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7 ABSTRACT
(72) Inventor: Mark Carol, Charlotte, NC (US) A method of treating colorectal cancer included placing a
(21)  Appl. No.: 16/039,396 high intensity focused ultrasound (HIFU) probe proximate a
designated treatment volume at one of the colon and the
(22) Filed: Jul. 19, 2018 rectum of a patient. The method further includes delivering

HIFU via the HIFU probe at a frequency of at least 1 mHz
for at least 3 seconds to raise a temperature of a first portion

Publication Classification of the designated treatment volume to above 65° C.. thereby

(51) Int. CL ablating the first portion and causing a tissue defect within
AGIN 7/02 (2006.01) the designated treatment volume. The method further
CI2N 5/071 (2006.01) includes applying a nonablative dose of energy via the HIFU
A61B 5/00 (2006.01) probe to a second portion of the designated treatment
A61B 8/08 (2006.01) volume to provoke stem cell homing in the second portion,

A61B 8/00 (2006.01) thereby encouraging tissue regrowth.
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SYSTEM, APPARATUS AND METHOD FOR
HIGH INTENSITY FOCUSED ULTRASOUND
AND TISSUE HEALING ACTIVATION

SUMMARY

[0001] Ultrasound waves can be focused onto very small
volumes of tissue, which increases greatly their intensity;
hence the name high intensity focused ultrasound (HIFU).
Focused beams can be created using spherically-curved
transducers or by other means (using phased arrays, for
example), allowing energy to be deposited deep inside the
body. The ultrasound waves can pass through the skin and/or
other intervening tissues over a wide area producing relative
low spatial intensities and consequently create no or very
little damage until the waves coalesce at the focus, where
intensities can be 3 to 4 orders of magnitude higher than at
the transducer surface.

[0002] Ablative HIFU delivers energy using frequencies
ranging from approximately 1-5 MHz or higher with a beam
on duration of anywhere from approximately 1-60 seconds
at a time. By focusing the acoustic energy inside a tumor,
HIFU rapidly can raise the tissue temperature at its beam
focus well above 65° C., leading to thermal lesion formation
and/or cellular coagulative necrosis and in a well-defined
region. Coagulative necrosis can be characterized by the
formation of a gelatinous substance in dead tissues in which
the tissue is maintained and can be observed by light
microscopy. Coagulation occurs as a result of protein dena-
turation that causes the albumin in proteins to form a firm
and opaque state.

[0003] All tissue whose temperature rises above 60-65° C.
for three seconds, normal or cancerous, is killed. HIFU
presently is being used to ablate tumors noninvasively,
where relatively long, continuous exposures are employed to
produce the required high temperature elevations for thermal
ablation and direct tumor destruction.

[0004] While ideal for destroying solid tumors, ablative
HIFU is generally not an ideal where normal and cancer
cells are intermingled or in close proximity, and where it is
desirous to preserve the normal cells. Such scenarios occur
at the periphery of a solid tumor or in micro-metastatic
discase found distant from the primary tumor site. The
physician must determine whether to ablate all cancer along
with some normal tissue, or to preserve all normal tissue
along with some cancer cells.

[0005] HIFU can be used to impact cancers in several
other ways other than just pure ablation. A number of
preclinical studies have evaluated the potential of combining
HIFU ablation exposures with chemotherapy for the treat-
ment of tumors. These include the use of doxorubicin in liver
tumors, adriamycin in neuroblastoma, fluorouracil in peri-
toneal carcinomatosis, and paclitaxel and estramustine in an
AT2 Dunning adenocarcinoma. It is generally thought that
the improved effects of combining HIFU and these agents
occurs outside of the immediate treatment zone of the HIFU
beam (i.e., where thermal cytotoxicity is not occurring) and
is due either to the agents sensitizing the cells to increase the
normally subtherapeutic effects of the HIFU exposures, or
conversely, to the sub-lethal HIFU effects that improve the
uptake of the agents.

[0006] HIFU also has been shown to enhance the activity
of other approaches to treating cancer such as immuno-
therapy. The induction and maintenance of an effective
antitumor immune response can be dependent critically on
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dendritic cells (DCs) functioning as antigen-presenting cells
(APCs). Dendritic cells can capture antigens in peripheral
tumor tissues and migrate to secondary lymphoid organs,
where they cross-present the captured antigens to T cells and
activate them. To act as potent APCs, DCs must undergo
maturation, a state characterized by the upregulation of
major histocompatibility complex (MHC) and costimulatory
molecules and the production of cytokines such as IL-12.
However, the requisite signals for DC maturation are often
absent from the bed of poorly immunogenic tumors. Pre-
liminary evidence from several recent clinical and experi-
mental studies has suggested that HIFU may be unique
among the various means of thermal energy delivery in its
ability to enhance host systemic anti-tumor immunity by
stimulating the release of endogenous immunostimulatory
factors from tumor cells that encourage DCs to mature.
[0007] As has been observed with pharmaceuticals, infil-
trated DCs are recruited mostly to the periphery of thermal
lesions after HIFU exposure and tumor cells at the periphery
of HIFU-induced thermal lesions are most effective at
stimulating DCs to mature. The periphery of a thermal lesion
is a region that experiences a reversible heat effect on cells;
the dose of heat is not sufficient to destroy irreversibly the
cells but is perhaps sufficient to produce transient reversible
changes to cell membrane and cytoplasmic function. Studies
of other forms of focused ultrasound that are designed
specifically to have only a reversible component to their
tissue interaction (sometimes called low intensity focused
ultrasound or pulsed high intensity focused ultrasound) have
shown that changes in membrane permeability and other
cellular function may allow cellular comporents to become
more “visible” to blood borne cells, cellular components
and, presumably, to circulating drugs.

[0008] In order for any of these blood-borne agents to
produce an effect on targeted cells, either with or without
combination with focused ultrasound, the agents need to get
to the targeted volume. Unfortunately, a number of factors
have been identified in the microenvironment of solid
tumors that are responsible for non-uniform and insufficient
levels of anti-cancer agents being delivered to the cancerous
tissue. These occur due to abnormalities in both the vascu-
lature and the extracellular matrix that lead to deficiencies in
transvascular and interstitial transport, respectively, and that
can effect ultimately the bioavailability and efficacy of
chemotherapeutic agents.

[0009] Compared to normal tissues, blood vessels in
tumors are leaky, possessing large gaps between endothelial
cells. The vasculature is also chaotic in regards to spatial
distribution, microvessel length and diameter, and can be
tortuous and saccular and possess haphazard interconnec-
tions that render the vessels functionally abnormal. Prolif-
erating tumor cells can also generate solid pressure on blood
vessels that will further impair blood flow. Another impor-
tant characteristic of the tumor microenvironment is that the
combination of a leaky vasculature and a lack of functional
lymphatics can create increased interstitial fluid pressures
found just past the periphery of solid tumors. As a result,
extravasation of large convection-dependent agents can be
severely limited.

[0010] Another often overlooked factor for insufficient
delivery of anti-cancer agents to tumor cells is the increase
in mean distance between tumor cells and the blood vessels
that they supply. Whereas the well-organized, normal tissues
of the human body enable most cells to be within a few cell
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diameters of a blood vessel, this is often not the case in solid
tumors. Relatively higher cell proliferation rates in tumors,
compared to normal tissues, can result in tumor cells forcing
vessels apart, leading to a reduction in vascular density. As
a result, populations of cells are created that can be more
than 100 pm from blood vessels, a problem that may be
exacerbated further by the already poor organization of the
tumor vasculature. This phenomenon can lead to limited
access of drugs to tumor cells distant from blood vessels.
[0011] The distance between the tumor cells and the
vessels can also reduce the delivery of oxygen to the cancer
cells thereby creating conditions of hypoxia. It is well
known that cancers begin to become hypoxic in their interior
when they reach approximately 1 cm® in volume (1 c¢m in
diameter). Tumor hypoxia can lead to overexpression of
HIF-1a, which signals the production of CD24, which helps
tumors grow and metastasize. In addition to aggression,
(D24 has also been shown to confer resistance to the tumor
cells against most chemotherapy, allowing this small popu-
lation of resistant cells to regrow the tumor once chemo-
therapy ends, leading to relapse and disease progression.
Furthermore, regions of tumor that are under vascularized
and hypoxic can be subject to the build-up of metabolic
products (e.g., carbonic and lactic acid) that lower the
extracellular pH and affect the cellular uptake of some drugs.
[0012] Thus, specific cancer cells situated within a volume
of cancer cells cannot be expected to be destroyed by
approaches that require normal vascularization, such as
chemotherapy or an immune system response requiring
dendritic cells and T-cells being delivered to the cancer cells.
[0013] In summary, the tumor microenvironment poses a
formidable obstacle to enabling uniform and adequate deliv-
ery of anticancer agents. If delivered successfully, anticancer
agents could substantially improve the treatment of solid
tumors. Considerable effort, therefore, has gone into finding
ways to modify the tumor microenvironment for this pur-
pose with limited success.

[0014] A potential approach is to use ablation to control
the primary solid cancer and to use a secondary means, such
as an immunomodulatory agent, to control microscopic and
metastatic disease. Unfortunately, this approach has its
drawbacks as well. In clinical practice a HIFU treatment
targets typically the entire cancer volume, ablating all cancer
cells. Since the region of heat falloff occurs where there are
normal cells, there is an insufficient volume of cancer cells
that receive a reversible dose of HIFU to result in immune
system stimulation. It, therefore, is reasonable to speculate
that an optimized HIFU strategy that can increase the
effectiveness of anti-tumor agents at the periphery of a tumor
and/or locations of metastatic activity, yet still ablate solid
portions of a cancer, would be desirable.

[0015] One possible approach is a staged treatment: a dose
of heat is delivered to the entire target volume in order to
stimulate the immune system and then, at some later time, a
lethal dose of heat is delivered to the same target volume.
This approach has the benefit of eliciting potential immune
system stimulation from the largest volume of tumor pos-
sible and a response that targets all clones of cancer cells
within the zone of treatment. However, it gives the primary
target volume longer to grow in an untreated environment
and it requires multiple visits on the part of the patient to the
treating facility.

[0016] An alternative approach has been proposed in the
prior art that requires only a single visit. Labelled “sparse-
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scan” strategy, it creates discrete HIFU lesions within the
targeted volume of cancer cells that are separated by viable
cancer tissue between the lesions. The goal of this approach
is to ablate zones of solid cancer while preserving reversibly
impacted surrounding regions of tumor tissue that may
provide stimuli for DC maturation, thereby enhancing the
strength of HIFU-induced systemic antitumor immune
response.

[0017] While this approach may produce an enhanced
antitumor immune response that might be effective against
micrometastatic disease throughout the patient, it can be
problematic as a means of controlling the primary disease
itself. Part and parcel of the sparse-scan approach is the
preservation of cancer cells in the interior of a cancer
volume. A sparse scan strategy leaves viable tissue within
the interior of a tumor that is to be destroyed by vascular
delivery of dendritic cells and activated T-cells, yet for
which there is limited or no vascular supply.

[0018] Another possible approach is through the use of
shorter pulses of HIFU given in combination with relatively
short duty cycles, resulting in a decrease in the temporal
average intensities of the HIFU dose. Rather than the
continuous high frequency acoustic energy used with abla-
tive doses of HIFU, pulsed focused ultrasound (pFUS) uses
a lower frequency (100 KHz-1 MHz) delivered in bursts as
short as 1-10 milliseconds at a time. This reduces the
generation of heat resulting in non-lethal temperature eleva-
tions in the targeted tissue. Such exposures, which generate
transient temperature elevations of only approximately 4° C.
to 5° C., have been used to noninvasively enhance local
delivery of various macromolecules into different tissue
types, improving their therapeutic effects. Since the pulsed
dose is not sufficient to ablate the solid portion of the tumor,
additional technology would be required to provide the
ablative dose of focused ultrasound to be used in conjunc-
tion with the reversible dose.

[0019] Therefore, an improved way would be beneficial to
provide enhanced activation of the immune system, in order
to destroy cancer cells that cannot be targeted directly by
HIFU, while at the same time destroying all cancer cells
with targeted HIFU that cannot be impacted by an enhanced
immune systeni response.

[0020] Inone embodiment, the present disclosure includes
a means for delivering an ablative dose of focused ultra-
sound that will spare purposefully some portion of a volume
of cancer cells targeted for ablation, where that portion can
be sufficient to elicit an enhanced immune system response.
A HIFU probe can be provided, with or without on-board
imaging, capable of delivering or configured to deliver an
ablative dose of energy to a designated treatment volume.
Algorithms can be provided for determining a volume of
cancer cells, typically at the periphery of the targeted
volume and sufficient to elicit an enhanced immune system
response, and for adjusting the volume of ablation to result
in the sparing of that volume of cancer cells. Signal inter-
rogation and processing algorithms can be provided to
assess temperature inside the region of ablation and in the
region of dose falloff in order to insure that the designated
tissue is ablated while the region targeted for sublethal
dosing receives such a sublethal thermal dose.

[0021] In a further embodiment, the present disclosure
includes a means for delivering an ablative dose of focused
ultrasound to a designated volume of cancer cells and a
nonlethal dose of focused ultrasound to a second designated
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volume of cancer cells. A HIFU probe can be provided, with
or without on-board imaging, capable of delivering or con-
figured to deliver an ablative dose of energy using at least
one pulse sequence and set of parameters designed to
achieve such, and also is capable of delivering or configured
to deliver a nonlethal dose of energy using at least one
distinctly different pulse sequence and set of parameters
designed to achieve such a nonlethal dose. Algorithms can
be provided for determining a volume of cancer cells,
typically at the periphery of the targeted volume and suffi-
cient to elicit an enhanced immune system response, and for
adjusting the volume of ablation to result in the sparing of
that volume of cancer cells. Signal interrogation and pro-
cessing algorithms can be provided to assess temperature
inside the region of ablation and in the region of dose falloff
in order to ensure that the designated tissue 1s ablated while
the region targeted for sublethal dosing receives such a
sublethal thermal dose.

[0022] In one embodiment, the present disclosure includes
a method for delivering an ablative dose of focused ultra-
sound that will spare purposefully some portion of a volume
of cancer cells targeted for ablation, wherein that portion can
be sufficient to elicit an enhanced immune system response.
The method can include the placement of a HIFU probe,
with or without on-board imaging, adjacent to or within the
designated treatment volume; the determination of the vol-
ume of cancer cells, typically at the periphery of the targeted
volume, sufficient to elicit an enhanced immune system
response; a reduction in the designated treatment volume by
the volume of cancer cells sufficient to elicit an enhanced
immune system response; the ablation of the adjusted des-
ignated treatment volume; the use of signal interrogation and
processing algorithms to assess the temperature inside the
region of ablation and also in the region of dose falloff;
whereby the designated tissue can be ablated while the
volume required to produce an enhanced immune system
response receives only a sublethal thermal dose.

[0023] In one embodiment, the present disclosure includes
a further method for delivering an ablative dose of focused
ultrasound that will spare purposefully some portion of a
volume of cancer cells targeted for ablation, where that
portion can be sufficient to elicit an enhanced immune
system response. The method can include the placement of
a HIFU probe, with or without on-board imaging, adjacent
to or within the designated treatment volume; the ablation of
the designated treatment volume using at least one pulse
sequence and set of parameters designed to achieve such an
ablation; the use of the same probe to deliver, without
adjusting the position of the probe, a nonlethal nonablative
dose of energy to a second volume of tissue using at least
one distinctly different pulse sequence and set of parameters
designed to achieve such a nonlethal dose; the use of signal
interrogation and processing algorithms to assess the tem-
perature inside the region of ablation and also in the region
of sublethal damage; whereby a designated volume of tissue
can be ablated while a second volume of tissue can receive
a sublethal dosing of energy sufficient to elicit an immune
system response.

[0024] HIFU can be used in situations where a nonablative
impact is desired. Shorter pulses of HIFU given in combi-
nation with relatively short duty cycles will result in a
decrease in the temporal average intensities of the HIFU
dose. Rather than the continuous high frequency acoustic
energy used with ablative doses of HIFU, pFUS or non-
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ablative focused ultrasound (NAFUS) uses a lower fre-
quency (100 KHz -1 MHz) delivered in bursts as short as
1-10 milliseconds at a time. As described above, this reduces
the generation of heat resulting in non-lethal temperature
elevations in the targeted tissue. Such exposures, which
generate transient temperature elevations of only 4° C. to 5°
C., have been used to enhance noninvasively local delivery
of various macromolecules to different tissue types, improv-
ing their therapeutic effects.

[0025] One clinical indication being explored for ablative
HIFU is in the treatment of rectal cancer. Approximately
40-60% of cancers falling under the designation “colorectal
cancer” are rectal in location, and approximately 40-60% of
these are considered early stage, localized to a portion of the
rectal wall that can be identified using advanced imaging
techniques and that can be reached by a transrectal probe.
“Colorectal cancer” is defined herein as a cancer that starts
in the colon or the rectum. These cancers can also be named
colon cancer or rectal cancer, depending on where they
originate.

[0026] The current standard of care for early stage rectal
cancer is surgical resection of the malignancy. This can be
via local resection (T1 disease) or total mesorectal excision
(TME). 40% of rectal cancers are local and amendable to
these limited surgical approaches, resulting in a 90+% five
year survival. However, primary resection for early stage
disease is not without its drawbacks. Even with the wide-
spread use of laparoscopic resections, many patients are left
with significant morbidity following the life altering surgery.
The operative morbidity can be considerable particularly if
an open operation is required. There is also significant risk
of long term functional pathology post resection that has
considerable impact on quality of life. Anterior resection
syndrome affects up to 70% of patients post TME, with these
patients having worse quality of life scores than patients
who are not affected. While the pathophysiology is not yet
fully understood, it does represent a significant burden of
morbidity for these patients with no effective treatment. This
highlights the need for alternative/additional treatment
options in all stages rectal cancer to improve outcome and
reduce morbidity.

[0027] HIFU has been and is being used commonly for the
transrectal ablation of prostate cancer. Short and medium-
term data demonstrate that HIFU may be equivalent to some
current prostate cancer therapies but with reduced morbidity
and length of stay. As the prostate and rectum are adjacent,
there is now a natural evolution to translate the success in
prostate to the adjacent rectum/other pelvic structures. One
such application is in the treatment of local rectal cancer,
where the tumor and a surrounding margin are ablated
directly.

[0028] One of the potential risks associated with the use of
ablative energies, such as HIFU, in the local treatment of
rectal cancer is penetration of the rectal wall or the creation
of a rectal fistula due to full thickness rectal wall thermal
injury.

[0029] Stem cells have been shown to be effective in
encouraging tissue regrowth required to close rectal fistulas
or other tissue defects. Fistulas can occur spontaneously due
to Crohn’s disease or following surgery for rectal cancer.
Unfortunately, it can be difficult to get stem cells to the
region of tissue defect and/or confine them or to get them to
“stay in the region of interest.”
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[0030] NAFUS and pFUS have a beneficial effect on the
ability of stem cells (SC) to implement change. One of the
main obstacles to the successful treatment with stem cells is
getting the stem cells to where they are needed (i.e.. stem
cell migration or cell homing, which can, for example,
include stem cell engrafiment and stem cell repopulation)
and creating a suitable microenvironment for the stem cells
to differentiate into the desired cell lineages. Burks et al.,
“Noninvasive Pulsed Focused Ultrasound Allows Spa-
tiotemporal Control of Targeted Homing for Multiple Stem
Cell Types in Murine Skeletal Muscle and the Magnitude of
Cell Homing Can Be Increased Through Repeated Applica-
tion,” STEM CELLS 2013;31:2551-2560, which is hereby
incorporated by reference, has shown that NAFUS can be
used to target and maximize stem cell delivery by stimulat-
ing chemoattractant expression in pFUS-treated tissue prior
to cell infusions.

[0031] Due to the drawbacks of the prior art, a better way
is desired to treat localized rectal cancers while at the same
time minimizing the risks associated with potential penetra-
tion of the rectal wall (and/or other tissue or organs) during
such treatments.

[0032] In one embodiment, the presently disclosed tech-
nology includes a means for delivering an ablative dose of
focused ultrasound to destroy cancerous tissue and simul-
taneously or sequentially delivering a nonablative dose of
HIFU to surrounding or adjacent tissue that will enhance
and/or stimulate stem cell homing to repair any tissue defect
that may result from the ablative dose. A HIFU probe is
provided, with or without on-board imaging, capable of
delivering an ablative dose of energy to a designated treat-
ment volume. Signal interrogation and processing algo-
rithms are provided to assess temperature inside the region
of ablation and in the region of dose falloff in order to insure
that the designated tissue is ablated while the region targeted
for sublethal dosing receives a sublethal thermal dose.

[0033] In another embodiment, the presently disclosed
technology includes a means for delivering an ablative dose
of focused ultrasound to a designated volume of cancer cells
and a nonlethal dose of focused ultrasound to a second
designated volume of surrounding tissue. A HIFU probe is
provided, with or without on-board imaging, capable of
delivering an ablative dose of energy using at least one pulse
sequence and set of parameters designed to achieve such,
and also is capable of delivering a nonlethal dose of energy
using at least one distinctly different pulse sequence and set
of parameters designed to achieve such a nonlethal dose.
Signal interrogation and processing algorithms are provided
to assess temperature inside the region of ablation and in the
region of dose falloff in order to ensure that the designated
tissue is ablated while the region targeted for sublethal
dosing receives such a sublethal thermal dose.

[0034] As is to be appreciated by one skilled in the art, one
or more aspects of the foregoing disclosed systems and/or
methods may be combined or even omitted, if desirable.

DRAWINGS

[0035] The foregoing summary, as well as the following
detailed description of the presently disclosed technology,
will be better understood when read in conjunction with the
appended drawing(s). For the purpose of illustrating the
presently disclosed technology, there are shown in the
drawings various illustrative embodiments. It should be
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understood, however, that the presently disclosed technol-
ogy is not limited to the precise arrangements and instru-
mentalities shown.

[0036] FIG. la is a schematic representation of a side
elevation view of a probe according to one embodiment of
the present disclosure;

[0037] FIG. 15 is a schematic representation of a side
elevation view of a probe according to another embodiment
of the present disclosure

[0038] FIG. 1c¢ is a schematic representation of a top plan
view of a portion of the probe of FIG. 15;

[0039] FIG. 2 is a schematic representation of the opera-
tion of a probe of one embodiment of the present disclosure;
[0040] FIG. 3a is a schematic representation of tissue
designed to be treated with a probe of one embodiment of
the present disclosure;

[0041] FIG. 3b is a schematic representation of a first
treatment volume identified by a system of the present
disclosure;

[0042] FIG. 3¢ is a schematic representation of first and
second treatment volumes identified by a system of the
present disclosure;

[0043] FIG. 4a is a schematic representation of one envi-
ronment in which a probe of the present disclosure is
configured to operate;

[0044] FIG. 4b is a schematic representation of the opera-
tion of a probe of one embodiment of the present disclosure;
[0045] FIG. 4c is a schematic representation of the opera-
tion of a probe of one embodiment of the present disclosure;
[0046] FIG. 5a is a schematic representation of the opera-
tion of a probe of one embodiment of the present disclosure;
[0047] FIG. 556 is a schematic representation of the opera-
tion of a probe of one embodiment of the present disclosure;
and

[0048] FIG. 6 is a schematic representation of an exem-
plary computing system useful for performing at least cer-
tain processes disclosed herein.

DETAILED DESCRIPTION

[0049] Various embodiments of the present disclosure are
described hereinafter with reference to the figures. It should
be noted that the figures are not drawn to scale and elements
of similar structures or functions are represented by like
reference numerals throughout the figures. It should also be
noted that the figures are not intended to facilitate the
description of specific embodiments of the presently dis-
closed technology. The figures are not intended as an
exhaustive description of the invention or as a limitation on
the scope of the presently disclosed technology. In addition,
an aspect described in conjunction with a particular embodi-
ment of the presently disclosed technology is not necessarily
limited to that embodiment and can be practiced in any other
embodiments of the presently disclosed technology. Thus,
features of any one embodiment disclosed herein can be
omitted or incorporated into another embodiment.

[0050] It will be appreciated that while various embodi-
ments of the presently disclosed technology are described in
connection with radiation treatment of tumors, the claimed
invention has application in other industries and to targets
other than cancers. Unless specifically set forth herein, the
terms “a,” “an” and “the” are not limited to one element, but
instead should be read as “at least one.” Any headings used
herein are for organizational purposes only and are not
meant to limit the scope of the description or the claims.
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[0051] In oneembodiment, the present disclosure includes
a system for performing a surgical procedure. The system
can include a probe 100 having a shaft 101 and at least one
transducer 102 configured to deliver thermal energy to
tissue, generally designated 10, to a designated first treat-
ment volume or region, generally designated 12, and/or to a
second treatment volume or region, generally designated 14.
The first treatment volume 12 can represent a volume for
immune activation, stem cell homing, and/or an outer
periphery of an ablation zone 13. As shown in FIG. 2, a
nonablative or nonlethal region 15 can surround the ablation
zone 13. In other words, the nonlethal region 15 can be
formed between an outer periphery of the first treatment
volume 12 and an inner periphery of the second treatment
volume 14.

[0052] The transducer can be configured to also generate
images of the designated treatment volume and surrounding
tissue. The images can be used to correctly position the
delivery of thermal energy. A user input interface or display
can be provided to define the first treatment volume 12. The
user interface can also allow for the designation of the
second treatment region 14, volume, or location of tissue, for
example at a periphery of the first treatment volume 12 or
spaced outwardly from the first treatment volume 12, which
can receive a nonablative or sublethal dose of thermal
energy (FIG. 4c, for example). Once the second region 14
slated to receive a nonlethal dose has been defined, the
settings for delivering the ablative dose of thermal energy to
the first volume 12 can be determined such that the dose
falloff region of the ablative dose covers the second volume
14 insuring that the second volume receives a sublethal
thermal dose. The size, shape, location, and/or configuration
of each of the first and second regions 12, 14 can vary
depending upon the desired treatment. For example, as
shown in FIG. 3¢, each region 12, 14 can be generally
circular and the regions 12, 14 can be concentric. Alterna-
tively, the first region 12 can have a first shape, while the
second region 14 can have a different second shape.

[0053] In addition to being related to the size of the
ablation volume, the magnitude of the volume of tissue that
needs to be exposed to a sublethal dose of thermal energy
may be related to cancer type, organ location, and/or other
factors impacting the reliability of immune system activa-
tion and/or stem cell homing, or it can be determined
arbitrarily. The user interface of the probe 100 can provide
a means for allowing these factors to be taken into account
by entering any combination of the volume of tissue to be
exposed to a sublethal dose, the thickness of the rim of tissue
surrounding the zone to be ablated that is to be exposed to
a sublethal dose, and/or other means that will allow the
volume of tissue that is to be exposed to a sublethal dose to
be inputted or defined. The presence of critical structures,
generally designated 16, (e.g., an organ) (e.g., see FIGS.
4a-4c) close to the target volume can also be considered
during the definition of the lethal/sublethal volumes. For
example, target volumes close to critical structure(s) can
receive a sublethal dose 18, while target volumes further
away from the critical structures may be chosen to receive
a lethal dose 20 (FIGS. 45 and 4c¢).

[0054] Furthermore, settings used to produce a desired
volume of ablation can take into account the dynamics of
energy buildup and energy falloff in ablated tissue. With a
dose of HIFU sufficient to ablate tissue, the fall-off in
thermal energy from ablated to non-ablated tissue can be
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very sharp in the lateral direction, on the order of a small
number of cells. In the direction of the HIFU beam 60
(proximal and distal) (see FIG. 2), the transition zone
between ablation and non-ablation is wider. Post-focal (dis-
tal) falloff can be fairly steep, comprising a region of dose
bleed over from a degree of fuzziness that results from the
way the beam is focused onto a relatively small zone, a
degree that is relatively independent of the amount of dose
delivered to the tissue. Pre-focal (proximal) demarcation
between ablation and nonablation is variable and depends to
a large degree on the size of the zone of ablation and speed
with which energy is deposited in the tissue. In one embodi-
ment, these factors should be taken into account in order to
determine the size of the transition zone that will result from
a given ablation zone. By knowing the volume of tissue that
needs to receive a sublethal dose, and the size of the zone
that under ideal circumstances would be ablated, it is pos-
sible to determine the volume of ablation that can be realized
while still achieving the sublethal volume requirement. An
optimization algorithm, such as simulated annealing, com-
binatorial optimization, dynamic programming, evolution-
ary algorithm, gradient method, stochastic optimization, and
others known to those skilled in the art, may be used to
determine the optimal volume of ablation, based on inputted
values and tissue characteristics, such that said volume is
maximized while still preserving the volume of treated
tissue receiving a sublethal thermal dose.

[0055] In an alternative embodiment, the region of tissue
slated to receive a sublethal dose can be treated with energy
delivery parameters different from those used to deliver a
lethal or ablative dose. As an example, the parameters for
pFUS, which is nonablative, differ greatly from those of
ablative focused ultrasound and are designed to ensure that
the tissue exposed to pFUS is not ablated. A typical set of
parameters for delivering an ablative dose of focused ultra-
sound include a frequency of approximately 4 MHz versus
a pFUS frequency of approximately 1 MHz; a spatial
average temporal average intensity (Is,.,) of approximately
2,500 watts W/cm® for an ablative dose compared to
approximately 100-1,000 W/em? for pFUS; and a duty cycle
for ablation consisting of several seconds of beam ON time
followed by several seconds of beam OFF time (such as 3
sec on/3 sec off, 3 sec on/6 sec off; 3 sec ON/3 sec ON, 3
seconds OFF; etc.) versus a duty cycle of 100 ms ON/900 ms
OFF for pFUS. While parameters such as frequency, inten-
sity, and duty cycle are achievable by changing software
settings driving a transducer, changing frequency typically
requires the use of separate crystals for each frequency, but
can also be accomplished by operating the crystal at its 3rd
harmonic, for example.

[0056] Referring to FIGS. 1a-2, the probe 100 can be
provided equipped with one or more ultrasound transducers
102 that can be used to image and/or treat a region of
interest. The transducer(s) 102 can be powered in such a
manner as delivering both an ablative dose of focused
ultrasound in a continuous or semi-continuous manner and/
or a nonablative dose of focused ultrasound in a pulsed or
continuous manner. Such a focused ultrasound (FUS) probe,
capable of delivering ablative and nonablative treatment,
can have many possible configurations, including:

[0057] 1) Atwo-sided transducer that is flipped between
a side with a crystal optimized for pFUS, generally
designated 46, and a second side with a crystal opti-
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mized for aFUS (ablative focused ultrasound), gener-
ally designated 48 (FIG. 1a);

[0058] 2) A single array transducer divided in at least
two parts, one with crystals optimized for pFUS, gen-
erally designated 50, and one with crystals optimized
for aFUS, generally designated 52 (FIGS. 16 and 1c¢);
and

[0059] 3) Asingle element or array transducer where the
crystal(s) is driven at its fundamental frequency for
pFUS and at its 3" and/or 5 harmonic for aFUS.

The table below outlines some of the characteristics that
differentiate the mechanism of action and the expected
outcome of HIFU and pHIFU (pulsed high intensity focused
ultrasound) (or pFUS).

Parameter HIFU pHIFU (or pFUS)
Frequency 1-4 MHz 100 KHz-1 MHz
Temperature rise in C. 30-50 approximately 3-5
Treatment Exposure Mode —Continuous Pulsed

Beam On Time 3-20 seconds 1-10 m seconds
Focal site peak intensity 600-4000 100-1000

(w/cm2)

Desired Cellular effect Thermal coagulative Mechanical Stress

necrosis Hyperthermia
Cellular changes Trreversible Cell Reversible Membrane
death and cellular changes

[0060] One or more of the above-described techniques
and/or embodiments may be implemented with or involve
software, for example modules executed on or more com-
puting devices 210 (see FIG. 6). Of course, modules
described herein illustrate various functionalities and do not
limit the structure or functionality of any embodiments.
Rather, the functionality of various modules may be divided
differently and performed by more or fewer modules accord-
ing to various design considerations.

[0061] Each computing device 210 may include one or
more processing devices 211 designed to process instruc-
tions, for example computer readable instructions (i.e.,
code), stored in a non-transient manner on one or more
storage devices 213. By processing instructions, the pro-
cessing device(s) 211 may perform one or more of the steps
and/or functions disclosed herein. Each processing device
may be real or virtual. In a multi-processing system, mul-
tiple processing units may execute computer-executable
instructions to increase processing power.

[0062] The storage device(s) 213 may be any type of
non-transitory storage device (e.g., an optical storage device,
a magnetic storage device, a solid state storage device, etc.).
The storage device(s) 213 may be removable or non-remov-
able, and may include magnetic disks, magneto-optical
disks, magnetic tapes or cassettes, CD-ROMs, CD-RWs,
DVDs, BDs, SSDs, or any other medium which can be used
to store information. Alternatively, instructions may be
stored in one or more remote storage devices, for example
storage devices accessed over a network or the internet.
[0063] Each computing device 210 additionally may have
memory 212, one or more input controllers 216, one or more
output controllers 215, and/or one or more communication
connections 240. The memory 212 may be volatile memory
(e.g., registers, cache, RAM, etc.), non-volatile memory
(e.g., ROM, EEPROM, flash memory, etc.), or some com-
bination thereof. In at least one embodiment, the memory
212 may store software implementing described techniques.
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[0064] An interconnection mechanism 214, such as a bus,
controller or network, may operatively couple components
of the computing device 210, including the processor(s) 211,
the memory 212, the storage device(s) 213, the input con-
troller(s) 216, the output controller(s) 215, the communica-
tion connection(s) 240, and any other devices (e.g., network
controllers, sound controllers, etc.). The output controller(s)
215 may be operatively coupled (e.g., via a wired or wireless
connection) to one or more output devices 220 (e.g., a
monitor, a television, a mobile device screen, a touch-
display, a printer, a speaker, etc.) in such a fashion that the
output controller(s) 215 can transform the display on the
display device 220 (e.g., in response to modules executed).
The input controller(s) 216 may be operatively coupled
(e.g., via a wired or wireless connection) to an input device
230 (e.g., a mouse, a keyboard, a touch-pad, a scroll-ball, a
touch-display, a pen, a game controller, a voice input device,
a scanning device, a digital camera, etc.) in such a fashion
that input can be received from a user.

[0065] The communication connection(s) 240 may enable
communication over a communication medium to another
computing entity. The communication medium conveys
information such as computer-executable instructions, audio
or video information, or other data in a modulated data
signal. A modulated data signal is a signal that has one or
more of its characteristics set or changed in such a manner
as to encode information in the signal. By way of example,
and not limitation, communication media include wired or
wireless techniques implemented with an electrical, optical,
RF, infrared, acoustic, or other carrier,

[0066] FIG. 6 illustrates the computing device 210, the
output device 220, and the input device 230 as separate
devices for ease of identification only. However, the com-
puting device 210, the display device(s) 220, and/or the
input device(s) 230 may be separate devices (e.g., a personal
computer connected by wires to a monitor and mouse), may
be integrated in a single device (e.g., a mobile device with
a touch-display, such as a smartphone or a tablet), or any
combination of devices (e.g., a computing device opera-
tively coupled to a touch-screen display device, a plurality
of computing devices attached to a single display device and
input device, etc.). The computing device 210 may be one or
more servers, for example a farm of networked servers, a
clustered server environment, or a cloud services running on
remote computing devices.

[0067] In one embodiment, the presently disclosed tech-
nology includes a method for delivering an ablative dose of
focused ultrasound that will purposefully spare or not dis-
rupt some portion of a volume of cancer cells targeted for
ablation. The steps for doing so can include one or more of
the below, in the below-listed or a modified order:

[0068] 1. Segmenting or defining the target volume
using a variety of imaging tools, including ultrasound
(US), MR, CT, and PET to identify the region targeted
for treatment, which is subsequently defined using
typical segmentation tools and algorithms resulting in a
structure or structures that can be manipulated in a
treatment planning system,

[0069] 2. Inputting either the type of cancer, which
generates the volume of tissue required for immunos-
timulation and/or stem cell homing or activation based
on a nomogram, or inputting directly the volume of
tissue required to receive a nonablative dose. In one
embodiment, this input occurs into the computer sys-
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tem, which can store the probe properties, and be
configured to determine the type of target tissue needed
to accomplish the goal(s) described herein. This can
occur during the treatment planning stages, for
example, but generally after the cancer type is known
(e.g., from imaging results, biopsy, etc.);

[0070] 3. Determining, either automatically or manu-
ally, the thickness of the rim or area of targeted tissue
or total volume of tissue required to be dosed suble-
thally;

[0071] 4. Determining, either automatically or manu-
ally, the volume and/or location of tissue to be ablated,
which is equal to the total target volume defined on the
imaging study minus the region to treated with a
nonablative dose;

[0072] 5. Determining where the fall-off region of an
ablative dose of focused ultrasound should fall such
that the region to receive a nonablative dose of focused
ultrasound actually receives a nonablative dose of
focused ultrasound dose falloff projected to occur given
the treatment parameters (e.g., diameter of dose, type of
dose delivery, total dose, time to deliver dose, etc.);
and/or

[0073] 6. Delivering an ablative dose of focused ultra-
sound to the specified treatment volume thereby ablat-
ing the bulk of the targeted volume of cancer cells in the
central portion of the tumor while exposing a rim of
cancer cells to a sublethal dose of HIFU that will result
in enhanced activation of an immune system response.

[0074] Alternatively, the regions targeted for ablation and
nonablation can be treated using different focused ultra-
sound parameters delivered using a single or multiple ultra-
sound crystals. The steps for doing so can include one or
more of the below, in the below-listed or a modified order:

For Both Embodiments (i.e., Immunostimulation and Stem
Cell Homing/Activation):

[0075] 1. Segmenting the target volume using a variety
of imaging tools, including US, MRI, CT, and PET to
identify the region targeted for treatment which is
subsequently defined using typical segmentation tools
and algorithms resulting in a structure or structures that
can be manipulated in a treatment planning system;

For lmmunostimulation or Immune System Activation
Embodiment:

[0076] 2. Inputting either the type of cancer, which
generates the volume of tissue required for immunos-
timulation based on a nomogram, or inputting directly
the volume of tissue required to receive a nonablative
dose;

For Stem Cell Homing and/or Activation Embodiment:

[0077] 2. Inputting either the size of the anticipated
tissue defect resulting from ablation that generates the
volume of tissue required for stem cell homing and/or
activation based on a nomogram, or inputting directly
the volume of tissue required to receive a nonablative
dose;

For Both Embodiments:

[0078] 3. Determining, either automatically or manu-
ally, the thickness of the rim or area of targeted tissue
or total volume of tissue required to be dosed suble-
thally;

Jan. 23,2020

[0079] 4. Determining, either automatically or manu-
ally, the volume and location of tissue to be ablated
which is equal to the total target volume defined on the
imaging study minus the region to treated with a
nonablative dose; and/or

[0080] 5. Delivering to the region to be ablated an
ablative dose of focused ultrasound using one set of
focused ultrasound delivery parameters and character-
istics and to the region to receive immunostimulation a
nonablative dose of focused ultrasound using second
set of focused ultrasound delivery parameters and char-
acteristics, whereby the region designated to receive an
ablative dose of focused ultrasound receives an ablative
dose and the region required to receive a nonablative
dose of focused ultrasound receives a nonablative dose
of focused ultrasound, achieving the goal of ablating as
much of the target volume as possible while delivering
an immunostimulating dose of focused ultrasound to
the volume of tissue required to produce an immuno-
stimulatory response.

[0081] In one embodiment, the presently disclosed tech-
nology uses a first set of parameters to ablate cancer in a first
region of a patient and second set of parameters to attract
stem cells to a second, different region of the patient.
Benefits of the presently disclosed technology directed to
stem cell homing and/or activation are that it treats cancer
and closes a tissue defect of the patient (i.e., heal and/or
improve healing of damaged tissue). Optionally, one
embodiment of the presently disclosed technology is tar-
geted specifically at the rectum area of the patient because
the act of ablation will create a tissue defect (e.g., one or
more rectal fistulas) that could be problematic due to its
anatomic function. The concept of the presently disclosed
technology directed to stem cell homing can be applied to
other targeted tissue and/or organs, such as the esophagus,
colon, stomach and the like, for example, where a tissue
defect from HIFU could result in serious side effects. Thus,
optionally, the portions or organs of a patient that could
benefit from the presently disclosed technology in which
stem cell homing is provoked and/or activated include the
rectum, colon, stomach, small bowel, gall bladder, uterus,
vagina, bladder, oral mucosa, and skin.

[0082] In one embodiment, the volumes targeted by the
presently disclosed technology directed to stem cell homing
and/or activation share a common attribute: they themselves
are a “vessel” that contain fluid (e.g., liquid and/or gas) that
is not intended or beneficial to be released from the vessel
from which they are held. Employing the presently disclosed
technology directed to stem cell homing and/or activation
can enhance sealing (e.g., healing) of a defect of a wall (i.e.,
of the vessel), such that the fluid(s) or contents of the vessel
contained by tissue remain secure. This applies to each of the
above-mentioned portions, organs, or tissues, except oral
mucosa and skin. For these two target volumes, the tissue
does not necessarily contain fluid or other material that is not
supposed to be released per se, but the treatment (e.g.,
ablation) can create a defect in the container wall that can
become problematic, e.g. infection or disfiguring, and there-
fore would benefit from earlier or quick closure.

[0083] The presently disclosed technology directed to
stem cell homing and/or activation cannot necessarily be
applied (or is not necessarily beneficial) to the destruction of
tissue within other targeted organs, tissue, or glands, such as
the prostate, breast, kidney or the like, where the target
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volume is contained within an organ or gland that is pro-
tected by a capsule that is not ablated. For example, for the
prostate, tissue is ablated or destroyed within the prostatic
capsule. The same applies to the liver or kidney, muscle,
brain, breast, etc. With these portions, tissue, or organs, a
hole is not created by ablation that might allow egress of
toxic or potentially harmful or undesirable internal compo-
nents that if move or escape might be dangerous or not ideal
to the health of the patient (e.g., infection).

[0084] In one embodiment, stem cells are injected into or
delivered to the patient. For example, the stem cells can be
injected directly into or near the region, or can be introduced
via a systemic injection, where stem cells are delivered to or
near the region of interest by the vascular tree and retained
in the region due to the beneficial homing aspects of pFUS
or NAFUS. In one embodiment, the stems cells are injected
intravenously or otherwise inserted into the patient. The
nonablative dose of ultrasound (e.g., pFUS) causes the stem
cells to home to the region of the patient that is being treated.
In one embodiment, the stem cells circulate and are caused
to exit the circulation and deposit or remain where the
nonablative dose of ultrasound is localized.

[0085] The above-described stems cells are not endog-
enous to the region and are added by this injection or
introduction. This is an area wherein immunotherapy and
stem cell therapy differ. In immunotherapy, endogenous or
exogenous immune system cells can be delivered to the
patient. In stem cell therapy, such as the present embodi-
ment, exogenous stem cells are delivered to the patient. Any
form of stem cell (such as embryonic stem cells, various
types of tissue-specific stems cells, mesenchymal stem cells,
and/or induced pluripotent stem cells) that may be of thera-
peutic benefit to the repair of a tissue defect can be used. The
form of stem cells can be selected based on indication. The
introduction of stem cells to the relevant region can occur 1)
before ablation occurs, ii) after ablation and prior to the
application of nonablative ultrasound, and/or iii) after both
ablation and the application of nonablative ultrasound.
Optionally, the introduction of stem cells can be in parallel
with ablation or the nonablative dose of ultrasound.

[0086] Therefore, the presently disclosed technology is
well adapted to attain the ends and advantages mentioned as
well as those that are inherent therein. While numerous
changes may be made by those skilled in the art, such
changes are encompassed within the spirit of the presently
disclosed technology as illustrated, in part, by the appended
claims.

I/we claim:

1. A method of treating colorectal cancer, the method
comprising:

introducing stem cells into a patient;

placing a high intensity focused ultrasound (HIFU) probe
proximate a designated treatment volume at or near the
colon or the rectum of the patient;

delivering HIFU via the HIFU probe at a frequency of at
least 1 mHz for at least 3 seconds to raise a temperature
of a first portion of the designated treatment volume to
above 65° C., thereby ablating the first portion and
causing a tissue defect within the designated treatment
volume; and

applying a nonablative dose of energy via the HIFU probe
to a second portion of the designated treatment volume
to provoke stem cell homing in the second portion,
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thereby encouraging tissue regrowth required to close
the tissue defect within the designated treatment vol-
ume.

2. The method of claim 1, wherein the application of the
nonablative dose of energy uses a frequency between 100
KHz-1 MHz delivered in bursts between 1-10 milliseconds
at a time.

3. The method of claim 2, wherein the application of the
nonablative dose of energy is delivered simultaneously to
the delivery of HIFU to ablate the first portion.

4. The method of claim 2, wherein the second portion
surrounds the first portion.

5. The method of claim 1, wherein the tissue defect is at
least one of colon fistulas or a rectal fistulas.

6. The method of claim 1, wherein prior to placing the
HIFU probe proximate the designated treatment volume, the
method comprising imaging the designated treatment vol-
ume using at least one of ultrasound, magnetic resonance
imaging, computed tomography and positron emission
tomography.

7. The method of claim 1, wherein the stem cells are
exogenous stems cells and are injected into the designated
treatment volume, and wherein the injection of stem cells
occurs before the application of a nonablative dose of energy
via the HIFU probe to the second portion of the designated
treatment volume.

8. A method of treating cancer, the method comprising:

placing an ultrasound probe proximate a designated treat-

ment volume of a patient, the designated treatment
volume forming at least a portion of one or more of the
following of the patient: rectum, colon, stomach, small
bowel, gall bladder, uterus, vagina, bladder, oral
mucosa, and skin;

ablating a first portion of the designated treatment volume

with the ultrasound probe using a first set of parameters
designed to achieve ablation;

injecting exogenous stem cells into the patient; and

applying a nonablative dose of energy to a second portion

of the designated treatment volume with the ultrasound
probe using a second set of parameters designed to
achieve such a nonlethal dose, the second portion being
distinct from the first portion,

wherein the application of a nonablative dose of energy to

the second portion provokes stem cell homing at the
second portion.

9. The method of claim 8, wherein the provocation of
stem cell homing encourages tissue regrowth to close one or
more tissue defects.

10. The method of claim 8, wherein the ablation of the
first portion is completed using at least one pulse sequence
and set of parameters designed to achieve such an ablation,
and wherein the application of a nonablative dose of energy
to the second portion is completed using at least one
different pulse sequence than that used on the first portion
and a set of parameters designed to achieve such a nonlethal
dose.

11. The method of claim 10, wherein the probe is in a first
position when the ablative energy is directed to the first
portion, and wherein the probe is in the same first position
during the application of a nonablative dose of energy to the
second portion.

12. The method of claim 8, wherein the probe includes
one or more ultrasound transducers configured to image and
treat the designated treatment volume, the one or more
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ultrasound transducers including at least one first crystal
optimized for pulsed focused ultrasound (pFUS) and at least
one second crystal optimized for ablative focused ultrasound
(aFUS), the at least one first crystal being located on a first
side of the transducer and the at least one second crystal
being located on an opposing second side of the transducer.

13. The method of claim 12, wherein the one or more

ultrasound transducers are each single array transducers
formed of a two parts, the two parts include at first crystal
optimized for pFUS and a second crystal optimized for
aFUS, and wherein the second crystal surrounds at least a
portion of the first crystal.

14. The method of claim 8, further comprising:

defining the first portion of the designated treatment
volume prior to ablating the first portion; and

defining the second portion of the designated treatment
volume prior to ablating the first potion,

wherein the second portion surrounds the first portion.

15. A system for treating rectal cancer, the system com-

prising:

a high intensity focused ultrasound (HIFU) probe includ-
ing a shaft and at least one transducer, the probe
including one or more ultrasound transducers config-
ured to image and treat a designated treatment volume,
the one or more ultrasound transducers including at
least one first crystal optimized for pulsed focused
ultrasound (pFUS) and at least one second crystal
optimized for ablative focused ultrasound (aFUS), the
probe being configured to deliver HIFU at a frequency
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of at least 1 mHz for at least 3 seconds to raise a
temperature of a first portion of the designated treat-
ment volume to above 65° C. thereby ablating the first
portion and causing at least one tissue defect, the probe
being configured to apply a nonablative dose of energy
to a second portion of the designated treatment volume,
thereby provoking stem cell homing to encourage tis-
sue regrowth to close the at least one tissue defect
resulting from the ablation of the first portion.

16. The system of claim 15, wherein probe is configured
such that the application of the nonablative dose of energy
uses a frequency between 100 KHz-1 MHz delivered in
bursts between 1-10 milliseconds at a time.

17. The system of claim 16, wherein the one or more
ultrasound transducers are configured to image the desig-
nated treatment volume are configured to deliver the ablative
dose of focused ultrasound in a semi-continuous manner.

18. The system of claim 16, wherein the one or more
ultrasound transducers are configured to image the desig-
nated treatment volume are configured to deliver the nonab-
lative dose of focused ultrasound in a continuous manner.

19. The system of claim 18, wherein the at least one first
crystal is located on a first side of the at least one transducer
and the at least one second crystal is located on an opposing
second side of the at least one transducer.

20. The system of claim 18, wherein the second crystal
surrounds at least a portion of the first crystal.
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