in terms of contrast-to-tissue ratio
(CTR), for example. This translates the imaging technology
from the mouse/rat, which has a shallow imaging depth, to
human targets such as the breast and other organs, which
require deeper imaging.

[0083] Insome embodiments, the presently disclosed sub-
ject matter provides a method for generating an ultrasound
image of a volume. In some embodiments, the method
comprises detecting a position of each of two or more targets
in the volume to be imaged; generating and directing a single
beam of ultrasound energy toward the volume by simulta-
neously focusing the single beam on each of the two or more
the target positions; detecting the ultrasound energy from
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each of the two or more the target positions; and using the
detected ultrasound energy to generate an image of the
volume to be imaged.

[0084] In some embodiments of the presently disclosed
methods, each target, including each of the two or more
targets, comprises a contrast agent. In some embodiments,
the contrast agent comprises one or microbubble, one or
more microdroplet, or a combination thereof.

[0085] In some embodiments of the presently disclosed
methods, detecting a position of each of two or more targets
comprises generating and directing a plane wave into the
volume. In some embodiments, the presently disclosed
subject matter detecting a position of each of two or more
targets is carried out continually.

[0086] In some embodiments, the presently disclosed
methods comprise transmitting pulses according to a
sequence, optionally a temporal sequence, which simulta-
neously focuses the single beam on each of the two or more
the target positions. In some embodiments, the presently
disclosed methods comprise employing an ultrasound trans-
ducer comprising a programmable array configured to trans-
mit pulses according to a sequence, optionally a temporal
sequence, that simultaneously focuses the single beam on
each of the two or more the target positions. In some
embodiments, the presently disclosed methods comprise
repeating the steps at a frame rate of at least about 5,000
frames per second.

[0087] In some embodiments, the blood vessel to be
imaged comprises a blood vessel in a tissue in a subject. In
some embodiments, the tissue is selected from the group
consisting of brain, breast and thyroid tissue. In some
embodiments, the blood vessel to be imaged comprises a
blood vessel of a tumor in a subject.

[0088] In some embodiments, the presently disclosed
methods comprise generating a profile of blood flow in a
blood vessel, optionally in a subject. In some embodiments,
the methods comprise detecting a position and/or motion of
a target in the blood flow in a blood vessel to be imaged in
a first ultrasound image and in a second ultrasound image;
and generating a blood flow profile in the blood vessel based
on the position and/or motion of the target in the first frame
and in the second frame. In some embodiments, the first
ultrasound image and the second ultrasound image are
generated by: (a) generating and directing a beam of ultra-
sound energy toward the blood vessel, (b) focusing the beam
on the target. and (c) detecting the ultrasound energy from
the target, wherein steps (a)-(c) are carried out in a manner
that provides a super-resolved image.

[0089] In some embodiments, additional images are gen-
erated and compared, including a series of images (thou-
sands to millions). Thus, in some embodiments, the method
comprises detecting the position and/or motion of a target in
the blood flow in a blood vessel to be imaged in a reference
ultrasound image or images and in a subsequent ultrasound
image or images, wherein the reference image or images and
the subsequent ultrasound image or images are generated by
(a) generating and directing a beam of ultrasound energy
toward the blood vessel, (b) focusing the beam on the target,
and (c) detecting the ultrasound energy from the target,
wherein steps (a)-(c) are carried out in a manner that
provides a super-resolved image; and generating a blood
flow profile in the blood vessel based on the position of the
target in the reference image or images and subsequent
image or images. Thus, in some embodiments, the presently



US 2020/0187910 A1

disclosed subject matter is used to generate images not just
of microvessels but the also images of the flow within them.
[0090] In some embodiments, generating a profile of
blood flow in a blood vessel can comprise determining a
velocity of the blood flow; determining a blood vessel
pattern; generating a tortuosity measurement for the blood
vessel; or any combination of the foregoing. In some
embodiments, pattern matching functions are applied that
detect position and velocity between ultrasonic acquisitions.
By way of example and not limitation, to calculate, a blood
flow profile, such as a velocity profile, microbubbles are
detected within the vessel. Then, the map of their locations
at one instance in time is shifted and correlated to a map of
their positions at a later instance in time. For a specific
bubble the shift that yields the maximum cotrelation is used
to determine bubble motion. By way of elaboration and not
limitation, microbubbles are flowing in a blood vessel and an
aspect of the presently disclosed subject matter is to detect
the microbubbles. Once the bubbles are detected at one
instance in time, then their location in a second instance in
time can be detected. Then, the distance and the time are
used to obtain the velocity. In some embodiments, this is
done by taking two acquisitions, two images, and detecting
one or more microbubbles within each image. Once one or
more microbubbles are detected the signals of the one or
more microbubbles can be correlated between the two
images. This provides a position. In some embodiments, the
correlation involves comparing the similarities from a region
of the first image to a region of the second image and moving
the images around until a good fit is obtained.

[0091] In some embodiments of the presently disclosed
methods, the blood vessel is in the brain of a subject, and the
method comprises applying a apply a correction that (1)
refocuses the ultrasound beam as it propagates through a
skull of the subject and/or (2) accounts for one or more
variation in skull morphology. In some embodiments, the
correction 1s applied twice, first when the beam propagates
through the skull after being directed toward the blood
vessel, and then when the beam propagates from each of the
two or more the target positions for detection. In some
embodiments, an acoustic simulation tool is used to deter-
mine the acoustic path of sound between the transducer
emission and the target. A computed tomography (CT) data
set of an individual skull is converted into a map of the
acoustical properties of the skull. This acoustic map, in
conjunction with the simulation tool, is used to determine
the appropriate delay profiles across the transducer face that
will generate a focused emission experimentally. This cor-
rection profile can be determined by comparing the profile
distorted by the skull to a spherical profile using, for
example, a) correlation-based pattern matching algorithms
or b) by detecting the phase crossing above a certain
threshold, for example, a normalized amplitude. This cor-
rection profile is specific to an individual skull morphology.
In some embodiments, a filter that reduces off axis clutter is
applied to the simulated data.

[0092] In some embodiments, the blood vessel is present
in the subject at a depth of at least about 3 centimeters (cm),
including 3 to 6 cm.

[0093] Blood flow profiles can be used in any manner as
would be apparent to one of ordinary skill in the art upon a
review of the instant disclosure. By way of example and not
limitation, vascular networks around tumors can be
assessed. Neurological stimulation, such as stimulation of
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regions of the brain can be assessed. Thus, in some aspects,
the presently disclosed subject matter provides for func-
tional imaging of a volume, including a volume comprising
a blood vessel, including a blood vessel in a subject.
[0094] Referring to FIGS. 1 and 2, a system 100 for
generating an ultrasound image of a volume V and/or a
blood vessel is shown. System 100 is used to detect a
position of each of two or more targets, such as targets T1
and T2 shown in FIG. 2, in the volume V to be imaged.
System 100 can comprise at least one ultrasound transducer
104 configured to detect a position of each of two or more
targets T1 and T2 in the volume V to be imaged, to generate
and direct a single beam B of ultrasound energy toward the
volume V by employing simultaneous multifocal profiles P1
and P2 designed to simultaneously or concurrently focus the
single beam B on each of the two or more the target positions
T1 and T2, and to detect the ultrasound energy from each of
the two or more the target positions T1 and T2. System 100
comprises a processor 102 programmed to analyze data
acquired by the ultrasound transducer 104 from the volume
V in order to output an image from the volume V. In some
embodiments, system 100 comprises two or more ultrasound
transducers 104.

[0095] In some embodiments, system 100 comprises a
contrast agent, wherein contrast agent is adapted for admin-
istration to the volume V, such that the each of the two or
more targets T1 and T2 can comprise a contrast agent. In
some embodiments, system 100 can comprise microbubbles,
microdroplets, or a combination thereof, wherein the
microbubbles, microdroplets, or a combination thereof are
adapted for administration to the volume V, such that each
of the two or more targets T1 and T2 can comprise
microbubbles, microdroplets, or a combination thereof. In
some embodiments, the contrast agent can comprise
microbubbles, microdroplets, or a combination thereof.
[0096] Continuing with reference to FIGS. 1 and 2, in
some embodiments, the at least one ultrasound transducer
104 is configured to detect a position of each of two or more
targets T1 and T2 by generating and directing a plane wave
into the volume V. In some embodiments, the at least one
ultrasound transducer 104 is configured to detect a position
of each of two or more targets T1 and T2 continually. In
some embodiments, the at least one ultrasound transducer
104 is configured to transmit pulses according to a sequence,
optionally a temporal sequence, that simultaneously focuses
the single beam B on each of the two or more the target
positions T1 and T2. In some embodiments, the sequence
comprises multifocal profiles P1 and P2. In some embodi-
ments, the at least one ultrasound transducer 104 comprises
a programmable array configured to transmit pulses accord-
ing to a sequence, optionally a temporal sequence, that
simultaneously focuses the single beam B on each of the two
or more the target positions T1 and T2. In some embodi-
ments, the sequence comprises multifocal profiles P1 and
P2. In some embodiments, system 100 is configured to
repeat functions at in a manner that provides a super-
resolved image. In some embodiments, system 100 is con-
figured to repeat functions at a frame rate that provides a
super-resolved image. For example, in some embodiments,
system 100 is configured to repeat functions at a frame rate
of at least about 5,000 frames per second.

[0097] Insome embodiments, system 100 is configured to
image a volume V comprising a tissue in a subject. In some
embodiments, system 100 is configured to image a volume
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V comprising a blood vessel in a subject. In some embodi-
ments, the tissue is selected from the group comprising
brain, breast and thyroid tissue. In some embodiments,
system 100 is configured to image a volume V comprising
a tumor in a subject, optionally a microvasculature of a
tumor, in a subject. In some embodiments, the tumor is in the
brain of a subject.

[0098] Insome embodiments, system 100 is configured to
generate a profile of blood flow in a blood vessel, optionally
in a subject. In some embodiments, system 100 can com-
prise at least one ultrasound transducer 104 configured to
detect a position of a target in the blood flow in a blood
vessel to be imaged in a first ultrasound image and in a
second ultrasound image; and to generate a blood flow
profile in the blood vessel based on the position of the target
in the first frame and in the second frame. In some embodi-
ments, the first ultrasound image and the second ultrasound
image are generated by: (a) generating and directing a beam
of ultrasound energy toward the blood vessel, (b) focusing
the beam on the target, and (¢) detecting the ultrasound
energy from the target, wherein steps (a)-(c) are carried out
in a manner that provides a super-resolved image. In some
embodiments, additional images are generated and com-
pared.

[0099] In some embodiments, system 100 can comprise a
processor 102 configured to generate a profile of blood flow
in a blood vessel comprising a velocity of the blood flow;
determining a blood vessel pattern; generating a tortuosity
measurement for the blood vessel; or any combination of the
foregoing. In some embodiments, processor 102 is config-
ured to apply pattern matching functions to super-resolved
bubble signals that detect position and velocity between
ultrasonic acquisitions. By way of example and not limita-
tion, to calculate the velocity profiles, microbubbles are
detected within the vessel. Then, the map of their locations
at one instance in time is shifted and correlated to a map of
their positions at a later instance in time. For a specific
bubble the shift that yields the maximum correlation is used
to determine bubble motion. By way of elaboration and not
limitation, microbubbles are flowing in a blood vessel and an
aspect of the presently disclosed subject matter is to detect
the microbubbles. Once the bubbles are detected at one
instance in time, then their location in a second instance in
time can be detected. Then, the distance and the time are
used to obtain the velocity. In some embodiments, this is
done by taking two acquisitions, two images, and detecting
one or more microbubbles within each image. Once one
more microbubbles are detected the signals of the one or
more microbubbles can be correlated between the two
images. This provides a position. In some embodiments, the
correlation involves comparing the similarities from a region
of the first image to a region of the second image and moving
the images around until a good fit is obtained.

[0100] In some embodiments of the presently disclosed
methods, the blood vessel is in the brain of a subject, and
system 100 comprises at least one ultrasound transducer 104
configured to apply a correction that (1) refocuses the
ultrasound beam as it propagates through a skull of the
subject and/or (2) accounts for one or more variation in skull
morphology. In some embodiments, the correction is applied
twice, first when the beam propagates through the skull after
being directed toward the blood vessel, and then when the
beam propagates from each of the two or more the target
positions for detection. In some embodiments, an acoustic
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simulation tool is used to determine the acoustic path of
sound between the transducer emission and the target. A
computed tomography (CT) data set of an individual skull is
converted into a map of the acoustical properties of the skull.
This acoustic map, in conjunction with the simulation tool,
is used to determine the appropriate delay profiles across the
transducer face that will generate a focused emission experi-
mentally. This correction profile can be determined by
comparing the profile distorted by the skull to a spherical
profile using, for example, a) correlation-based pattern
matching algorithms or b) by detecting the phase crossing
above a certain threshold, for example, a normalized ampli-
tude. This correction profile is specific to an individual skull
morphology. In some embodiments, a filter that reduces off
axis clutter is applied to the simulated data.

[0101] Insome embodiments, the presently disclosed sub-
ject matter provides a non-transitory computer readable
medium having stored thereon executable instructions that
when executed by the processor of a computer control the
computer to perform steps comprising: detecting a position
of each of two or more targets in the volume to be imaged,
generating and directing a single beam of ultrasound energy
toward the volume by simultaneously focusing the single
beam on each of the two or more the target positions;
detecting the ultrasound energy from each of the two or
more the target positions; and using the detected ultrasound
energy to generate an image of the volume to be imaged.
[0102] Insome embodiments, the presently disclosed sub-
ject matter provides a non-transitory computer readable
medium having stored thereon executable instructions that
when executed by the processor of a computer control the
computer to perform steps comprising: detecting a position
of a target in the blood flow in a blood vessel to be imaged
in a first ultrasound image and in a second ultrasound image;
and generating a blood flow profile in the blood vessel based
on the position of the target in the first frame and in the
second frame. In some embodiments, the first ultrasound
image and the second ultrasound image are generated by: (a)
generating and directing a beam of ultrasound energy toward
the blood vessel, (b) focusing the beam on the target, and (c)
detecting the ultrasound energy from the target, wherein
steps (a)-(c) are carried out in a manner that provides a
super-resolved image. In some embodiments, additional
images are generated and compared.

1II. Examples

[0103] The following Examples provide further illustra-
tive embodiments. In light of the present disclosure and the
general level of skill in the art, those of skill will appreciate
that the following EXAMPLES are intended to be exem-
plary only and that numerous changes, modifications, and
alterations can be employed without departing from the
scope of the presently disclosed subject matter.

Example 1

Clinically Relevant Super-Resolution Imaging
Methods

[0104] This Example relates to improving super-resolu-
tion bubble detection and sensitivity at clinical depths, while
preserving high frame rates; adapting motion correction
algorithms to an imaging approach; obtaining velocity vec-
tor information; and evaluating bubble parameters.
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[0105] Validation of Resolution Advancement Using
CESR Imaging.

[0106] Contrast enhanced super-resolution (CESR) imag-
ing of tumors has been performed using a Verasonics Van-
tage system (Verasonics Inc., Redmond, Wash., United
States of America) with a 128 channel .11~5 linear probe,
using plane-wave imaging at a pulse repetition frequency of
500 Hz. The transmitted pulses were 1 cycle sinusoids at 4.5
MHz with a rarefactional pressure of 220 kPa (mechanical
index=0.1). This low mechanical index was chosen to mini-
mize bubble destruction under high frame rate insonifica-
tion. A high-pass spatiotemporal singular value decomposi-
tion (SVD) filter is applied to detect the decorrelation of
bubbles, yielding individual sources on the filtered images.
This spatiotemporal filter can discriminate bubble signals
whose spatial coherence is low from tissue signals whose
spatial coherence is high because their temporal variations
affect many neighboring pixels the same way.[34] Hyster-
esis thresholding is used to localize the bubbles on the
filtered images. Bubble centers are detected and center
positions from all the frames are accumulated to get a
super-resolution image, with a pixel size of 10 pmx10 pm,
for each scan slice. FIGS. 4a and 4b show before and after
processing from a microtube of 50 um inner diameter. Table
1 illustrates the advancement in resolution of CESR com-
pared to traditional b-mode imaging.

TABLE 1

Comparison of measured tube size
with B mode imaging and
CESR technique-From [6]

B mode Imaging CESR.
Actual Measured Error Measured Error
(um)  Size(um) (%) Size(um) (%)
150 171 14 140 6.7
75 171 128 65 14
50 171 242 40 20
[0107] Preliminary Data—In Vivo 3D CESR Studies.

[0108] Data are acquired similar to described above for in
vitro studies, except the transducer is mounted to a motor-
ized precision motion stage synchronized with the imaging
system for 3D scanning. 8,000 images are acquired for each
scan slice and slice step size is 200 pm. 1Q data are saved for
post-processing. CESR images are obtained through offline
post-processing on beamformed 1Q data. We have been
imaging rats with the FSA fibroscarcoma tumor model (as
described previously [12]) using this method. Frames with
breathing induced motion artifacts are excluded by calcu-
lating the frame-to-frame cross-correlation of a chosen
region of tissue signals. FIG. 5 shows the maximum inten-
sity projection from 3-D CESR image of a rat fibrosarcoma
tumor microvasculature, resolving vessels on the order of 20
microns. CESR imaging of three tumor bearing rats and
three control (healthy) rats, followed by vessel segmentation
of 379 vessels, showed statistically significant differences in
vascular tortuosity between the populations[6]. which
upholds similar observations using Acoustic Angiography in
both rat and mouse models of cancer [ 1, 2]. Thus, the CESR
data confirms that this technique will be useful for assessing
angiogenic vascular abnormalities. However, unlike Acous-
tic Angiography which is limited in penetration depth and
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resolution (~150 um at 2 cm), CESR has the potential to
achieve tenfold better resolution at several times the depth,
a significant improvement for clinical studies.

Example 2

Adaptive Beamforming CESR for Improved
Sensitivity and Resolution in Deep Tissues

[0109] To date, all super-resolution contrast imaging is
performed with plane wave imaging. This technique is fast,
but has poor sensitivity as it uses low energy unfocused
beams, and thus is challenged to image clinically relevant
concentrations of contrast at depth.

[0110] This Example compares an adaptive beamforming
technique in accordance with the presently disclosed subject
matter with standard plane wave imaging and flat focus
imaging. Beef tissue was immersed in degassed water. Two
thin-walled microtubes (Paradigm Optics Inc., Washington,
United States of America) with inner diameter of 150 pm
were embedded in the steak at depths of ~36 mm and 53
mm. Lipid-shelled microbubbles were pumped through the
microtubes, with the aid of an infusion pump (Harvard
Apparatus, Holliston, Mass., United States of America) at 50
pL/min. Imaging was performed using a Verasonics Vantage
system (Verasonics Inc., Redmond, Wash., United States of
America) with a L7-4 linear probe, operating at 50 dB
dynamic range. The transmitted pulses were 2 cycle sinu-
soids at 5.2 MHz. Flat focus imaging used 16 focused beams
with a flat focal depth at 43 mm. Adaptive multifocus
imaging used one beam with two simultaneous targeting foci
at the locations of the two microtubes. The beam repetition
rate remains 1428 Hz, leading to a frame rate of 1428 Hz, 89
Hz and 1428 Hz for the three techniques, respectively.
Contrast to tissue ratio (CTR) was calculated from the mean
signal amplitude of the contrast in the tube compared the
mean signal amplitude of the background region at the same
depth. Both images and measured contrast to tissue (CTR)
values clearly demonstrated that the adaptive multifocus
imaging provides equivalent or better contrast to tissue ratio
(~10 dB at 36 mm and ~8 dB improvement at 53 mm depth)
than focused imaging, while keeping the same high frame
rate as plane wave imaging (over 16x fold faster frame rate
than focused imaging). The result is the ability to perform
CESR imaging at significant depth in tissue, without a
substantial reduction in frame rate. See FIGS. 6a-6¢3.

TABLE 2

Comparison of CTR from Plane waving
imaging, flat focus imaging and
multifocus imaging before reconstruction.
(Fig 6a-6¢). Upper and lower
tubes at 36 and 53 mm deep, respectively.

Plane wave Flat focus Multi focus
Upper microtube 5.7dB 153 dB 15.7dB
Lower microtube 7.8 dB 15.1 dB 15.2 dB
Example 3

Methods: In-Vitro Testing and Analysis

[0111] In some embodiments, testing is performed using
256 channel Verasonics systems and using microvessel flow
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phantoms, with vessel sizes of 200, 150, 50, and 25 microns
with precision spacing as measured with an optical micro-
scope in tissue-mimicking phantoms or with muscle tissue
(steak and chicken breast) to approximate in-vivo tissue.
Microbubbles similar to those available under the trademark
DEFINITY™ are prepared according to previously pub-
lished techniques [1, 2, 35, 36]. Bubble concentrations and
distributions are measured by an Accusizer 780 particle
sizer, and are pumped through the target phantom with a
calibrated flow pump (Harvard Apparatus PhD2000).
Acoustic calibrations are performed with a calibrated 200
pm needle hydrophone (HNA-0200, Onda, Inc). Metrics for
evaluating performance include image-determined resolu-
tion compared to known tube diameters and spacing, as well
as CTR, as a function of imaging, bubble parameters, and
depth.

Example 4

Methods: Adaptive Simultaneous Multifocus
Beamforming

[0112] The presently disclosed adaptive multifocus meth-
ods combine the advantages of the imaging quality of a
focused transmission with the high frame-rates of a plane
wave transmission, as demonstrated in Example 1 above.
Instead of transmitting a plane wave, a single adaptive beam
simultaneously targets multiple bubbles with a single emis-
sion. In some embodiments, this is achieved via a two-step
process. First, the bubble positions in the imaging field or
volume are detected with a conventional imaging transmis-
sion and with intensity thresholding, Second, a multifocal
beam is designed to focus a single transmit beam to multiple
bubble positions. Since this is a single beam this second
transmission can be repeated at an ultrafast frame-rate to
track the bubbles as they move within the vessels. That is,
by combining the multiple foci into a single transmission the
same frame-rate as plane wave imaging can be achieved.
However, the imaging quality is significantly improved in
terms of contrast to noise ratio, signal to noise ratio, and
CTR, which improves the bubble detection and penetration
of the imaging system.

[0113] The conventional imaging transmissions to track
the bubble positions can be done at regular intervals with
high-speed image reconstruction. Lookup tables with mul-
tiple focal configurations are generated. The number of
bubbles that can be effectively targeted with a single mul-
tifocus beam is optimized. For a single target the transmit
configuration corresponds to a conventional focus and for an
infinite number of targets the transmit configuration corre-
sponds to a plane wave. The configuration of the multifocus
transmit is therefore evaluated in terms of optimal target
number, bubble concentration, pulse amplitude, transmit
rate, and beam profile. This parameter space is investigated
experimentally with the Verasonics hardware and in silico
with FULLWAVE™, an ultrasound simulation tool devel-
oped to model ultrasound propagation and imaging with
high accuracy, and which can rapidly prototype the sequence
development in 2D and 3D [37, 38].

Example 5

Methods: Motion Correction

[0114] Since CESR imaging requires thousands of frames
acquired per slice, tissue motion can readily corrupt the data.
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Image registration algorithms based on the cross-correlation
of the RF data of successive frames acquired at high frame
rate are adaptively evaluated. This method has been shown
to be effective for compensating for breathing induced
motion during acquisition, as described previously [39, 40].
The incorporation of motion compensation methods pre-
serves the moving frames instead of excluding them as done
in preliminary studies. It increases the number of detected
bubbles for each slice, and therefore improve resolution and
reduce the acquisition time. As an alternative, generation of
super resolution images with high temporal resolution by
calculating the high order statistics of blinking microbubble
signals [41] is explored. This approach may reduce the
required acquisition time several fold for each imaging slice.
This alternative approach can also mitigate the need for
motion compensation.

Example 6

Methods: Evaluation of Bubble Parameters

[0115] To evaluate parameters for eventual clinical imag-
ing, testing of our approach is performed as a function of
bubble concentration. Whether bubble size has an effect is
also evaluated. FDA approved contrast agents have different
mean diameters. LUMASON™ contrast agents have a mean
diameter of 1.5-2.5 microns [42], DEFINITY™ contrast
agents have mean diameter from 1-3 microns [43], and
OPTISON™ contrast agents have an average diameter listed
as 3-4.5 microns [44]. Our studies have previously shown
that larger bubbles with a lower resonant frequency and a
substantially larger scattering cross section can be more
readily detected [36], although these differences have not
been assessed in super-resolution imaging. Clinical CESR
may benefit from use of larger bubbles to optimize sensi-
tivity, whether these arise from manufacturing differences or
intended size tailoring.

[0116] Lipid shelled in-house microbubbles are prepared
at one, three, and five micron mean diameters and CESR
sensitivity is evaluated as a function of bubble size, with
constant concentration. Sized microbubble preparations are
prepared via centrifugal sorting as previously described
[36], and characterized with an ACCUSIZER™ 780 particle
sizer.

Example 7

Methods: Obtaining Microvascular Flow
Information

[0117] Abubble velocity vector is utilized to detect micro-
vascular flow [45]. This approach provides flow vectors
which can be utilized to provide additional quantitative data
regarding microvessel pattern, for example, fluctuations in
tumor blood flow which are known to cause hypoxia and
re-oxygenation affecting tumor progression and response to
treatment [46, 47]. Flow vector mapping can also provide a
separate tortuosity measurement for microvessels with
opposite slow flow directions. This flow calculation method
is based directly on the ability to accurately detect the
position of single bubbles within the vessel. Since the bubble
position and frame rate is known the velocity vector can be
extracted almost directly. Individual bubbles are tagged and
velocity vectors are associated within each vessel. This data
is aggregated into flow profiles along the length of each
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vessel. Rejection methods for confounding data, such as
when two bubbles paths intersect, are also investigated.
[0118] Preliminary bubble localization work used hyster-
esis thresholding, therefore the choice of the threshold
values was empirical. An alternative strategy that would be
more accurate is PSF fitting. This approach is also imple-
mented, as described by Desailly et al. [18].

Example 8

Hardware for 3-D Super-Resolution Imaging

[0119] Hardware is provided for ultrafast acquisition of
1024 channel data from a 2-D array, management of the
large ultrafast 3-D data stream, implementation and evalu-
ation of super resolution imaging on the ultrasound plat-
form, and generation of 3-D data from a 2-D matrix array at
clinically useful frame rates. A 1024 channel system for
high-frame rate acquisition and adaptive beamforming is
thus provided. CESR is initially developed on a mechani-
cally scanned 1-D array, followed by development on a
subset of the 1024 element 3 MHz matrix array (32x32).
CESR imaging using the entire matrix array is then imple-
mented, at full 1024 channel volume frame rates of greater
than 5000 volumes per second. To accomplish this substan-
tial data processing task, the matrix transducer is interfaced
to four 256 channel Verasonics systems, operating synchro-
nously with a single master 250 MHz clock (FIG. 7). This
will allow simultaneous coherent RF data acquisitions from
all elements of the 1024 element array. Individual element
RF data are then digitized, filtered and stored into large
memory arrays located in each Verasonics system. Since a
single transmit/receive acquisition can generate more than a
megabyte of data, thousands of acquisitions per second
require storage of gigabytes per second. This high data rate
capture is made possible by distributing the storage over the
multiple Verasonics systems.

[0120] This ultra-high performance programmable 1024
channel ultrasound system comprises four 256 channel
Vantage research systems, each with their own high perfor-
mance computer. One Vantage system acts as a master, while
the other three systems act as slaves. The systems are
synchronized to the 250 MHz clock of the master through an
external sync module that buffers and distributes the master
clock and trigger signals to all slaves. The clock synchro-
nization allows for coherent signal sampling across all 1024
receive channels of the combined units. The 1024 elements
of the matrix array are grouped into four sets of 256
elements, for cabling to the four Vantage units.

[0121] A high performance dual 3.1 GHz Xeon processor
based computer with 20 available processing cores and 256
GB of RAM memory controls each Vantage unit. Each
Vantage unit also has 3 terabytes of high speed solid state
drive storage for rapid storage (up to 6 GB/sec) of acquired
RF data. The master unit computer is also equipped with a
high end GPU module for additional processing power and
an extra 12 terabytes of RAID disk storage for data
archiving. For communication and data transfers between
units, each unit has a 10 Gb Ethernet module for connection
to a local network. Processing of RF and reconstructed
image data can be both distributed and centralized. Each of
the four custom Vantage units has substantial processing
power with their multi-core CPUs. This distributed process-
ing capability is leveraged for real-time image acquisition
and data processing. For CESR processing that requires the
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full data set, the Vantage slave units transfer each unit’s data
to the master unit’s computer for further processing. The
master computer can then use the powerful GPU module to
facilitate rapid data processing of large data sets. For storing
both raw and processed data associated with the CESR
method, the master computer can utilize the large 12 TB
RAID storage unit.

[0122] The control of acquisition and processing is man-
aged by synchronized sequence programs that run concur-
rently on each Vantage unit. Synchronization is performed
by trigger signals that connect the master and slave units
through the external sync module. The control software
allows operation of the entire system from the master
computer console. For shorter acquisition sequences, all umt
acquisition and processed data can be saved to local RAM
in real-time, allowing for capture of several seconds of data.
For longer sequences, software is developed for each unit’s
rapid transfer of data to the local solid-state drives. This may
require somewhat reduced acquisition rates, but will allow
for minutes of collection for RF and processed data.
[0123] For safety during eventual clinical use all units
have electrical power isolation transformers to minimize
leakage. For elimination of ground loops, connections
between units utilize optical fiber cabling. Hardware and
controller PCs are mounted onto a custom rolling cart.

Example 9

Methods: Adaptive Multifocus Beamforming in 3-D

[0124] Three dimensional image space contains millions
of voxels, and to obtain fast reconstruction rates, the image
reconstruction processing is distributed amongst the mul-
tiple Verasonics systems described in Example 8. Each
system can reconstruct 256 channel data at a rate of approxi-
mately 10 million voxels per second, generating voxel 1Q
data that can then be combined to obtain the image from the
full 1024 element array. These bubble images will not need
the fine resolution of a typical ultrasound image, and the
voxel density can be lowered to help meet the processing
speed requirements. If necessary, it may also be possible to
use only a subset of the 1024 element array to obtain bubble
positions, further reducing data processing and transfer
requirements.

[0125] The flexibility built into the 1024 channel 3D
imaging system allows flexibility. If the data from the
various Vantage units were required to be consolidated
before processing, the rate of data transfer to the master unit
could be a bottleneck. Fortunately, the distributed processing
capability of the system allows preliminary processing and
reduction of the data sets prior to consolidation. The Vantage
systems also have the ability to perform bandwidth sampling
of band-limited RF signals, resulting in data reductions of 2
to 1 or better. For example, if the 3 MHz 1024 element
transducer has a bandwidth of less than 100%, it can be
sampled at 6 MSPS instead of the 12 MSPS required for
200% bandwidth. Since each unit has access to a subset of
elements representing one fourth of the array, it is also
possible to make reference images with lower spatial reso-
lution in each unit. These reference images may be sufficient
for bubble tracking and localization, allowing dynamic
transmit beamforming to be locally computed. As mentioned
earlier, voxel density can be easily controlled, trading off
image reconstruction times with spatial resolution. Also,
since very large quantities of raw RF data can be stored in
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real-time, it becomes feasible to collect data with limited
real-time processing aimed only at targeting and use offline
processing for performing the more complex spatial filtering
and flow visualization processing.

Example 10

Pre-Clinical Studies to Evaluate and Refine
Imaging Performance

[0126] This Example optimizes technology for clinically-
relevant 3-D contrast enhanced super-resolution imaging. To
assess performance of the hardware, software, and algo-
rithms developed in the Examples described herein above,
imaging performance of the system is characterized both in
phantoms and in-vivo. Imaging performance data is inte-
grated iteratively with the development process.

[0127] Preliminary Data: Microvascular Imaging, Seg-
mentation, and Analysis of Microvascular Morphology Met-
rics In Vivo.

[0128] We have conducted extensive in vivo imaging
studies to date, in multiple rodent organs, and we have
developed segmentation algorithms which enable extraction
of microvessel data from 3-D Acoustic Angiography with
collaborators at Kitware, Inc, [12, 14, 35, 48], as well as
algorithms to quantify microvascular tortuosity, microvas-
cular density, and vessel size distribution [1, 2, 12-14]. We
have applied these analyses as a successful method of
detecting unique microvascular “fingerprints” of spontane-
ous tumors. Receiver Operator Characteristic (ROC) curve
analysis of data from 24 tumor bearing and 10 control mice
indicated that the sum of angles tortuosity metric was
superior for distinguishing tumor ROIs from controls, dem-
onstrating sensitivity of 0.96 and specificity of 1.0 with an
optimal threshold, based on microvascular data alone.[15]
We expect this performance to be equivalent, if not better,
with CESR, with the ability to resolve smaller vessels, and
more significantly—we anticipate the increased penetration
depth possible with CESR will make this technique even
more clinically relevant.

[0129] Methods: In Vivo Testing and Analysis.

[0130] In vivo microvascular imaging is performed with
two animal models. Initially, the rat FSA fibroscarcoma
model is used. This rodent model is easy to prepare and
produces a well vascularized subcutaneous tumor within two
weeks, which has been studied extensively by our group and
others.[1, 35, 36] It provides an “easy target” of in vivo
tumor-associated angiogenesis for initial studies; however, it
is not a good model for studying the very small vessels
involved in tumor onset since it involves artificial implan-
tation of cells (and these sub-100 micron vessels are a target
of super-resolution). Thus, the C3Tag mouse mammary
carcinoma model is also employed. This genetically engi-
neered mouse model spontaneously develops breast cancer
which mimics the human condition. The C3Tag has been
extensively studied previously, and thus provides rigor and
reproducibility to the animal imaging study [49-51]. Weekly
imaging of these mice starting at 10 weeks enables imaging
of tumor onset prior to when tumors are palpable, as we have
described previously [2]. This model is an excellent assess-
ment for our ability to image early microvascular abnor-
malities associated with very small tumors.
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[0131] Methods: Benchmark Validation with Optical
Imaging.
[0132] An existing validated method for angiogenesis

measurement in vivo is the histologic measurement of
microvessel density (MVD) [52]. Measurements of
increased vessel density (hotspots) from biopsy specimens
or excised tumors are believed to be useful in predicting
metastasis risk, tumor growth and recurrence [52, 53, 54]. In
order to benchmark our ability to visualize the smallest
vessels in vivo with CESR, we visualize and quantify
microvascular angiogenesis using 3-D stacking high-reso-
lution microscopy [55, 56]. We compare optically measured
(gold standard) microvessel diameter distributions vs. obser-
vations with CESR from tumor (and control tissue) samples
from the aforementioned animal models.

[0133] Methods: Implementing Code for Tortuosity Met-
rics on Super-Resolution Data.

[0134] For CESR, three challenges exist for vessel seg-
mentation and morphology characterization. For the first
challenge, seed point selection is automated for the vessel
imaging characteristics of the super-resolution images. The
large number of vessels expected in these images requires
automation. To address this challenge, vessel seed point
selection is accomplished using machine learning methods
that are trained using vessels that were manually seeded in
the data. In particular, the extracted vessel centerlines from
the manual seeds serve as positive cases for training a
random forest classifier using feature vectors composed of
local image intensity, derivative, and Hessian-based mea-
sures at multiple scales, as are used in automated vessel
enhancement methods [57, 58]. Feature vectors from image
points adjacent to the extracted vessels serve as negative
training cases. The trained machine learning method is then
used to estimate the likelihood ratio for points in new
images, and points with high likelihood of being vessel
points can be automatically chosen as seeds. For the second
challenge, the traversal and radius estimation methods need
to be updated for intensity profile of the super-resolution
images. In working with Acoustic Angiography data in our
prior studies we learned that intervening vessels can reduce
the conspicuity of vessel segments that cross below them
and that vessel profiles and noise require adapting the
centerline and radii estimation processes. To address this
challenge, the scale of the operators used is adapted to
measure image intensity, derivative, and Hessian informa-
tion during the traversal and radius estimation processes.
This scaling is adapted during the experiments described
below. Additionally, in the event that the vessel segments
produced are incomplete, with a single vessel broken into
multiple segments, post-processing the extracted vessel seg-
ments is performed: when the similarity of the locations and
tangent directions of two segment ends suggest that they
should be joined, the intervening space is probed in the
seed-point likelihood ratio image, and if the likelihood ratio
supports a vessel passing between those ends, then they will
be joined into a larger, single vessel. In [59] this method was
shown to perform as well as human experts in determining
vessel segment connectivity. For the third challenge, all
methods are ported to handle the huge CESR image vol-
umes. The 3D CESR images can achieve 2048x2048x2048
voxels which occupies 16 gigabytes of memory if 16-bit
values are stored.

[0135] Images are partitioned into overlapping regions
that occupy 4 gigabytes of memory; methods are porting to
use FFT-base scaled intensity, derivative, and Hessian mea-
sures that can be computed on GPUs via the ArrayFire
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algorithm, for these smaller images; and graphs merging
methods are implemented to join the vascular trees from
these overlapping regional images to recreate the complete
3D vascular tree of the full image. These analysis methods
are ported over to a computational system. The same vessel
density, branch frequency, and tortuosity measures from [1,
2, 60] our prior studies are applied to characterize the
vascular network morphology and distinguishes cases of
interest. All of the above methods are optimized using
animal models as described elsewhere herein.

[0136] Methods: In Vitro System Characterization.
[0137] Micro-tubes ranging from 25 to 200 microns with
precise separation distance (as assessed with a calibrated
optical microscope) are utilized to characterize axial and
lateral imaging performance of the imaging system, as well
as to optimize pulsing parameters, and data processing. The
goal of this optimization process is to select parameters
(transmit frequency, pulse length, bubble concentration, and
data processing parameters) to achieve the best resolution
possible at 2-5 cm of penetration depth in tissue (or tissue
equivalent), our target depth for clinical breast imaging,
while maintaining sufficient contrast-to-tissue ratio such that
our segmentation algorithms can extract microvascular fea-
tures.

[0138] Methods: In vivo system assessment. Although
phantom imaging is useful to determine optimal imaging
parameters, CESR imaging with the prototype 3D super-
resolution imaging system is conducted on rodents to verify
imaging performance and perform final refinement of
parameters before patient imaging. Tumor bearing animals
are imaged using the imaging system described herein
above. Tissue-mimicking phantom standoffs are used to vary
spacing between the transducer and the subcutaneous tumor,
with the goal of assessing in-vivo imaging performance at
depths from 2-5 ¢cm. Although ideally imaging parameters
are optimized in the in vitro study, transmit pulse length,
acoustic pressure, apodization, and receive filtering can be
further optimization based on in vivo results.

[0139] Segmentation and analysis techniques as used in
analysis of Acoustic Angiography data [1, 2, 12, 14] are
employed. Nevertheless, CESR images are much larger than
Acoustic Angiography images, and in the event that auto-
mated seed point selection fails, additional features such as
measures of local contrast and responses from oriented
match filters can be considered. In the worst case, the system
can revert to using manual seed point selection. In the event
that vessel imaging appearance is insuflicient for traversal or
radius estimation, the acquisition and bubble parameters can
be adjusted; and in the worst case, the path minimization
method of Frangi can be applied [58] which requires more
labor but is much less sensitive to image noise.

Example 11

Pilot Human Clinical Study

[0140] A pilot study is performed in the human breast and
thyroid to benchmark specificity to malignant lesions vs.
standard of care grayscale ultrasound.

[0141] Methods.

[0142] The translation of super-resolution imaging into
the clinic allows the practical assessment of the novel
technology under real world conditions. We have selected
two applications where over-diagnosis and the lack of speci-
ficity in conventional imaging approaches leads to over-
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diagnosis and the patient anxiety and potential risk of
unnecessary biopsies. With conventional breast US and
mammography, though highly sensitive for malignant
lesions, the modalities lack specificity. Thyroid nodules are
highly prevalent and identified on cross-sectional imaging
and the workup of these lesions currently requires ultra-
sound guided biopsy, the vast majority of which are normal.
In both applications, ultrasound is used as a part of the
clinical workup, and a significant increase in specificity
would substantially improve patient care, reduce unneces-
sary biopsies and reduce patient anxiety. From a pathophysi-
ological perspective, the presence of increased microvascu-
lature represents an increased risk of malignancy for both
forms of cancer.[61, 62] Thus, this Example relates to pilot
clinical imaging studies initially in volunteers to evaluate the
imaging methodology, followed by preliminary observa-
tional studies in patients with known breast and thyroid
lesions.

[0143] Patient Imaging.

[0144] All studies are approved by the Institutional
Review Board (IRB) at the University of North Carolina at
Chapel Hill, Chapel Hill, N.C., United States of America.
Prior to any clinical imaging, the imaging system safety is
assessed to ensure compliance with the Food and Drug
Administration’s (FDA) mechanical index (MI) and Ther-
mal Index (TT) guidelines for diagnostic ultrasound imaging.
Additionally, a mechanical positioning system with trans-
ducer mount is fixed to the ultrasound transducer to mini-
mize motion and reduce operator fatigue. We have previ-
ously demonstrated success with this assisted positioning in
other contrast ultrasound exams [63].

[0145] Initially, five volunteers are recruited for system
imaging optimization. Subsequently two groups of patients,
women undergoing core needle biopsy or surgical biopsy of
breast lesions (BIRADS 4 and 5 breast lesions) and patients
undergoing needle biopsy of thyroid lesions, are recruited.
Patients are recruited through coordination with the UNC
Radiology Clinics. Fifteen subjects are recruited for each
anatomic region (thyroid or breast). In both cases, the
pathological diagnosis serve as the reference standard for the
study. Super Resolution imaging is performed in conjunc-
tion with standard diagnostic imaging, including b-mode
ultrasound and Color Doppler. At the time of imaging, a
single dose of an FDA-approved lipid-shell microbubble
contrast agent (DEFINITY™) is administered intravenously
by trained medical personnel. Imaging is performed by
sonographer trained in advanced ultrasound techniques.
Total imaging time for each subject is estimated to be less
than 15 minutes. All image data is de-identified and trans-
ferred for off-line analysis based on a study ID. The research
images are not interpreted or analyzed for clinical decisions
related to the patient.

[0146] Reader Study.

[0147] A reader study is performed after the completion of
patient accrual to study lesion characteristics under CESR as
compared to conventional b-mode ultrasound. In these pilot
observational studies, the primary aim is to evaluate the
imaging approach for application in these two organs. We
also estimate the receiver operating characteristic (ROC)
curve for the CESR system. A total of five readers who are
not investigators on this Example (for scientific rigor) (radi-
ologists trained in breast imaging or ultrasound imaging) are
recruited to participate for each reader study. The readers are
asked to assign a probability score (1 to 5) and confidence
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for each lesion for each modality (0 to 100%). ROC analysis
is performed as the primary analysis for the first aim. To
compare the results from the two imaging modalities, we
adopt the mixed effect ANOVA based on the Dorfman-
Berbaum-Metz method. The outcome variable is the
Tukey’s jackknife pseudovalues of the AUCs from each
reader and each patient under either modality, and separately
for each anatomic region. The fixed effect in the independent
list corresponds to the difference between the two modalities
and the random effects will be used to account for within-
patient and within-reader’s correlations.

[0148] Possible interactions between the modalities and
the readers and the patients are also included and tested for
statistical significance. To test the main hypothesis, F-test
statistic from the model parameter estimates is used to
compare the mean AUCs between the b-mode ultrasound
images and the CESR ultrasound images only.

[0149] Statistical Analysis.

[0150] For each lesion type, we assume 8 malignant and 7
benign and the AUC for conventional imaging to be 0.7. The
power to detect 0.2 AUC difference is about 30%. However,
our primary goal is to evaluate the technical ability of the
CESR approach to examine lesions in each of these super-
ficial anatomic regions. We also evaluate the number of
vessels visualized, the effects of respiratory motion and
radiologist confidence in interpreting the CESR microvas-
cular images.

Example 12

Transcranial Super-Resolution Imaging Methods

[0151] This Example pertains to a paradigm-shifting
approach for ultrasound imaging, which is normally not
considered a feasible imaging modality in the brain due to
heavy aberration from the skull and poor resolution from the
low frequencies required to penetrate the skull. With the
development of adaptive-beamforming super-resolution
imaging, we are surprisingly able to correct for skull-
induced aberration, and use super-resolution techniques to
resolve brain microvasculature on the order of hundreds of
microns, as well as assess local blood flow, even at low
frequencies and several centimeters (~8 cm) of depth.
[0152] Transcranial Focusing and Aberration Correction
with Time Reversal Acoustics:

[0153] Propagation across the skull has been a persistent
challenge for ultrasound because it 1) distorts the wave
profile, which reduces resolution, and 2) it adds reverbera-
tion, which reduces contrast. Furthermore this distortion is
linked to the skull morphology which varies significantly
from person to person. In our previous work we have
developed methods based on time reversal acoustics and
highly accurate acoustic simulations of propagation through
the human skull to correct for individual skull morphology.
[64, 65]. These techniques were used successfully in non-
invasive transcranial focused ultrasound surgery. The pre-
liminary results in this Example show how time reversal
phase correction techniques can be applied to detect contrast
agents for transcranial super-resolution ultrasound imaging.
This key innovation is necessary because the small quantity
of contrast agents in microvessels would otherwise be
undetectable due to reverberation and they would no longer
be super-resolved due to the degradation in focusing quality.
[0154] This Example provides for improved super-resolu-
tion bubble detection and improved sensitivity transcranially
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and at depth in the brain, while preserving high frame rates;
adaption of motion correction algorithms to our imaging
approach; an improved method of obtaining velocity vector
information; and evaluation bubble parameters for maxi-
mum performance.

[0155] Preliminary Data—Time Reversal Acoustics for
Transcranial Phase Correction of Super-Resolution Imaging
Sequences.

[0156] To date, all super-resolution contrast imaging is
performed with plane wave imaging. This technique is fast,
but has poor sensitivity as it uses low energy unfocused
beams. It is therefore challenged to image clinically relevant
concentrations of contrast agents at depth because it is
severely degraded by the aberration and reverberation clutter
introduced by the human skull. Even in the rat skull, which
is much less distorting than the human skull, significant
thinning was required to generate viable images in Errico’s
Nature Paper [5]. A method and simulation tools have been
developed to correct for individual skull morphology and to
restore contrast agent detectability for transcranial super-
resolution imaging sequences).

[0157] Preliminary studies have compared the presently
disclosed novel transcranial phase correction method with
standard plane wave imaging, which is currently used for
super-resolution sequences, and with conventional focused
wave imaging, which is used in standard B-mode ultra-
sound. A juvenile porcine skull with a thickness between 1-3
mm (which is comparable to the temporal bone thickness in
the human skull) was immersed in degassed water. A thin-
walled microtube (Paradigm Optics Inc., Washington,
United States of America) with an inner diameter of 150 pm
was placed at a depth of 78 mm. Lipid-shelled microbubbles
were pumped through the microtube, with the aid of an
infusion pump (Harvard Apparatus, Holliston, Mass., United
States of America) at 25 pl/min. Imaging was performed
using a Verasonics Vantage system (Verasonics Inc., Red-
mond, Wash., United States of America) with a an ATL-
Philips P4-1 probe, operating at 50 dB dynamic range. The
transmitted pulses were 2 cycle sinusoids at 2.5 MHz.

[0158] The conventional focused B-mode image (F1G. 8a)
shows the skull at a depth between 12 and 20 mm. The 200
um diameter target microtube was otiented orthogonally to
the imaging plane and placed at 78 mm depth and 0 mm
laterally. It appears to be over 30 mm wide and over 2 mm
tall even though its cross section is orders of magnitude
smaller due to aberration from the skull. Note that in
between the skull and the microtube the B-mode image has
a significant reverberation artefact.

[0159] Subtraction images, which are used to detect con-
trast agent motion, show that plane wave imaging cannot
detect microbubble motion (FIG. 941) and that the focused
wave (FIG. 942) and adaptively-corrected focused wave
(FIG. 9a3) can both detect motion. However, the zoomed in
super-resolution image derived from a conventionally
focused wave (FIG. 952) shows a microtube width of 1100
microns whereas the adaptively-corrected focused wave
(FIG. 963) accurately determines a microtube width and
height of 120 microns. Furthermore the microtube appears at
the correct centered lateral position, whereas in the conven-
tional focused wave the position error is >1 mm. The
intensity for the corrected focused wave is also 2.5 times
larger than in the conventional focused case. Therefore, the
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presently disclosed phase corrected transcranial super-reso-
lution method can resolve a 150 micron tube at a clinically
relevant 78 mm depth.

Example 13

Blood Flow Imaging Methods

[0160] Disclosed herein are novel imaging techniques
implemented in hardware and software that provide unprec-
edented resolution for acoustic imaging. The following
Fxample provides hardware and software approaches for a
human brain imaging approach, referred to broadly as tran-
scranial contrast enhanced super-resolution imaging
(TCESR). THE TCESR approach provides for the visual-
ization of microvessel structure and function in the human
brain with ultrasound.

[0161] Recently, the revolutionary technology of localiza-
tion microscopy (E. Betzig, et al., Science, vol. 313, pp.
1642-5, Sep. 15, 2006; M. J. Rust, et al., Nat Methods, vol.
3, pp. 793-5, October 2006) in the optical imaging domain
has been translated into the medical ultrasound domain (C.
Errico, et al., Nature, vol. 527, pp. 499-502, Nov. 26, 2015,
F. Lin, et al., Theranostics, vol. 7, pp. 196-204, 2016). The
ultrasound approach involves localizing the centers of
detected contrast agents, and is referred to as ultrasound
localization microscopy or contrast enhanced super-resolu-
tion (CESR) imaging. This technique enables imaging of
microvessels at resolutions as small as ten micrometers, over
an order of magnitude smaller than the ultrasound diffraction
limit, and at depths much greater than possible with high
frequency ultrasound. In a seminal Nature paper by Errico et
al in 2015, investigators demonstrated the feasibility of
contrast enhanced super resolution to image microvessels on
the order of 10 microns in 2D planes of a rat brain through
a thinned skull (C. Errico, et al., Nature, vol. 527, pp.
499-502, Nov. 26, 2015). Other techniques address the
translational challenges for transcranial contrast enhanced
super-resolution (TCESR) imaging in humans where the
skull plays a determining acoustic role. These techniques are
related to focused ultrasound surgery, which uses time-
reversal acoustics to correct for the individual human skull
morphology and to accurately focus ultrasound deep within
brain (M. Fink, IEEE Trans Ultrason Ferroelectr Freq Con-
trol, vol. 39, pp. 555-66, 1992; G. F. Pinton, et al., IEEE
Trans Ultrason Ferroelectr Freq Control, vol. 59, pp. 1149-
59, June 2012). Super-resolution approaches provide for
visualization of the microvasculature for imaging targets
such as cancer associated angiogenesis in-vivo (FIG. 10) (F.
Lin, et al., Theranostics, vol. 7, pp. 196-204, 2016). This
technology, supported by ultra-fast imaging hardware and
software capabilities, provides an innovative approach to
transcranial imaging of the microvasculature deep within the
brain.

[0162] Thus, an aspect of the presently disclosed subject
matter provides an approach for ultrasound imaging, which
is normally not considered a feasible imaging modality in
the brain due to heavy aberration from the skull and poor
resolution from the low frequencies required to penetrate the
skull. With the development of adaptive-beamforming
super-resolution imaging (described elsewhere herein),
skull-induced aberrations are corrected for, and super-reso-
lution techniques are used to resolve brain microvasculature
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on the order of hundreds of microns. Local blood flow is
assessed, even at low frequencies and several centimeters
(~8 cm) of depth.

[0163] The following Example validates and characterizes
blood flow estimation from transcranial contrast enhanced
super-resolution ultrasound imaging using 9.4T MRI. A
custom RF shielded ultrasound transducer acquires three-
dimensional super-resolution flow data simultaneously with
gold standard high resolution continuous arterial spin label-
ing perfusion MRI in an in vivo rat. Using a rat model of
inhaled CO,, which is known to modulate brain blood flow,
sensitivity to blood flow changes in the rat brain is compared
between the presently disclosed ultrasound technique and
MRI.

[0164] The following Example shows that TCESR tech-
niques provide high-resolution quantification of blood flow
in vessels smaller than 200 microns at several centimeters in
depth. The following Example also validates and character-
izes blood flood estimation from TCESR by using a perfu-
sion MR imaging as a gold standard reference. A custom
MRI compatible ultrasound transducer is used to obtain
near-simultaneous blood flow estimates in the in vivo rat.
Super-resolution transcranial imaging approaches allow for
the assessments changes in blood flow in the brain with a
temporal and spatial resolution at least as good as (if not
better than) high-field MR1 arterial spin labeling, the current
gold standard for brain blood flow imaging.

[0165] This Example shows that an ultrasound technology
that resolves blood flow velocity at resolutions below 200
microns at 3 cm of depth. Particularly, this Example pro-
vides a super-resolution approach that resolves the velocity
profile within a 200 micron vessel, at 5.8 cm depth. The
observations of this Example extend into the brain using
transcranial correction algorithms described elsewhere
herein.

[0166] This Example extends the capabilities of ultra-
sound in terms of resolution and ability to acquire volumet-
ric blood flow data so that the spatial resolution character-
istics match (or exceed) those of MRI while retaining
ultrasound’s high temporal sampling capabilities. By cross-
validating this technique with perfusion MRI the vast field
of high resolution blood flow imaging and functional MRI
becomes accessible to ultrasound. The intrinsic portability
and low-cost advantages of ultrasound means that imaging
can be performed directly in animal facilities, and that that
animals can be awake and freely-moving during imaging
(removing the need for anesthesia) (Sieu L-A, et al., Nat
Methods 2015, 12:831-834). Furthermore, the increase in
temporal resolution, which can go up to 10,000 volumetric
acquisition per second, provides other applications that are
inaccessible to MRL

[0167] This Example compares TCESR-based blood flow
imaging with near simultaneous MRI. To compare these
modalities in the same animals, a blood flow method in the
rat brain is provided, using a custom 1024 channel high
frequency MRI compatible ultrasound transducer designed
to operate at frequencies that are optimized for the rodent
brain. Particularly, TCESR blood velocity estimation was
acquired in a 200 micron diameter tube that was placed at a
57.7 mm depth from a standard diagnostic 1.7-4 ultrasound
transducer. Microbubble infused water was then flowed
through the tube using a computer-controlled injection pump
at three rates 5, 10 and 20 microliters per minute. Then the
microbubbles were tracked using the proposed TCESR
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velocity estimation method to generate a super-resolved
image (FIG. 114,5). The velocity, calculated by tracking the
bubble centers, can be estimated along the microtube length
(FIG. 11¢) and the average measured velocity closely
matches theoretical predictions based on conservation of
mass (FIG. 11e). The measured velocity within the micro-
tube was quantified across the diameter (FIG. 11d) demon-
strating that a characteristic parabolic velocity profile can be
measured inside the 200 micron tube at a depth of 58 mm.
This suggests that the proposed TCESR velocity estimation
technique will offer unprecedented spatio-temporal resolu-
tion of cerebral hemodynamics.

[0168] Experimental Methods:

[0169] The middle cerebral artery, which has a 400 micron
diameter in the rat, is targeted because it is resolvable by
MRI and super-resolution ultrasound. Furthermore, it is in
the center of the brain, which simplifies targeting consider-
ations for the ultrasound transducer. A total of 8§ Long-Evans
rats of both sexes, four female and four male, is used (a
power analysis is included in the vertebrate animals section).
A standard CO, inhalation protocol which modulates brain
blood flow in the rat is used (Shih, Yen-Yu 1., et al., Journal
of Magnetic Resonance Imaging 40.3 (2014): 609-615).
[0170] Anesthetized rats are positioned in the MRI system
in a custom holder device, which also maintains connection
of the custom ultrasound transducer with the rat skull.
Standard ultrasound imaging is first used for anatomical
registration and then the transducer is fixed in place. The
inhaled CO, protocol interleaves 5 minutes of baseline
measurements with a varying amount of CO, premixed in
air, which is used to induce changes in brain blood flow.
Specifically, 1%, 0%, 3%, 0%, 5%, and 0% of CO, are
administered with medical air, with 1 minute on and 5
minutes off in each case. Data are acquired with ultrasound,
and with MRI, which are then used to compare TCESR
blood flow estimates with MRI perfusion measurements
using a correlation-based analysis.

[0171] Ultrasound Protocol:

[0172] As described elsewhere herein, transcranial ultra-
sound imaging utilizes a custom adaptive beamforming
approach, implemented on a programmable ultrasound scan-
ner. The scanner is a custom-designed Verasonics system,
which can drive up to 1024 channels, and is upgraded with
extreme high performance memory and parallel processing
capability to perform the high-frame rate acquisition and
processing needed for volumetric 3D adaptive multifocus
imaging. The transducer is custom built for this project for
MRI compatibility, and a higher frequency bandwidth (5-8
MHz) than the transducer for imaging through the human
skull (1-2 MHz) described in Example 12. The higher
frequency enables high resolution imaging in the rat brain.
The ultrasound scanner is located outside of the MRI room
and the transducer travels through the room bore hole. The
transducer cable is shielded with braided wire and the
transducer body is shielded with thin aluminum foil (C. Ma,
et al., Biomedical Physics & Engineering Express, 2(4):
047003, 2016). Both are grounded to the room. This method
has been shown to result in no clinically relevant difference
in ultrasound image quality (C. Ma, et al., Biomedical
Physics & Engineering Express, 2(4):047003, 2016).
[0173] The imaging protocol is based on a time reversal
transcranial phase correction method that accurately refo-
cuses an ultrasound wave as it propagates through a non-
uniform skull and that accounts for individual variations in
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skull morphology. This correction is applied twice, first
when the wave propagates through the skull after being
transmitted by the ultrasound probe, and then when the echo
wave propagates from the target deep in the brain back to the
probe. The phase correction is calculated with the FULL-
WAVE™ gimulation tool (G. F. Pinton, et al, in /EEE
Transactions on Ultrasonics, Ferroelectrics, and Frequency
Control, vol. 56, no. 3, pp. 474-488, March 2009), an
acoustic propagation method that can model the hard and
soft tissue of the human body with high accuracy. Then, the
adaptive multifocus method, which combines the advan-
tages of the imaging quality of a focused transmission with
the high frame-rates of a plane wave transmission, is used to
simultaneously target multiple bubbles with a single emis-
sion. The raw 1024 channel RF data acquired with this
ultrasound imaging sequence is used in super-resolution
processing and analysis to detect microbubble velocities.
[0174] Ultrasound Processing and Analysis:

[0175] As demonstrated in the preliminary data, the
bubble velocity vector is utilized to detect microvascular
flow (C. Tremblay-Darveau, et al., IEEE Trans Med Imag-
ing, vol. 35, pp. 699-709, February 2016). This approach
provides flow vectors which can be utilized to provide
additional quantitative data regarding microvessel pattern,
for example, fluctuations in tumor blood flow which are
known to cause hypoxia and re-oxygenation affecting tumor
progression and response to treatment (L. I. Cardenas-
Navia, et al., Cancer Res, vol. 68, pp. 5812-9, Jul. 15, 2008,
H. Kimura, et al., Cancer Res, vol. 56, pp. 5522-8, Dec. 1,
1996). Flow vector mapping can also provide a separate
tortuosity measurement for microvessels with opposite slow
flow directions. This flow calculation method is based
directly on the ability to accurately detect the position of
single bubbles within the vessel. As a first step, the beam-
formed RF data from the ultrasound protocol undergoes a
spatio-temporal filtering operation based on singular value
decomposition, to separate bubble motion from background
physiological motion. Then the bubble centers are super-
localized using a point-spread-function deconvolution
approach. Since the bubble position and frame rate is
known, the velocity vector is extracted almost directly.
Individual bubbles are tagged and velocity vectors are
associated within each vessel. This data is aggregated into
flow profiles along the length of each vessel (as demon-
strated in FIG. 11). Rejection methods are investigated for
confounding data, such as when two bubbles paths intersect.
[0176] MRI Protocol:

[0177] MRI is performed using a 9.4 Tesla Bruker Bio-
Spec system with a BGA-9S gradient insert (Bruker Corp.,
Billerica, Mass., United States of America) at UNC Bio-
medical Research Imaging Center, Chapel Hill, N.C., United
States of America. A home-made surface coil with an active
decoupling circuit (internal diameter=2.0 cm) placed
directly over the head is used as a transceiver and a separate
butterfly-shaped coil underneath the neck is used for con-
tinuous arterial spin labeling (CASL), illustrated in FIG. 12.
Magnetic field homogeneity has been previously optimized
using standard FASTMAP shimming with first order shims
on an isotropic voxel of 9x9x9 mm encompassing the
imaging slices. A RARE T2-weighted pilot image is taken in
the mid-sagittal plane to localize the anatomical position by
identifying the anterior commissure at —0.36 mm posterior
to bregma (Paxinos, G., Watson, C., 2014. The Rat Brain in
Stereotaxic Coordinates. Elsevier Academic Press, Amster-



US 2020/0187910 A1

dam; Boston). Cerebral blood flow (CBF) is measured by a
validated CASL technique (Shih, Y. Y, et al., 2014a. Neu-
robiol Dis, 71, 131-139) using single shot gradient-echo
echo-planar imaging (EPI) with bandwidth=250 kHz,
TR/TE=3000/12 ms, labeling duration=2.4 s and post-label-
ing delay=250 ms, matrix=96x96, FOV=2.56x2.56 cm, 8
slices, and slice thickness=1 mm.

[0178] MRI Processing and Analysis:

[0179] Image analysis is performed using statistical para-
metric mapping (SPM) and a custom-written program in
Matlab (MathWorks Inc., Natick, Mass., United States of
America) (Shih, Y. Y., et al., 2008. J. Neurosci. Res. 86,
1801-1811). Skull stripping is performed manually with a
threshold method. Automatic co-registration using SPM
codes is used to correct slight image drift overtime within
subjects. Previous results indicate that false movement will
not occur after registration. Additionally, although the sur-
face coil causes B1 inhomogeneity, this is empirically not
corrected since it does not display significant effect when
imaging the rat cortex (Lai, H. Y., et al., 2014. Neuroimage
84,11-18; Lai, H. Y.. et al., 2015. Magn. Reson. Med. 73 (3),
1246-51; Shih, Y. Y., et al., 2013. Neuroimage 73, 113-120;
Shih, Y. Y, et al., 2014b. J. Cereb. Blood Flow Metab. 34
(9), 1483-92). CBF is calculated as: CBF=(A/T|)(S-S;)/
(S;+(20-1)S,). where S and S, are the MR signal inten-
sities from the control and labeled images, respectively. A is
the water brain-blood partition coeflicient, T, is that of
tissue, and a is the arterial spin-labeling efficiency. Values of
A, T,, and a are set to 0.9 (Herscovitch, P., Raichle, M. E.,
1985.J. Cereb. Blood Flow Metab. 5, 65-69) 1.9 s (de Graaf,
R. A, etal, 2006. Magn. Reson. Med. 56,386-394), and 0.7
(Shih, Y. Y., et al., 2011. J. Cereb. Blood Flow Metab. 31,
832-841), respectively. Pairwise subtraction is first per-
formed between the control and labeled images, followed by
a subsequent pairwise subtraction between the current
labeled image and the next.

[0180] Comparison of MRI and US Data:

[0181] Quantitative CBF maps acquired at a 200x200
micron resolution with MRI and quantitative blood velocity
estimates determined with TCESR ultrasound are compared
at the location of the middle cerebral artery. A correlation
analysis based on the perfusion (for MRI) or velocity (for
ultrasound) estimates integrated over the volume middle
cerebral artery and as a function of CO, concentration are
used to establish the similarity between the two imaging
methods. A sensitivity analysis based on the same integrated
blood hemodynamics measurements characterizes the
modalities” respective capabilities in detecting the onset of
CO, induced vascular changes, i.e. to establish a noise floor.
[0182] Alternative Strategies:

[0183] The CO, challenge protocol might not target the
ideal range hemodynamic and can be modified to according
to the observed sensitivity (e.g. 1% increments instead of
2%, or different thing intervals). The near simultaneous MRI
and Ultrasound may also present challenges since despite
the MR compatibility of the custom transducer, MR artifacts
are still possible due to PZT crystals in the probe. The
stereotaxic transducer positioning system we have designed
is 3D printed and thus allows rapid testing of multiple
configurations to minimize gradient disruption. An MRI
compatible translation stage designed to position ultrasound
transducers (FUS Instruments LP100), which is currently
housed in our small animal imaging facility, may also help
in the determining the optimal design.
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[0306] It will be understood that various details of the
presently disclosed subject matter may be changed without
departing from the scope of the presently disclosed subject
matter. Furthermore, the foregoing description is for the
purpose of illustration only, and not for the purpose of
limitation.

What is claimed is:

1. A method for generating an ultrasound image of a
volume, the method comprising;

detecting a position of each of two or more targets in the

volume to be imaged,

generating and directing a single beam of ultrasound

energy toward the volume by simultaneously focusing
the single beam on each of the two or more the target
positions;

detecting the ultrasound energy from each of the two or

more the target positions; and

using the detected ultrasound energy to generate an image

of the volume to be imaged.

2. The method of claim 1, wherein the each of the two or
more targets comprises a contrast agent.

3. The method of claim 2, wherein the contrast agent
comprises one or more microbubble, one or more micro-
droplet, or a combination thereof.

4. The method of claim 1, wherein the detecting a position
of each of two or more targets comprises generating and
directing a plane wave into the volume.

5. The method of claim 1, wherein detecting a position of
each of two or more targets is carried out continually.

6. The method of claim 1, comprising transmitting pulses
according to a sequence, optionally a temporal sequence,
which simultaneously focuses the single beam on each of the
two or more the target positions.

7. The method of claim 1, comprising employing an
ultrasound transducer comprising a programmable array
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configured to transmit pulses according to a sequence,
optionally a temporal sequence, that simultaneously focuses
the single beam on each of the two or more the target
positions.

8. The method of claim 1, comprising repeating the steps
at a frame rate of at least about 5,000 frames per second.

9. The method of claim 1, wherein the volume to imaged
comprises a tissue in a subject, optionally wherein the tissue
is selected from the group consisting of brain, breast and
thyroid tissue.

10. The method of claim 1, wherein the volume to be
imaged comprises a tumor in a subject, optionally a micro-
vasculature of a tumor, in a subject.

11. An imaging system comprising:

at least one ultrasound transducer configured to detect a

position of each of two or more targets in the volume
to be imaged, to generate and direct a single beam of
ultrasound energy toward the volume by simultane-
ously focusing the single beam on each of the two or
more the target positions, and to detect the ultrasound
energy from each of the two or more the target posi-
tions; and

a processor programmed to analyze data acquired by the

ultrasound transducer from the volume in order to
output an image from the volume.

12. The system of claim 11, wherein the at least one
ultrasound transducer comprises two or more ultrasound
transducers, optionally wherein each ultrasound transducer
1s configured to detect a position of each of two or more
targets in the volume to be imaged, to generate and direct a
single beam of ultrasound energy toward the volume by
simultaneously focusing the single beam on each of the two
or more the target positions, and to detect the ultrasound
energy from each of the two or more the target positions.

13. The system of claim 11, comprising a contrast agent,
wherein contrast agent is adapted for administration to the
volume, such that the each of the two or more targets can
comprise a contrast agent.

14. The system of claim 13, wherein the contrast agent
comptrises one or more microbubble, one or more micro-
droplet, or a combination thereof.

15. The system of claim 11, wherein the at least one
ultrasound transducer is configured to detect a position of
each of two or more targets by generating and directing a
plane wave into the volume.

16. The system of claim 11, wherein the at least one
ultrasound transducer is configured to detect a position of
each of two or more targets continually.

17. The system of claim 11, wherein the at least one
ultrasound transducer is configured to transmit pulses
according to a sequence, optionally a temporal sequence,
that simultaneously focuses the single beam on each of the
two or more the target positions.

18. The system of claim 11, wherein the at least one
ultrasound transducer comprises a programmable array con-
figured to transmit pulses according to a sequence, option-
ally a temporal sequence, which simultaneously focuses the
single beam on each of the two or more the target positions.

19. The system of claim 11, wherein the system is
configured to repeat functions at a frame rate of at least
about 5,000 frames per second.

20. The system of claim 11, wherein the system is
configured to image a volume comprising a tissue in a
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subject, optionally wherein the tissue is selected from the
group consisting of brain, breast and thyroid tissue.

21. The system of claim 11, wherein the system is
configured to image a volume comprising a tumor in a
subject, optionally a microvasculature of a tumor, in a
subject.

22. A non-transitory computer readable medium having
stored thereon executable instructions that when executed by
the processor of a computer control the computer to perform
steps comprising:

detecting a position of each of two or more targets in the

volume to be imaged;

generating and directing a single beam of ultrasound

energy toward the volume by simultaneously focusing
the single beam on each of the two or more the target
positions;

detecting the ultrasound energy from each of the two or

more the target positions; and

using the detected ultrasound energy to generate an image

of the volume to be imaged.

23. A method for generating a blood flow profile in a
blood vessel, the method comprising: detecting a position
and/or motion of a target in the blood flow in a blood vessel
to be imaged in a first ultrasound image and in a second
ultrasound image, wherein the first ultrasound image and the
second ultrasound image are generated by: (a) generating
and directing a beam of ultrasound energy toward the blood
vessel, (b) focusing the beam on the target, and (c) detecting
the ultrasound energy from the target, wherein steps (a)-(c)
are carried out in a manner that provides a super-resolved
image; and generating a blood flow profile in the blood
vessel based on the position and/or of the target in the first
frame and the second frame.

24. The method of claim 23, wherein the target comprises
a contrast agent.

25. The method of claim 24, wherein the contrast agent
comprises one or microbubble, one or more microdroplet, or
a combination thereof.

26. The method of claim 23, wherein the target comprises
two or more targets wherein the generating and directing a
beam of ultrasound energy toward the blood vessel and
focusing the beam on each of the two or more the targets
comprises:

generating and directing a single beam of ultrasound

energy toward the blood vessel by simultaneously
focusing the single beam on each of the two or more the
targets.

27. The method of claim 26, comprising transmitting
pulses according to a sequence, optionally a temporal
sequence, which simultaneously focuses the single beam on
each of the two or more the targets.

28. The method of claim 26. comprising employing an
ultrasound transducer comprising a programmable array
configured to transmit pulses according to a sequence,
optionally a temporal sequence, that simultaneously focuses
the single beam on each of the two or more the targets.

29. The method of claim 23, comprising repeating the
steps (a)-(c) at a frame rate of at least about 5,000 frames per
second.

30. The method of claim 23, wherein the blood vessel to
imaged comprises a blood vessel in a tissue in a subject,
optionally wherein the tissue is selected from the group
consisting of brain, breast and thyroid tissue.
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31. The method of claim 23, wherein the blood vessel to
be imaged comprises a blood vessel of a tumor in a subject.

32. The method of claim 23, 30 or 31, wherein the blood
vessel is present in the subject at a depth of at least about 3
centimeters

33. The method of claim 23, wherein generating a blood
flow profile comprises determining a velocity of the blood
flow, determining a blood vessel pattern, generating a tor-
tuosity measurement for the blood vessel.

34. The method of claim 23, wherein generating a blood
flow profile in the blood vessel based on the position and/or
of the target in the first frame and the second frame com-
prises applying a pattern matching function to the ultrasound
energy from the target in the first image and the second
image.

35. The method of claim 30, wherein the blood vessel is
in the brain of a subject, and the method comprises applying
a correction that refocuses the ultrasound beam as it propa-
gates through a skull of the subject and/or accounts for one
or more variation in skull morphology.

36. The method of claim 35, wherein the correction is
applied twice, first when the beam propagates through the
skull after being directed toward the blood vessel, and then
when the beam propagates from each of the two or more the
target positions for detection.

37. The method of claim 23, comprising detecting the
position and/or motion of a target in the blood flow in a
blood vessel to be imaged in a reference ultrasound image or
images and in a subsequent ultrasound image or images,
wherein the reference image or images and the subsequent
ultrasound image or images are generated by (a) generating
and directing a beam of ultrasound energy toward the blood
vessel, (b) focusing the beam on the target, and (c) detecting
the ultrasound energy from the target, wherein steps (a)-(c)
are carried out in a manner that provides a super-resolved
image; and generating a blood flow profile in the blood
vessel based on the position of the target in the reference
image or images and subsequent image or images.

39. An imaging system comprising:

at least one ultrasound transducer configured to detect a

position and/or motion of a target in the blood flow in
a blood vessel to be imaged in a first ultrasound image
and in a second ultrasound image, wherein the first
ultrasound image and the second ultrasound image are
generated by: (a) generating and directing a beam of
ultrasound energy toward the blood vessel, (b) focusing
the beam on the target, and (c) detecting the ultrasound
energy from the target, wherein steps (a)-(c) are carried
out in a manner that provides a super-resolved image;
and

a processor programmed to analyze data acquired by the

ultrasound transducer to generate a blood flow profile
in the blood vessel based on the position and/or of the
target in the first frame and the second frame.

40. The system of claim 39, comprising a contrast agent,
wherein the contrast agent is adapted for administration to
the blood vessel.

41. The system of claim 40, wherein the contrast agent
comprises one or microbubble, one or more microdroplet, or
a combination thereof.

42. The system of claim 39, wherein the target comprises
two or more targets and wherein the at least one ultrasound
transducer is configured to generate and direct a single beam
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of ultrasound energy toward the blood vessel by simultane-
ously focusing the single beam on each of the two or more
the targets.

43. The system of claim 42, wherein the at least one
ultrasound transducer is configured to transmit pulses
according to a sequence, optionally a temporal sequence,
which simultaneously focuses the single beam on each of the
two or more the targets.

44. The system of claim 42, wherein the at least one
ultrasound transducer comprises a programmable array con-
figured to transmit pulses according to a sequence, option-
ally a temporal sequence, that simultaneously focuses the
single beam on each of the two or more the targets.

45. The system of claim 39, wherein the at least one
ultrasound transducer is configured to repeat the steps (a)-(c)
at a frame rate of at least about 5,000 frames per second.

46. The system of claim 39, wherein the system is
configured to image a blood vessel in a tissue in a subject,
optionally wherein the tissue is selected from the group
consisting of brain, breast and thyroid tissue.

47. The system of claim 39, wherein the system is
configured to image a blood vessel of a tumor in a subject.

48. The system of claim 39, 46 or 47, wherein the blood
vessel is present in the subject at a depth of at least about 3
centimeters

49. The system of claim 39, wherein the processor is
configured to generate a blood flow profile comprising one
or more of a velocity of the blood flow, a blood vessel
pattern, and a tortuosity measurement for the blood vessel.

50. The system of claim 39, wherein the processor is
configured to apply a pattern matching function to the
ultrasound energy from the target in the first image and the
second image.

51. The system of claim 46, wherein the blood vessel is
in the brain of a subject, and the at least one ultrasound
transducer is configured to apply a correction that refocuses
the ultrasound beam as it propagates through a skull of the
subject and/or accounts for one or more variation in skull
morphology.

52. The system of claim 51, wherein the correction is
applied twice, first when the beam propagates through the
skull after being directed toward the blood vessel, and then
when the beam propagates from each of the two or more the
target positions for detection.

53. The system of claim 39, at least one ultrasound
transducer configured to detect the position and/or motion of
a target in the blood flow in a blood vessel to be imaged in
a reference ultrasound image or images and in a subsequent
ultrasound image or images, wherein the reference image or
images and the subsequent ultrasound image or images are
generated by (a) generating and directing a beam of ultra-
sound energy toward the blood vessel, (b) focusing the beam
on the target, and (c) detecting the ultrasound energy from
the target, wherein steps (a)-(c) are carried out in a marner
that provides a super-resolved image.

54. A non-transitory computer readable medium having
stored thereon executable instructions that when executed by
the processor of a computer control the computer to perform
steps comprising:

detecting a position and/or motion of a target in the blood

flow in a blood vessel to be imaged in a first ultrasound
image and in a second ultrasound image, wherein the
first ultrasound image and the second ultrasound image
are generated by: (a) generating and directing a beam of
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ultrasound energy toward the blood vessel, (b) focusing
the beam on the target, and (c) detecting the ultrasound
energy from the target, wherein steps (a)-(c) are carried
out in a manner that provides a super-resolved image;
and generating a blood flow profile in the blood vessel
based on the position and/or motion of the target in the
first frame and the second frame.
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