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(57) ABSTRACT

Systems and methods for histotripsy and immunotherapy are
provided. In some embodiments, histotripsy can be applied
to a target tissue volume to lyse and solubilize the target
tissue volume to release tumor antigens. In some embodi-
ments, an immune response of the treatment can be evalu-
ated. In other embodiments, an 1mmune therapy can be
applied after applying the histotripsy. In one embodiment,
the lysed and solubilized cells can be extracted from the
tissue. The extracted cells can be used to create immune
therapies, including vaccines.
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SYSTEMS AND METHODS FOR
HISTOTRIPSY IMMUNOSENSITIZATION

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a continuation of U.S. applica-
tion Ser. No. 17/161,498, filed Jan. 28, 2021, titled “Systems
And Methods For Histotripsy Immunosensitization” which
application claims the benefit of priority of U.S. Provisional
Application No. 62/966,960, filed Jan. 28, 2020, the disclo-
sure¢ of which 1s herein incorporated by reference in its
entirety.

STATEMENT AS TO FEDERALLY SPONSORED
RESEARCH

[0002] This invention was made with Government support
under CA211217 awarded by the National Institutes of
Health. The Government has certain rights 1n the invention.

INCORPORAITION BY REFERENCE

[0003] All publications and patent applications mentioned
in this specification are herein imcorporated by reference to
the same extent as 1f each individual publication or patent
application was specifically and individually indicated to be
incorporated by reference.

FIELD

[0004] The present disclosure details novel high intensity
therapeutic ultrasound (HITU) systems configured to pro-
duce acoustic cavitation, methods, devices and procedures
for the mimimally and non-invasive treatment of healthy,
diseased and/or 1njured tissue. The acoustic cavitation sys-
tems and methods described herein, also referred to Histo-
tripsy, may include transducers, drive electronics, position-
ing robotics, 1maging systems, and integrated treatment
planning and control software to provide comprehensive
treatment and therapy for soit tissues 1n a patient.

BACKGROUND

[0005] Histotripsy, or pulsed wultrasound cavitation
therapy, 1s a technology where extremely short, intense
bursts of acoustic energy mduce controlled cavitation (mi-
crobubble formation) within the focal volume. The vigorous
expansion and collapse of these microbubbles mechanically
homogenizes cells and tissue structures within the focal
volume. This 1s a very different end result than the coagu-
lative necrosis characteristic of thermal ablation. To operate
within a non-thermal, Histotripsy realm; 1t 1s necessary to
deliver acoustic energy in the form of high amplitude
acoustic pulses with low duty cycle.

[0006] Compared with conventional focused ultrasound
technologies, Histotripsy has important advantages: 1) the
destructive process at the focus 1s mechanical, not thermal;
2) cavitation appears bright on ultrasound imaging thereby
confirming correct targeting and localization of treatment; 3)
treated tissue generally, but not always, appears darker
(more hypoechoic) on ultrasound 1maging, so that the opera-
tor knows what has been treated; and 4) Histotripsy pro-
duces lesions 1 a controlled and precise manner. It is
important to emphasize that unlike thermal ablative tech-
nologies such as microwave, radiofrequency, and high-

Jan. 25, 2024

intensity focused ultrasound (HIFU), Histotripsy relies on
the mechanical action of cavitation for tissue destruction.

[0007] Cancer immunotherapy harnesses the flexibility
and power of the immune system to recognize and reject
tumors based on their expression of foreign antigens. Con-
temporary immunotherapy using monoclonal antibodies
against CTLA-4 and PD-1 that disable the ability of cancers
to suppress CD8+ T cells has revolutionized the manage-
ment of cancers like melanoma and lung cancer. Cancers
overcome the immune system in two ways: (1) actively
disabling immune responses, such as through the engage-
ment of checkpoint mechanisms, and; (2) passively avoiding
detection, veiling their antigens from the immune system.
Advances 1n cancer immunotherapy are finally being actu-
alized with checkpoint inhibition (CI) therapy. CI targets the
first mechanism of immune suppression, but does nothing to
mitigate the second mechanism of immune avoidance.

[0008] The limits of these types of immunotherapy are
already evident. The first limit 1s inherent non-specificity;
because the eflects of CI are not limited to tumor-directed T
cell responses, 1ts eflicacy i1s mextricably linked to autoim-
mune complications, and more aggressive combinatorial
approaches to CI have only increased the risk of occasion-
ally life-threatening autoimmunity. The second limit 1s 1ts
limited utility; whereas CI works well against inherently
immunogenic cancers like melanoma and lung cancer, 1t has
not altered the prognosis of stubbornly non-immunogenic
cancers like liver and pancreatic malignancies.

[0009] Recently, high intensity focused ultrasound (HIFU)
thermal ablation has been shown to induce anti-tumor
immunity 1n preclinical and clinical studies. Some evidence
suggests that cells 1n the periphery of the HIFU ablation
zone do not receive a lethal thermal dose, but experience
thermal stresses that ultimately lead to apoptosis, triggering
tumor-specific inflammation. HIFU has been shown to
induce anti-tumor immunity 1n poorly immunogenic murine
tumor models. In addition, there 1s early evidence showing
that boiling histotripsy, which uses millisecond pulses to
reach boiling and liquely tissue, may stimulate immune
responses 1o tumor.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The novel features of the invention are set forth
with particularity 1n the claims that follow. A better under-
standing of the {features and advantages of the present
invention will be obtained by reference to the following
detailed description that sets forth i1llustrative embodiments,
in which the principles of the invention are utilized, and the
accompanying drawings of which:

[0011] FIGS. 1A-1B 1illustrate an ultrasound 1maging and
therapy system.

[0012] FIG. 2 illustrates a flowchart that describes one
method for treating tissue with histotripsy therapy.

[0013] FIG. 3 1s an example of a target tissue volume
having a central/inner portion and a peripheral/outer portion.

[0014] FIG. 4 illustrates another flowchart that describes
one method for treating tissue with histotripsy therapy.

[0015] FIG. 5 1s a flowchart that describes a method for
creating cancer vaccines with histotripsy therapy.

[0016] FIGS. 6-1llustrates the results of one experiments
that establish the eflicacy of histotripsy in inducing the
release of cancer antigens and the eflicacy of cancer vaccines
formed with histotripsy therapy.
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[0017] FIGS. 7A and 7B 1illustrate how histotripsy ablation
stimulates regional and systemic tumor-specific CD8+ T cell
responses.

[0018] FIG. 8 shows another experiment in which histo-
tripsy ablation of a flank tumor 1n mice resulted 1n significant
reduction of a contralateral untreated tumor compared to a
control case.

[0019] FIGS. 9A-9C illustrate additional experiments 1n
which mice bearing unilateral B16GP33 flank tumors
received intravenous injections of B16GP33 to establish
pulmonary metastases.

[0020] FIGS. 10A-10E show histotripsy results in pro-
inflammatory changes within the tumor microenvironment.

[0021] FIG. 11 shows the results of an experiment 1n
which histotripsy causes immunogenic neoantigens to be
released from treated tumors.

[0022] FIG. 12 shows an experiment 1n which checkpoint
inhibition 1s not enhanced by radiation or thermal ablation.

[0023] FIGS. 13A-13C illustrate an experiment which
shows that histotripsy enhances the eflicacy of immuno-
therapy.

[0024] FIG. 14 1s another experiment which shows that
histotripsy-ablated tumors can function as immunoprotec-
tive cancer vaccines.

SUMMARY OF THE DISCLOSURE

[0025] A method of treating tissue 1s provided, comprising
identifying at least one target tumor, determining a treatment
volume and a treatment location of the at least one target
tumor that will increase a cell response of releasing tumor
antigens, applying histotripsy treatment based on the treat-
ment volume and treatment location to the at least one target
tumor to mechamcally lyse and solubilize tumor cells to
release tumor antigens. In some embodiments, the method
can be for treating tissue previously treated with radiation
therapy and/or resistant to radiation therapy. In other
embodiments, the method can be for treating tissue previ-
ously treated with immunotherapy and non-responsive or
resistant to immunotherapy.

[0026] In some embodiments, the cell response includes
immunogenic cell death, infiltration of inflammatory and
antigen presenting cells, infiltration and activation of T cells,
increased tumor-specific T cells, infiltration of natural killer
cells, B cells and CD4+ T cells, and/or depletion of 1immu-
nosuppressive regulatory T cells and myeloid-derived sup-
pressor cells.

[0027] In some embodiments, the treatment volume of the
at least one target tumor ranges from 23% to 90% of a
volume of the at least one target tumor. In other embodi-
ments, the treatment volume of the at least one target tumor
1s at least 1 cm3 1n volume.

[0028] In some embodiments, the method further includes
evaluating an immune response of the lysed and solubilized
tumor cells.

[0029] In one embodiment, evaluating the 1mmune
response includes assessment of immunological cell death
and/or immune activation. In one embodiment, evaluating
the immune response comprises imaging the at least one
target tumor and/or performing a tissue biopsy on the at least
one target tumor. In one embodiment, the 1imaging comprises
CT, MRI, and/or PET imaging. In some embodiments,
performing the tissue biopsy comprises performing a liquid
biopsy.
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[0030] In one embodiment, the method further includes
applying immune therapy after applying histotripsy treat-
ment. In one embodiment, the immune therapy 1s selected
from the group consisting of checkpoint inhibitors, 1immu-
nostimulatory therapies, cancer vaccines, oncolytic viruses,
neutralizing immune inhibitors, and activating cytokines. In
some examples, the checkpoint inhibitors include CTLA-4,
LAG3, TIM3, and combinations thereof. In other examples,
the checkpoint inhibitors include PD-1 blockade, PD-L1
blockade, and combinations thereof.

[0031] In some embodiments, the method further includes
harvesting the lysed and solubilized tumor cells. In some
embodiments, the method includes preparing an 1mmune
directed therapy using the lysed and solubilized tumor cells,
and administering the i1mmune directed therapy into a
patient. In some embodiments, administering the immune
directed therapy is selected from the group consisting of oral
administration, systemic infusion, loco-regional catheter-
based infusion, mtratumoral injection, loco-regional 1njec-
tion, subcutaneous injection, and combinations thereof. In
one embodiment, the immune directed therapy i1s a cell
therapy.

[0032] In some implementations, applying the histotripsy
treatment 1s configured to elicit an immune response 1n at
least one distant tumor of the same phenotype as the at least
one target tumor. In one example, the at least one distant
tumor 1s located 1n a diflerent organ or anatomical location
than the at least one target tumor.

[0033] In some embodiments, the at least one target tumor
1s located in the group consisting of a liver, a kidney, a
spleen, a pancreas, a colorectal, a bowel, a stomach, an
esophagus, a breast, a lung, a head, a neck, a thyroid, skin,
nervous tissue, hematological malignancies, a sarcoma, pri-
mary and metastatic lesions, and brain tissue.

[0034] In some embodiments, the treatment location com-
prises only an inner portion of the at least one target tumor.
In other embodiments, the treatment location comprises only
an outer portion of the at least one target tumor. In another
embodiment, the treatment location comprises a plurality of
programmed treatment locations distributed spatially
through the at least one target tumor.

[0035] A method of treating tissue previously treated with
radiation therapy and/or resistant to radiation therapy is
provided, comprising 1dentifying at least one target tumor,
determining a treatment volume and a treatment location of
the at least one target tumor that will increase cell response
of releasing tumor antigens, determining a treatment loca-
tion that will increase cell response of releasing tumor
antigens, applying histotripsy treatment to the at least one
target tumor to mechanically lyse and solubilize tumor cells
to release tumor antigens.

[0036] A method of treating tissue previously treated with
immunotherapy and non-responsive or resistant to immu-
notherapy 1s also provided, comprising i1dentifying at least
one target tumor, determining a treatment volume and a
treatment location of the at least one target tumor that wall
increase cell response of releasing tumor antigens, deter-
mining a treatment location that will increase cell response
of releasing tumor antigens, applying histotripsy treatment
to the at least one target tumor to mechanically lyse and
solubilize tumor cells to release tumor antigens.

[0037] A method of treating tissue 1s provided, comprising
identifying at least one target tumor, determining a treatment
volume and a treatment location of the at least one target
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tumor that will increase induction of immunogenic cell
death, applying histotripsy treatment based on the treatment
volume and treatment location to the at least one target
tumor to mechanically lyse and solubilize tumor cells and
induce immunogenic cell death.

[0038] In some embodiments, applying the histotripsy
treatment causes the release of damage associated molecular
patterns (DAMPs). In one embodiment, the DAMPs are
selected from the group consisting of High Mobility Group
Box 1 (HMGBI1), calreticulin (CRT), adenosine triphos-
phate (ATP), heat shock proteins (HSP), fibronectin (FN),
deoxyribonucleic acid (DNA), rnibonucleic acid (RNA) and
combinations thereof. In some examples, DNA comprises
cell-free DNA. In other embodiments, RNA comprises

mRNA.

[0039] In some embodiments, the method further com-
prises evaluating an 1mmune response of the lysed and
solubilized tumor cells.

[0040] In some embodiments, the method further includes
applying immune therapy aiter applying histotripsy treat-
ment. In some examples, applying the immune therapy 1s
selected from the group consisting of checkpoint inhibitors,
immunostimulatory therapies, cancer vaccines, oncolytic
viruses, neutralizing immune 1mhibitors, activating cytokines
and various combinations of. In one embodiment, the check-
point nhibitors include CTLA-4, LAG3, TIM3, and com-
binations thereof. In another embodiment, the checkpoint

inhibitors include PD-1 blockade, PD-I.1 blockade, and
combinations thereof.

[0041] In some embodiments, the method further includes
harvesting the lysed and solubilized tumor cells.

[0042] In another embodiment, the method includes pre-
paring an immune directed therapy using the lysed and
solubilized tumor cells; and administering the 1mmune
directed therapy into a patient.

[0043] In some examples, the at least one target tumor 1s
located 1n the group consisting of a liver, a kadney, a spleen,
a pancreas, a colorectal, a bowel, a stomach, an esophagus,
a breast, a lung, a head, a neck, a thyroid, skin, nervous
tissue, hematological malignancies, a sarcoma, primary and
metastatic lesions, and brain tissue.

[0044] A method of treating tissue 1s provided, comprising
identifying a target tissue volume, placing a focus of a
histotripsy transducer within the target tissue volume, apply-
ing histotripsy to a subset of the target tissue volume to
mechanically lyse and solubilize tumor cells of only a
portion of the target tissue volume to release tumor antigens,
and evaluating an 1mmune response of the lysed and solu-
bilized tumor cells.

[0045] In some embodiments, the method includes 1den-
tifying a target tissue volume further comprises identifying
a {irst target tissue volume and a second target tissue volume.
In some embodiments, the first and second target tissue
volumes are located 1n the same organ or anatomical loca-
tion. In other embodiments, the first and second target tissue
volumes are located 1n different organs or anatomical loca-
tions.

[0046] In one embodiment, evaluating the 1mmune
response comprises evaluating the immune response 1n one
or more organs or anatomical locations. In other embodi-
ments, evaluating the immune response comprises 1maging,
the at least one target tumor and/or performing a tissue
biopsy on the at least one target tumor. In another embodi-
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ment, evaluating the immune response includes biomarker
analyses of tissue, cells, blood and/or combinations thereof.
[0047] In some embodiments, applying histotripsy to a
subset of the target tissue volume further comprises applying
histotripsy to only an inner portion of the target tissue
volume. In another embodiment, applying histotripsy to a
subset of the target tissue volume further comprises applying
histotripsy to only an outer portion of the target tissue
volume. In some embodiments, applying histotripsy to a
subset of the target tissue volume further comprises applying
histotripsy to a plurality of programmed treatment locations
distributed spatially through the target tissue volume.
[0048] In one example, the subset of the target tissue
volume comprises approximately 25% to 90% of the target
tissue volume. In another example, the subset of the target
tissue volume 1s at least 1 cm3 in volume.

[0049] In some embodiments, the method includes apply-
ing 1mmune therapy after applying histotripsy. In one
embodiment, the immune therapy 1s selected from the group
consisting of checkpoint inhibitors, immunostimulatory
therapies, cancer vaccines, oncolytic viruses, neutralizing
immune inhibitors, and activating cytokines. In some
embodiments, the checkpoint inhibitors include CTLA-4,
LAG3, TIM3, and combinations thereof. In other embodi-
ments, the checkpoint inhibitors include PD-1 blockade,
PD-L.1 blockade, and combinations thereof.

[0050] In one example, applying the immune therapy
further comprises applying the immune therapy between 1 to
6 weeks alter applying histotripsy. In other examples, apply-
ing the immmune therapy further comprises applying the
immune therapy between 2 to 4 weeks after applying
histotripsy.

[0051] In one embodiment, placing the focus further com-
prises placing the focus with a robotic positioning system. In
some examples, the robotic positioning system comprises a
robotic arm with a mmmimum of 3 degrees of freedom. In
another embodiment, the robotic positioning system com-
prises a robotic arm that directs a histotripsy therapy trans-
ducer through a pre-programmed three-dimensional treat-
ment routine.

[0052] In some embodiments, applying the i1mmune
therapy 1s selected from the group consisting of oral admin-
istration, systemic infusion, loco-regional catheter-based
infusion, intratumoral injection, loco-regional 1njection,
subcutaneous injection, and combinations thereof.

[0053] In another embodiment, the robotic positioning
system 1s used for the loco-regional catheter infusion, loco-
regional injection, intratumoral mjection, and/or combina-
tions thereof.

[0054] In some embodiments, the method further com-
prises harvesting the lysed and solubilized tumor cells.
[0055] In another embodiment, the method includes pre-
paring an immune directed therapy using the lysed and
solubilized tumor cells, and administering the immune
directed therapy into a patient.

[0056] In one embodiment, the at least one target tumor 1s
located 1n the group consisting of a liver, a kidney, a spleen,
a pancreas, a colorectal, a bowel, a stomach, an esophagus,
a breast, a lung, a head, a neck, a thyroid, skin, nervous
tissue, hematological malignancies, a sarcoma, primary and
metastatic lesions, and brain tissue.

[0057] A method of creating a vaccine i1s provided, com-
prising 1dentifying a target tissue volume, placing a focus of
a histotripsy transducer within the target tissue volume,
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applying histotripsy to a subset of the target tissue volume
to mechanically lyse and solubilize cells of only a portion of
the target tissue volume to release tumor antigens, harvest-
ing the lysed and solubilized cells, and creating a targeted
cancer vaccine from components of the harvested cells.

[0058] In some embodiments, the target tissue volume 1s a
cancerous tumor. In other embodiments, the target tissue
volume 1s located 1n a patient. In another embodiment, the
target tissue volume 1s located outside of a patient. In
another example, the target tissue 1s derived from a biopsy.
In some embodiments, the biopsy includes a cytological,
whole tissue, surgical, fresh, fresh frozen, embedded, or
fixed tissue samples, and/or combinations thereof.

[0059] In one embodiment, the target tissue volume 1is
derived from multiple patients having the same target tumor
phenotypes. In another embodiment, the target tissue vol-
ume 1s derived from multiple target tumor phenotypes.

[0060] In some examples, the method further includes
administering the vaccine to one or more patients. In one
embodiment, the vaccine 1s administered locally, regionally
or systemically.

[0061] In some examples, the target tissue volume 1is
derived from the group consisting of a liver, a kidney, a
spleen, a pancreas, a colorectal, a bowel, a stomach, an
esophagus, a breast, a lung, a head, a neck, a thyroid, skin,
nervous tissue, and brain tissue.

[0062] A method of treating tissue 1s also provided, com-
prising 1dentifying a first target tumor and one or more
additional non-target tumors, placing a focus of a histotripsy
transducer within the first target tumor, applying histotripsy
to a subset of the first target tumor to mechanically lyse and
solubilize tumor cells of only a portion of the first target
tumor to release tumor antigens, and evaluating a distant
immune effect of the lysed and solubilized tumor cells on the
one or more additional non-target tumors.

[0063] In some embodiments, the method further com-
prises applying immune therapy after applying histotripsy.
In one example, applying histotripsy 1s neoadjuvant to
applying immune therapy.

[0064] In one embodiment, the distant immune effect on
the one or more additional non-target tumors 1s located in the
same organ or anatomical space as the first target tumor. In
another example, the distant immune eflect on the one or
more additional non-target tumors are located in diflerent
organs or anatomical spaces than the first target tumor.

[0065] In some embodiments, evaluating the immune
response comprises 1imaging the at least one target tumor
and/or performing a tissue biopsy on the at least one target
tumor. In other embodiments, evaluating the immune
response comprises performing a biomarker analyses of
tissue, cells, blood and/or combinations thereof. In another
embodiment, evaluating the immune response includes
assessing an amount of immune response to the lysed and
solubilized tumor cells.

[0066] In some examples, the subset comprises an mner
portion of the first target tumor. In another embodiment, the
subset comprises an outer portion of the first target tumor. In
another embodiment, the subset comprises a plurality of
programmed treatment locations distributed spatially
through the first target tumor. In some examples, the subset
ranges from 25% to 90% of the first target tumor. In another
example, the subset of the target tissue volume 1s at least 1
cm3 1n volume.
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[0067] In some embodiments, the method further includes
applying immune therapy aiter applying histotripsy. In some
embodiments, the immune therapy i1s selected from the
group consisting of checkpoint inhibitors, immunostimula-
tory therapies, cancer vaccines, oncolytic viruses, neutral-
1zing immune inhibitors, and activating cytokines. In some
embodiments, the checkpoint inhibitors include CTLA-4,
LAG3, TIM3, and combinations thereof. In another embodi-
ment, the checkpoint inhibitors include PD-1 blockade,
PD-L.1 blockade, and combinations thereof.

[0068] In some embodiments, the method further includes
harvesting the lysed and solubilized tumor cells.

[0069] In another embodiment, the method includes pre-
paring an mmmune directed therapy using the lysed and
solubilized tumor cells, and administering the immune
directed therapy into a patient.

[0070] In one embodiment, the placing step comprises
placing the focus with a robotic positioning system. In one
embodiment, the robotic positioning system comprises a
robotic arm with a mmimum of 3 degrees of freedom. In
another embodiment, the robotic positioning system com-
prises a robotic arm that directs a histotripsy therapy trans-
ducer through a pre-programmed three-dimensional treat-
ment routine.

[0071] Insome examples, applying the immune therapy 1s
selected from the group consisting of oral admimistration,
systemic infusion, loco-regional catheter-based infusion,
intratumoral 1njection, loco-regional injection, subcutaneous
injection, and combinations thereof.

[0072] In one embodiment, the robotic positioning 1s used
for the loco-regional catheter infusion, loco-regional 1njec-
tion, mtratumoral 1njection, and/or combinations thereof.
[0073] In some embodiments, the first target tumor 1is
located 1n the group consisting of a liver, a kidney, a spleen,
a pancreas, a colorectal, a bowel, a stomach, an esophagus,
a breast, a lung, a head, a neck, a thyroid, skin, nervous
tissue, hematological malignancies, a sarcoma, primary and
metastatic lesions, and brain tissue.

[0074] A method of treating tissue i1s further provided,
comprising 1dentifying at least one target tumor of a plurality
of tumors, placing a focus of a histotripsy transducer within
the at least one target tumor, applying histotripsy test pulses
to the at least one target tumor to determine a cavitation
threshold at one or more test locations within the at least one
target tumor, dertving a histotripsy treatment plan based on
the determined cavitation threshold at the one or more test
locations, applying an automated histotripsy therapy using
the treatment plan to mechanically lyse and solubilize tumor
cells of only a portion of the at least one target tumor to
release tumor antigens, evaluating an 1immune response of
the lysed and solubilized tumor cells, and administering an
immune therapy to treat the plurality of tumors.

[0075] In one example, applying the immune therapy
turther comprises applying the immune therapy between 1 to
6 weeks after applying histotripsy. In other examples, apply-
ing the immune therapy further comprises applying the
immune therapy between 2 to 4 weeks after applying
histotripsy.

[0076] In some embodiments, the plurality of tumors are
in the same organ or anatomical locations. In other embodi-
ments, the plurality of tumors are in different organs or
anatomical locations.

[0077] In one embodiment, evaluating the i1mmune
response comprises evaluating the immune response 1 one
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or more organs or anatomical locations. In other embodi-
ments, evaluating the immune response comprises 1maging,
the at least one target tumor and/or performing a tissue
biopsy on the at least one target tumor.

[0078] In one embodiment, evaluating the 1mmune
response includes biomarker analyses of tissue, cells, blood
and/or combinations thereof.

[0079] In other embodiments, evaluating the immune
response includes evaluating an amount of immune response
to the lysed and solubilized tumor cells.

[0080] In one example, only an inner portion of the at least
one target tumor 1s lysed and solubilized. In another embodi-
ment, only an outer of the at least one target tumor 1s lysed
and solubilized.

[0081] In some examples, the histotripsy treatment plan
comprises a plurality of programmed treatment locations
distributed spatially through the at least one target tumor.
[0082] In one embodiment, the histotripsy treatment plan
lyses and solubilizes between 25% to 90% of the at least one
target tumor. In another embodiment, the histotripsy treat-
ment plan lyses and solubilizes at least 1 cm3 of the at least
one target tumor.

[0083] In some examples, the immune therapy 1s selected
from the group consisting of checkpoint inhibitors, 1immu-
nostimulatory therapies, cancer vaccines, oncolytic viruses,
neutralizing immune inhibitors, and activating cytokines. In
some embodiments, the checkpoint inhibitors include
CTLA-4, LAG3, TIM3, and combinations thereof. In
another embodiment, the checkpoint inhibitors include PD-1
blockade, PD-L1 blockade, and combinations thereof.
[0084] In some examples, the method further comprises
harvesting the lysed and solubilized tumor cells. The method
can additionally include preparing an immune directed
therapy using the lysed and solubilized tumor cells, and
administering the immune directed therapy into a patient.
[0085] In some embodiments, the placing step comprises
placing the focus with a robotic positioning system. In one
embodiment, the robotic positioning system comprises a
robotic arm with a minimum of 3 degrees of freedom. In
another embodiment, the robotic positioning system com-
prises a robotic arm that directs a histotripsy therapy trans-
ducer through a pre-programmed three-dimensional treat-
ment routine.

[0086] In some embodiments, applying the immune
therapy 1s selected from the group consisting of oral admin-
istration, systemic infusion, loco-regional catheter-based
infusion, intratumoral 1injection, loco-regional 1njection,
subcutaneous injection, and combinations thereof.

[0087] In one example, the robotic positioning is used for
the loco-regional catheter infusion, loco-regional injection,
intratumoral injection, and/or combinations thereof.

[0088] In some embodiments, the first target tumor 1is
located 1n the group consisting of a liver, a kidney, a spleen,
a pancreas, a colorectal, a bowel, a stomach, an esophagus,
a breast, a lung, a head, a neck, a thyroid, skin, nervous
tissue, hematological malignancies, a sarcoma, primary and
metastatic lesions, and brain tissue.

[0089] A histotripsy therapy system 1s provided compris-
ing a medical 1maging modality configured to identily at
least one target tumor of a plurality of tumors, a robotic
positioning system including a histotripsy therapy trans-
ducer, the robotic positioning system being configured to
place a focus of the histotripsy transducer within the at least
one target tumor, an electronic controller configured to apply
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histotripsy test pulses to the at least one target tumor from
the histotripsy therapy transducer to determine a cavitation
threshold at one or more test locations within the at least one
target tumor, the electronic controller being further config-
ured to derive a histotripsy treatment plan based on the
determined cavitation threshold at the one or more test
locations, the electronic controller being further configured
to apply automated histotripsy therapy with the histotripsy
therapy transducer using the treatment plan to mechanically
lyse and solubilize tumor cells of only a portion of the at
least one target tumor to release tumor antigens, and an
evaluation device configured to evaluate an 1mmune
response of the lysed and solubilized tumor cells.

[0090] In some embodiments, the robotic positioning sys-
tem 1s further configured to administer an 1mmune therapy
to treat the plurality of tumors.

[0091] In another embodiment, the evaluation device com-
prises a biopsy device, a blood testing device or system, or
a medical 1imaging device or system.

DETAILED DESCRIPTION

[0092] The system, methods and devices of the disclosure
may be used for the minimally or non-invasive acoustic
cavitation and treatment of healthy, diseased and/or injured
tissue, including in extracorporeal, percutaneous, endo-
scopic, laparoscopic, and/or as integrated into a robotically-
ecnabled medical system and procedures. As will be
described below, the acoustic cavitation system may include
various sub-systems, mcluding a Cart, Therapy, Integrated
Imaging, Robotics, Coupling and Software. The system also
may comprise various Other Components, Ancillaries and
Accessories, including but not limited to computers, cables
and connectors, networking devices, power supplies, dis-
plays, drawers/storage, doors, wheels, and various simula-
tion and training tools, etc. All systems, methods and means
creating/controlling/delivering histotripsy are considered to
be a part of this disclosure, including new related inventions
disclosed herein.

[0093] FIG. 1A generally 1llustrates histotripsy system 100
according to the present disclosure, comprising a therapy
transducer 102, an imaging system 104, a display and
control panel 106, a robotic positioning arm 108, and a cart
110. The system can further include an ultrasound coupling,
interface and a source of coupling medium, not shown.
[0094] FIG. 1B 1s a bottom view of the therapy transducer
102 and the imaging system 104. As shown, the 1maging
system can be positioned in the center of the therapy
transducer. However, other embodiments can include the
imaging system positioned in other locations within the
therapy transducer, or even directly integrated into the
therapy transducer. In some embodiments, the 1maging
system 1s configured to produce real-time 1maging at a focal
point of the therapy transducer.

[0095] The histotripsy system may comprise one or more
of various sub-systems, including a Therapy sub-system that
can create, apply, focus and deliver acoustic cavitation/
histotripsy through one or more therapy transducers, Inte-
grated Imaging sub-system (or connectivity to) allowing
real-time visualization of the treatment site and histotripsy
cllect through-out the procedure, a Robotics positioning
sub-system to mechanically and/or electronically steer the
therapy transducer, further enabled to connect/support or
interact with a Coupling sub-system to allow acoustic cou-
pling between the therapy transducer and the patient, and
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Software to communicate, control and interface with the
system and computer-based control systems (and other
external systems) and various Other Components, Ancillar-
ies and Accessories, including one or more user interfaces
and displays, and related guided work-tflows, all working 1n
part or together. The system may further comprise various
fluidics and fluid management components, including but
not limited to, pumps, valve and flow controls, temperature
and degassing controls, and irrigation and aspiration capa-
bilities, as well as providing and storing fluids. It may also
contain various power supplies and protectors.

Cart

[0096] The Cart 110 may be generally configured 1 a
variety of ways and form factors based on the specific uses
and procedures. In some cases, systems may comprise
multiple Carts, configured with similar or diflerent arrange-
ments. In some embodiments, the cart may be configured
and arranged to be used 1n a radiology environment and 1n
some cases 1n concert with imaging (e.g., CT, cone beam CT
and/or MRI scanning). In other embodiments, 1t may be
arranged for use 1n an operating room and a sterile envi-
ronment, or 1n a robotically enabled operating room, and
used alone, or as part ol a surgical robotics procedure
wherein a surgical robot conducts specific tasks before,
during or after use of the system and delivery of acoustic
cavitation/histotripsy. As such and depending on the proce-
dure environment based on the alorementioned embodi-
ments, the cart may be positioned to provide suflicient
work-space and access to various anatomical locations on
the patient (e.g., torso, abdomen, flank, head and neck, etc.),
as well as providing work-space for other systems (e.g.,
anesthesia cart, laparoscopic tower, surgical robot, endo-
scope tower, etc.).

[0097] The Cart may also work with a patient surface (e.g.,
table or bed) to allow the patient to be presented and
repositioned 1 a plethora of positions, angles and orienta-
tions, mcluding allowing changes to such to be made pre,
pert and post-procedurally. It may further comprise the
ability to interface and communicate with one or more
external 1maging or 1mage data management and commu-
nication systems, not limited to ultrasound, CT, fluoroscopy,
cone beam CT, PET, PET/CT, MRI, optical, ultrasound, and
image fusion and or image flow, of one or more modalities,
to support the procedures and/or environments of use,
including physical/mechanical interoperability (e.g., com-
patible within cone beam CT work-space for collecting
imaging data pre, peri and/or post histotripsy).

[0098] In some embodiments one or more Carts may be
configured to work together. As an example, one Cart may
comprise a bedside mobile Cart equipped with one or more
Robotic arms enabled with a Therapy transducer, and
Therapy generator/amplifier, etc., while a companion cart
working in concert and at a distance of the patient may
comprise Integrated Imaging and a console/display for con-
trolling the Robotic and Therapy facets, analogous to a
surgical robot and master/slave configurations.

[0099] In some embodiments, the system may comprise a
plurality of Carts, all slave to one master Cart, equipped to
conduct acoustic cavitation procedures. In some arrange-
ments and cases, one Cart configuration may allow for
storage of specific sub-systems at a distance reducing oper-
ating room clutter, while another in concert Cart may
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comprise essentially bedside sub-systems and componentry
(e.g., delivery system and therapy).

[0100] One can envision a plethora of permutations and
configurations of Cart design, and these examples are 1n no
way limiting the scope of the disclosure.

Histotripsy

[0101] Histotripsy comprises short, high amplitude,
focused ultrasound pulses to generate a dense, energetic,
“bubble cloud™, capable of the targeted fractionation and
destruction of tissue. Histotripsy 1s capable of creating
controlled tissue erosion when directed at a tissue interface,
including tissue/fluid 1nterfaces, as well as well-demarcated
tissue fractionation and destruction, at sub-cellular levels,
when 1t 1s targeted at bulk tissue. Unlike other forms of
ablation, including thermal and radiation-based modalities,
histotripsy does not rely on heat or 1onizing (high) energy to
treat tissue. Instead, histotripsy uses acoustic cavitation
generated at the focus to mechanically effect tissue structure,
and 1 some cases liquely, suspend, solubilize and/or
destruct tissue mto sub-cellular components.

[0102] Histotripsy can be applied 1n various forms, includ-
ing: 1) Intrinsic-Threshold Histotripsy: Delivers pulses with
a 1-2 cycles of high amplitude negative/tensile phase pres-
sure exceeding the intrinsic threshold to generate cavitation
in the medum (e.g., —24-28 MPa for water-based sofit
tissue), 2) Shock-Scattering Histotripsy: Delivers typically
pulses 3-20 cycles 1n duration. The shockwave (positive/
compressive phase) scattered from an 1nitial i1ndividual
microbubble generated forms inverted shockwave, which
constructively interfere with the incoming negative/tensile
phase to form high amplitude negative/rarefactional phase
exceeding the intrinsic threshold. In this way, a cluster of
cavitation microbubbles 1s generated. The amplitude of the
tensile phases of the pulses 1s suflicient to cause bubble
nucle1 1n the medium to undergo inertial cavitation within
the focal zone throughout the duration of the pulse. These
nuclei scatter the incident shockwaves, which invert and
constructively interfere with the incident wave to exceed the
threshold for mtrinsic nucleation, and 3) Boiling Histotripsy:
Employs pulses roughly 1-20 ms in duration. Absorption of
the shocked pulse rapidly heats the medium, thereby reduc-
ing the threshold for intrinsic nuclei. Once this intrinsic
threshold coincides with the peak negative pressure of the
incident wave, boiling bubbles form at the focus.

[0103] The large pressure generated at the focus causes a
cloud of acoustic cavitation bubbles to form above certain
thresholds, which creates localized stress and strain in the
tissue and mechanical breakdown without significant heat
deposition. At pressure levels where cavitation 1s not gen-
erated, minimal eflect 1s observed on the tissue at the focus.
This cavitation eflect 1s observed only at pressure levels
significantly greater than those which define the inertial
cavitation threshold 1n water for similar pulse durations, on
the order of 10 to 30 MPa peak negative pressure.

[0104] Histotripsy may be performed 1n multiple ways and
under different parameters. It may be performed totally
non-invasively by acoustically coupling a focused ultra-
sound transducer over the skin of a patient and transmitting
acoustic pulses transcutaneously through overlying (and
intervening) tissue to the focal zone (treatment zone and
site). It may be further targeted, planned, directed and
observed under direct visualization, via ultrasound 1maging,
given the bubble clouds generated by histotripsy may be
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visible as highly dynamic, echogenic regions on, for
example, B Mode ultrasound images, allowing continuous
visualization through 1ts use (and related procedures). Like-
wise, the treated and fractionated tissue shows a dynamic
change 1n echogenicity (typically a reduction), which can be
used to evaluate, plan, observe and monitor treatment.

[0105] Generally, in histotripsy treatments, ultrasound
pulses with 1 or more acoustic cycles are applied, and the
bubble cloud formation relies on the pressure release scat-
tering of the positive shock fronts (sometimes exceeding 100
MPa, P+) from mmtially imtiated, sparsely distributed
bubbles (or a single bubble). This 1s referred to as the “shock
scattering mechanism”™.

[0106] This mechanism depends on one (or a few sparsely
distributed) bubble(s) initiated with the nitial negative half
cycle(s) of the pulse at the focus of the transducer. A cloud
of microbubbles then forms due to the pressure release
backscattering of the high peak positive shock fronts from
these sparsely iitiated bubbles. These back-scattered high-
amplitude rarefactional waves exceed the intrinsic threshold
thus producing a localized dense bubble cloud. Each of the
tollowing acoustic cycles then induces turther cavitation by
the backscattering from the bubble cloud surface, which
grows towards the transducer. As a result, an elongated
dense bubble cloud growing along the acoustic axis opposite
the ultrasound propagation direction 1s observed with the
shock scattering mechanism. This shock scattering process
makes the bubble cloud generation not only dependent on
the peak negative pressure, but also the number of acoustic
cycles and the amplitudes of the positive shocks. Without at
least one 1ntense shock front developed by nonlinear propa-
gation, no dense bubble clouds are generated when the peak
negative hali-cycles are below the intrinsic threshold.

[0107] When ultrasound pulses less than 2 cycles are
applied, shock scattering can be minimized, and the genera-
tion of a dense bubble cloud depends on the negative half
cycle(s) of the applied ultrasound pulses exceeding an
“intrinsic threshold” of the medium. This 1s referred to as the
“intrinsic threshold mechanism”™.

[0108] This threshold can be 1n the range of 26-30 MPa for
soit tissues with high water content, such as tissues 1n the
human body. In some embodiments, using this intrinsic
threshold mechanism, the spatial extent of the lesion may be
well-defined and more predictable. With peak negative pres-
sures (P-) not significantly higher than this threshold, sub-
wavelength reproducible lesions as small as half of the -6
dB beam width of a transducer may be generated.

[0109] With high-frequency Histotripsy pulses, the size of
the smallest reproducible lesion becomes smaller, which 1s
beneficial 1n applications that require precise lesion genera-
tion. However, high-frequency pulses are more susceptible
to attenuation and aberration, rendering problematical treat-
ments at a larger penetration depth (e.g., ablation deep 1n the
body) or through a highly aberrative medium (e.g., transcra-
nial procedures, or procedures in which the pulses are
transmitted through bone(s)). Histotripsy may further also
be applied as a low-frequency “pump” pulse (typically <2
cycles and having a frequency between 100 kHz and 1 MHz)
can be applied together with a high-frequency “probe” pulse
(typically <2 cycles and having a frequency greater than 2
MHz, or ranging between 2 MHz and 10 MHz) wherein the
peak negative pressures ol the low and high-frequency
pulses constructively interiere to exceed the intrinsic thresh-
old 1n the target tissue or medium. The low-frequency pulse,
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which 1s more resistant to attenuation and aberration, can
raise the peak negative pressure P— level for a region of
interest (ROI), while the high-frequency pulse, which pro-
vides more precision, can pinpoint a targeted location within
the ROI and raise the peak negative pressure P— above the
intrinsic threshold. This approach may be referred to as
“dual frequency”, “dual beam histotripsy” or “parametric
histotripsy.”

[0110] Additional systems, methods and parameters to
deliver optimized histotripsy, using shock scattering, mtrin-
sic threshold, and various parameters enabling frequency
compounding and bubble manipulation, are herein included
as part of the system and methods disclosed herein, includ-
ing additional means of controlling said histotripsy eflect as
pertains to steering and positioning the focus, and concur-
rently managing tissue eflects (e.g., prefocal thermal collat-
cral damage) at the treatment site or within intervening
tissue. Further, 1t 1s disclosed that the various systems and
methods, which may include a plurality of parameters, such
as but not limited to, frequency, operating frequency, center
frequency, pulse repetition frequency, pulses, bursts, number
of pulses, cycles, length of pulses, amplitude of pulses, pulse
period, delays, burst repetition frequency, sets of the former,
loops of multiple sets, loops of multiple and/or different sets,
sets of loops, and various combinations or permutations of,
etc., are included as a part of this disclosure, including future

envisioned embodiments of such.

Therapy Components

[0111] The Therapy sub-system may work with other
sub-systems to create, optimize, deliver, visualize, monitor
and control acoustic cavitation, also referred to herein and 1n
following as “histotripsy”, and its dernivatives of, including
boiling histotripsy and other thermal high frequency ultra-
sound approaches. It 1s noted that the disclosed inventions
may also further benefit other acoustic therapies that do not
comprise a cavitation, mechanical or histotripsy component.
The therapy sub-system can include, among other features,
an ultrasound therapy transducer and a pulse generator
system configured to deliver ultrasound pulses 1nto tissue.

[0112] In order to create and deliver histotripsy and
derivatives of histotripsy, the therapy sub-system may also
comprise components, icluding but not limited to, one or
more function generators, amplifiers, therapy transducers
and power supplies.

[0113] The therapy transducer can comprise a single ele-
ment or multiple elements configured to be excited with high
amplitude electric pulses (>1000V or any other voltage that
can cause harm to living orgamisms). The amplitude neces-
sary to drive the therapy transducers for Histotripsy vary
depending on the design of the transducer and the matenals
used (e.g., solid or polymer/piezoelectric composite includ-
ing ceramic or single crystal) and the transducer center
frequency which 1s directly proportional to the thickness of
the piezoelectric material. Transducers therefore operating at
a high frequency require lower voltage to produce a given
surface pressure than 1s required by low frequency therapy
transducers. In some embodiments, the transducer elements
are formed using a piezoelectric-polymer composite mate-
rial or a solid piezoelectric material. Further, the piezoelec-
tric material can be of polycrystalline/ceramic or single
crystalline formulation. In some embodiments the trans-
ducer elements can be formed using silicon using MEMs

technology, mncluding CMUT and PMUT designs.
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[0114] In some embodiments, the function generator may
comprise a field programmable gate array (FPGA) or other
suitable function generator. The FPGA may be configured
with parameters disclosed previously herein, including but
not limited to frequency, pulse repetition frequency, bursts,
burst numbers, where bursts may comprise pulses, numbers
of pulses, length of pulses, pulse period, delays, burst
repetition frequency or period, where sets of bursts may
comprise a parameter set, where loop sets may comprise
various parameter sets, with or without delays, or varied
delays, where multiple loop sets may be repeated and/or new
loop sets introduced, of varied time delay and independently
controlled, and of various combinations and permutations of
such, overall and throughout.

[0115] In some embodiments, the generator or amplifier
may be configured to be a universal single-cycle or multi-
cycle pulse generator, and to support driving via Class D or
inductive driving, as well as across all envisioned clinical
applications, use environments, also discussed in part later
in this disclosure. In other embodiments, the class D or
inductive current driver may be configured to comprise
transformer and/or auto-transiormer driving circuits to fur-
ther provide step up/down components, and 1n some cases,
to preferably allow a step up 1n the amplitude. They may also
comprise specific protective features, to further support the
system, and provide capability to protect other parts of the
system (e.g., therapy transducer and/or amplifier circuit
components) and/or the user, from various hazards, includ-
ing but not limited to, electrical safety hazards, which may
potentially lead to use environment, system and therapy
system, and user harms, damage or issues.

[0116] Disclosed generators may allow and support the
ability of the system to select, vary and control various
parameters (through enabled software tools), including, but
not limited to those previously disclosed, as well as the
ability to start/stop therapy, set and read voltage level, pulse
and/or burst repetition frequency, number of cycles, duty
rat10, channel enabled and delay, etc., modulate pulse ampli-
tude on a fast time-scale independent of a high voltage
supply, and/or other service, diagnostic or treatment fea-
tures.

[0117] In some embodiments, the Therapy sub-system
and/or components of, such as the amplifier, may comprise
turther integrated computer processing capability and may
be networked, connected, accessed, and/or be removable/
portable, modular, and/or exchangeable between systems,
and/or drniven/commanded from/by other systems, or in
various combinations. Other systems may include other
acoustic cavitation/histotripsy, HIFU, HITU, radiation
therapy, radiofrequency, microwave, and cryoablation sys-
tems, navigation and localization systems, laparoscopic,
single 1ncision/single port, endoscopic and non-invasive
surgical robots, laparoscopic or surgical towers comprising
other energy-based or vision systems, surgical system racks
or booms, 1imaging carts, etc.

[0118] In some embodiments, one or more amplifiers may
comprise a Class D amplifier and related drive circuitry
including matching network components. Depending on the
transducer element electric impedance and choice of the
matching network components (e.g., an LC circuit made of
an inductor L1 1n series and the capacitor C1 1n parallel), the
combined impedance can be aggressively set low 1n order to
have high amplitude electric waveform necessary to drive
the transducer element. The maximum amplitude that Class
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D amplifiers 1s dependent on the circuit components used,
including the driving MOSFET/IGBT transistors, matching
network components or inductor, and transformer or auto-
transiformer, and of which may be typically 1n the low kV
(e.g., 1-3 kV) range.

[0119] Therapy transducer element(s) are excited with an
clectrical wavetorm with an amplitude (voltage) to produce
a pressure output suflicient for Histotripsy therapy. The
excitation electric field can be defined as the necessary
wavelorm voltage per thickness of the piezoelectric element.
For example, because a piezoelectric element operating at 1
MHz transducer 1s half the thickness of an equivalent 500
kHz element, 1t will require half the voltage to achieve the
same electric field and surface pressure.

[0120] o suiliciently drive therapy transducers for histo-
tripsy therapy, in other embodiments, the amplifier maybe
required to produce voltages that exceed operational limits
ol conventional amplifier circuit components. For example,
an inductive driver circuit can be provided that 1s configured
to excite ultrasound transducers for histotripsy therapy. With
an inductive driver circuit, therapy transducer elements can
be driven up to approximately 3 kV peak-positive or up to
about 4.5 kV peak-to-peak. These voltages may, for
example, be adequate for a therapy transducer operating at
1 MHz but not suflicient for a 500 kHz transducer. The
maximum driving voltage in this example of the inductive
driver 1s limited by the maximum operating voltage of the
IGBT ftransistor Q1 and its switching time. The IGBT
transistor with best performance for the inductive dniving
circuit currently available 1s rated for maximum of 3 kV. It
should be understood that this driving voltage can improve
as advances 1n transistors are made.

[0121] An 1nductive driver circuit described above also
offers many advantages to higher frequency transducers,
including the ability to produce smaller/more precise bubble
clouds (1.e., microtripsy), producing a reduced thermal ellect
1n tissue, etc.

[0122] The Therapy sub-system may also comprise
therapy transducers of various designs and working param-
eters, supporting use in various procedures (and procedure
settings). Systems may be configured with one or more
therapy transducers, that may be further interchangeable,
and work with various aspects of the system 1n similar or
different ways (e.g., may interface to a robotic arm using a
common 1nterface and exchange feature, or conversely, may
adapt to work differently with application specific imaging
probes, where different 1imaging probes may interface and
integrate with a therapy transducer in specifically ditfierent
ways).

[0123] Therapy transducers may be configured of various
parameters that may include size, shape (e.g., rectangular or
round; anatomically curved housings, etc.), geometry, focal
length, number of elements, size of elements, distribution of
clements (e.g., number of rings, size of rings for annular
patterned transducers), frequency, enabling electronic beam
steering, etc. Transducers may be composed of various
matenals (e.g., piezoelectric, silicon, etc.), form factors and
types (e.g., machined elements, chip-based, etc.) and/or by
various methods of fabrication.

[0124] Transducers may be designed and optimized for
clinical applications (e.g., abdominal tumors, peripheral
vascular disease, fat ablation, etc.) and desired outcomes
(e.g., acoustic cavitation/histotripsy without thermal mnjury
to intervening tissue), and affording a breadth of working
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ranges, including relatively shallow and superficial targets
(e.g., thyroid or breast nodules), versus, deeper or harder to
reach targets, such as central liver or brain tumors. They may
be configured to enable acoustic cavitation/histotripsy under
various parameters and sets of, as enabled by the atoremen-
tioned system components (e.g., function generator and
amplifier, etc.), including but not limited to frequency, pulse
repetition rate, pulses, number of pulses, pulse length, pulse
period, delays, repetitions, sync delays, sync period, sync
pulses, sync pulse delays, various loop sets, others, and
permutations.

Integrated Imaging

[0125] The disclosed system may comprise various 1imag-
ing modalities to allow users to visualize, monitor and
collect/use feedback of the patient’s anatomy, related
regions ol interest and treatment/procedure sites, as well as
surrounding and 1ntervening tissues to assess, plan and
conduct procedures, and adjust treatment parameters as
needed. Imaging modalities may comprise various ultra-
sound, x-ray, CT, MRI, PET, fluoroscopy, optical, contrast or
agent enhanced versions, and/or various combinations of. It
1s further disclosed that various image processing and char-
acterization technologies may also be utilized to afl

ord
enhanced visualization and user decision making. These
may be selected or commanded manually by the user or in
an automated fashion by the system. The system may be
configured to allow side by side, toggling, overlays, 3D
reconstruction, segmentation, registration, multi-modal
image fusion, image flow, and/or any methodology affording
the user to i1dentily, define and inform various aspects of
using 1maging during the procedure, as displayed in the
various system user interfaces and displays. Examples may
include locating, displaying and characterizing regions of
interest, organ systems, potential treatment sites within, with
on and/or surrounding organs or tissues, 1dentiiying critical
structures such as ducts, vessels, nerves, ureters, fissures,
capsules, tumors, tissue trauma/injury/disease, other organs,
connective tissues, etc., and/or 1in context to one another, of
one or more (e.g., tumor draining lymphatics or vasculature;
or tumor proximity to organ capsule or underlying other
organ), as unlimited examples.

[0126] Systems may be configured to include onboard
integrated imaging hardware, software, sensors, probes and
wetware, and/or may be configured to communicate and
interface with external imaging and 1mage processing sys-
tems. The atorementioned components may be also inte-
grated nto the system’s Therapy sub-system components
wherein probes, imaging arrays, or the like, and electrically,
mechanically or electromechanically integrated into therapy
transducers. This may afford, in part, the ability to have
geometrically aligned imaging and therapy, with the therapy
directly within the field of view, and 1n some cases 1n line,
with 1maging. In some embodiments, this integration may
comprise a fixed orientation of the imaging capability (e.g.,
imaging probe) 1n context to the therapy transducer. In other
embodiments, the imaging solution may be able to move or
adjust 1ts position, including modilying angle, extension
(e.g., distance from therapy transducer or patient), rotation
(e.g., imaging plane 1n example of an ultrasound probe)
and/or other parameters, 1ncluding moving/adjusting
dynamically while actively imaging. The imaging compo-
nent or probe may be encoded so its orientation and position
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relative to another aspect of the system, such as the therapy
transducer, and/or robotically-enabled positioning compo-
nent may be determined.

[0127] In one embodiment, the system may comprise
onboard ultrasound, further configured to allow users to
visualize, momtor and receive feedback for procedure sites
through the system displays and software, including allow-
ing ultrasound imaging and characterization (and various
forms of), ultrasound guided planning and ultrasound guided
treatment, all 1n real-time. The system may be configured to
allow users to manually, semi-automated or in fully auto-
mated means 1mage the patient (e.g., by hand or using a
robotically-enabled imager).

[0128] In some embodiments, imaging feedback and
monitoring can include monitoring changes in: backscatter
from bubble clouds; speckle reduction 1n backscatter; back-
scatter speckle statistics; mechanical properties of tissue
(1.e., elastography); tissue perfusion (i.e., ultrasound con-
trast); shear wave propagation; acoustic emissions, electrical
impedance tomography, and/or various combinations of,
including as displayed or integrated with other forms of
imaging (e.g., CT or MRI).

[0129] Insome embodiments, imaging including feedback
and monitoring from backscatter from bubble clouds, may
be used as a method to determine immediately i1t the
histotripsy process has been initiated, 1s being properly
maintained, or even if 1t has been extinguished. For example,
this method enables continuously monitored in real time
drug delivery, tissue erosion, and the like. The method also
can provide feedback permitting the histotripsy process to be
initiated at a higher intensity and maintained at a much lower
intensity. For example, backscatter feedback can be moni-
tored by any transducer or ultrasonic imager. By measuring
teedback for the therapy transducer, an accessory transducer
can send out interrogation pulses or be configured to pas-
sively detect cavitation. Moreover, the nature of the feed-
back recerved can be used to adjust acoustic parameters (and
associated system parameters) to optimize the drug delivery
and/or tissue erosion process.

[0130] Insome embodiments, imaging including feedback
and monitoring from backscatter, and speckle reduction,
may be configured 1n the system.

[0131] For systems comprising feedback and monitoring
via backscattering, and as means of background, as tissue 1s
progressively mechanically subdivided, in other words
homogenmized, disrupted, or eroded tissue, this process
results 1n changes in the size and distribution of acoustic
scatter. At some point 1n the process, the scattering particle
s1ze and density 1s reduced to levels where little ultrasound
1s scattered, or the amount scattered 1s reduced significantly.
This results 1n a significant reduction in speckle, which 1s the
coherent constructive and destructive interference patterns
of light and dark spots seen on images when coherent
sources of 1llumination are used; in this case, ultrasound.
After some treatment time, the speckle reduction results in
a dark area in the therapy volume. Since the amount of
speckle reduction 1s related to the amount of tissue subdi-
vision, 1t can be related to the size of the remaining tissue
fragments. When this size 1s reduced to sub-cellular levels,
no cells are assumed to have survived. So, treatment can
proceed until a desired speckle reduction level has been
reached. Speckle 1s easily seen and evaluated on standard
ultrasound 1maging systems. Specialized transducers and
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systems, including those disclosed herein, may also be used
to evaluate the backscatter changes.

[0132] Further, systems comprising feedback and moni-
toring via speckle, and as means of background, an 1mage
may persist from frame to frame and change very little as
long as the scatter distribution does not change and there 1s
no movement of the imaged object. However, long before
the scatters are reduced enough in size to cause speckle
reduction, they may be changed sufliciently to be detected
by signal processing and other means. This family of tech-
niques can operate as detectors of speckle statistics changes.
For example, the size and position of one or more speckles
in an i1mage will begin to decorrelate before observable
speckle reduction occurs. Speckle decorrelation, after appro-
priate motion compensation, can be a sensitive measure of
the mechanical disruption of the tissues, and thus a measure
of therapeutic eflicacy. This feedback and monitoring tech-
nique may permit early observation of changes resulting
from the acoustic cavitation/histotripsy process and can
identily changes 1n tissue before substantial or complete
tissue eflect (e.g., erosion occurs). In one embodiment, this
method may be used to monitor the acoustic cavitation/
histotripsy process for enhanced drug delivery where treat-
ment sites/tissue 1s temporally disrupted, and tissue damage/
erosion 1s not desired. In other embodiments, this may
comprise speckle decorrelation by movement of scatters 1n
an increasingly fluidized therapy volume. For example, 1n
the case where partial or complete tissue erosion 1s desired.

[0133] For systems comprising feedback and monitoring
via elastography, and as means of background, as treatment
sites/tissue are further subdivided per an acoustic cavitation/
histotripsy eflect (homogemzed, disrupted, or eroded), its
mechanical properties change from a soit but interconnected
solid to a viscous fluid or paste with few long-range inter-
actions. These changes 1 mechanical properties can be
measured by various imaging modalities including MRI and
ultrasound 1maging systems. For example, an ultrasound
pulse can be used to produce a force (1.¢., a radiation force)
on a localized volume of tissue. The tissue response (dis-
placements, strains, and velocities) can change significantly
during histotripsy treatment allowing the state of tissue
disruption to be determined by imaging or other quantitative
means.

[0134] Systems may also comprise feedback and monitor-
ing via shear wave propagation changes. As means of
background, the subdivision of tissues makes the tissue
more tluid and less solid and fluid systems generally do not
propagate shear waves. Thus, the extent of tissue fluidization
provides opportunities for feedback and monitoring of the
histotripsy process. For example, ultrasound and MRI imag-
ing systems can be used to observe the propagation of shear
waves. The extinction of such waves 1n a treated volume 1s
used as a measure of tissue destruction or disruption. In one
system embodiment, the system and supporting sub-systems
may be used to generate and measure the iteracting shear
waves. For example, two adjacent ultrasound foci might
perturb tissue by pushing 1t in certain ways. If adjacent foci
are 1n a fluid, no shear waves propagate to interact with each
other. If the tissue 1s not fluidized, the interaction would be
detected with external means, for example, by a diflerence
frequency only detected when two shear waves interact
nonlinearly, with their disappearance correlated to tissue
damage. As such, the system may be configured to use this
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modality to enhance feedback and momtoring of the acous-
tic cavitation/histotripsy procedure.

[0135] For systems comprising feedback and monitoring
via acoustic emission, and as means of background, as a
tissue volume 1s subdivided, 1ts effect on acoustic cavitation/
histotripsy (e.g., the bubble cloud here) 1s changed. For
example, bubbles may grow larger and have a difierent
lifetime and collapse changing characteristics 1n intact ver-
sus fluidized tissue. Bubbles may also move and interact
after tissue 1s subdivided producing larger bubbles or coop-
erative interaction among bubbles, all of which can result 1n
changes 1n acoustic emission. These emissions can be heard
during treatment and they change during treatment. Analysis
of these changes, and their correlation to therapeutic efhi-
cacy, enables monitoring of the progress of therapy, and may
be configured as a feature of the system.

[0136] For systems comprising feedback and monitoring
via electrical impedance tomography, and as means of
background, an impedance map of a therapy site can be
produced based upon the spatial electrical characteristics
throughout the therapy site. Imaging of the conductivity or
permittivity of the therapy site of a patient can be mierred
from taking skin surface electrical measurements. Conduct-
ing electrodes are attached to a patient’s skin and small
alternating currents are applied to some or all of the elec-
trodes. One or more known currents are injected into the
surface and the voltage 1s measured at a number of points
using the electrodes. The process can be repeated for dif-
ferent configurations of applied current. The resolution of
the resultant image can be adjusted by changing the number
of electrodes employed. A measure of the electrical proper-
ties of the therapy site within the skin surface can be
obtained from the impedance map, and changes in and
location of the acoustic cavitation/histotripsy (e.g., bubble
cloud, specifically) and histotripsy process can be monitored
using this as configured in the system and supporting
sub-systems.

[0137] The user may be allowed to further select, annotate,
mark, highlight, and/or contour, various regions of interest
or treatment sites, and defined treatment targets (on the
image(s)), of which may be used to command and direct the
system where to 1mage, test and/or treat, through the system
soltware and user interfaces and displays. In some arrange-
ments, the user may use a manual ultrasound probe (e.g.,
diagnostic hand-held probe) to conduct the procedure. In
another arrangement, the system may use a robot and/or
clectromechanical positioning system to conduct the proce-
dure, as directed and/or automated by the system, or con-
versely, the system can enable combinations of manual and
automated uses.

[0138] The system may further include the ability to
conduct 1mage registration, including 1maging and image
data set registration to allow navigation and localization of
the system to the patient, including the treatment site (e.g.,
tumor, critical structure, bony anatomy, anatomy and 1den-
tifying features of, etc.). In one embodiment, the system
allows the user to 1mage and identify a region of interest, for
example the liver, using 1mntegrated ultrasound, and to select
and mark a tumor (or surrogate marker of) comprised within
the liver through/displayed in the system software, and
wherein said system registers the image data to a coordinate
system defined by the system, that further allows the sys-
tem’s Therapy and Robotics sub-systems to deliver synchro-
nized acoustic cavitation/histotripsy to said marked tumor.
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The system may comprise the ability to register various
image sets, mcluding those previously disclosed, to one
another, as well as to afford navigation and localization (e.g.,
of a therapy transducer to a CT or MRI/ultrasound fusion
image with the therapy transducer and Robotics sub-system
tracking to said image).

[0139] The system may also comprise the ability to work
in a variety of interventional, endoscopic and surgical envi-
ronments, including alone and with other systems (surgical/
laparoscopic towers, vision systems, endoscope systems and
towers, ultrasound enabled endoscopic ultrasound (flexible
and rigid), percutaneous/endoscopic/laparoscopic and mini-
mally invasive navigation systems (e.g., optical, electromag-
netic, shape-sensing, ultrasound-enabled, etc.), of also
which may work with, or comprise various optical imaging,
capabilities (e.g., fiber and or digital). The disclosed system
may be configured to work with these systems, in some
embodiments working alongside them in concert, or 1n other
embodiments where all or some of the system may be
integrated into the above systems/platforms (e.g., acoustic
cavitation/histotripsy-enabled endoscope system or laparo-
scopic surgical robot). In many of these environments, a
therapy transducer may be utilized at or around the time of
use, for example, of an optically guided endoscope/bron-
choscope, or as another example, at the time a laparoscopic
robot (e.g., Intwmitive Da Vinci* Xi system) 1s viewing/
manipulating a tissue/treatment site. Further, these embodi-
ments and examples may include where said other systems/
platforms are used to deliver (locally) fluid to enable the
creation of a man-made acoustic window, where on under
normal circumstances may not exist (e.g., fluidizing a seg-
ment or lobe of the lung 1 preparation for acoustic cavita-
tion/histotripsy via non-invasive transthoracic treatment
(e.g., transducer externally placed on/around patient). Sys-
tems disclosed herein may also comprise all or some of their
sub-system hardware packaged within the other system
cart/console/systems described here (e.g., acoustic cavita-
tion/histotripsy system and/or sub-systems integrated and
operated from said navigation or laparoscopic system).

[0140] The system may also be configured, through vari-
ous aforementioned parameters and other parameters, to
display real-time visualization of a bubble cloud 1n a spatial-
temporal manner, including the resulting tissue eflect peri/
post-treatment from tissue/bubble cloud interaction, wherein
the system can dynamically image and visualize, and dis-
play, the bubble cloud, and any changes to 1t (e.g., decreas-
ing or increasing echogenicity), which may include inten-
sity, shape, size, location, morphology, persistence, etc.
These features may allow users to continuously track and
tollow the treatment 1n real-time 1n one integrated procedure
and interface/system, and confirm treatment safety and etli-
cacy on the fly (versus other interventional or surgical
modalities, which either require multiple procedures to
achieve the same, or where the treatment eflect 1s not visible
in real-time (e.g., radiation therapy), or where it 1s not
possible to achieve such (e.g., real-time visualization of
local tissue during thermal ablation), and/or where the other
procedure further require 1nvasive approaches (e.g., 1ncCi-
sions or punctures) and iterative 1maging i1n a scanner
between procedure steps (e.g., CT or MRI scanning). The
above disclosed systems, sub-systems, components, modali-
ties, features and work-flows/methods of use may be 1mple-
mented 1 an unlimited fashion through enabling hardware,
software, user interfaces and use environments, and future
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improvements, enhancements and inventions in this area are
considered as included 1n the scope of this disclosure, as
well as any of the resulting data and means of using said data
for analytics, artificial intelligence or digital health applica-
tions and systems.

Robotics

[0141] The system may comprise various Robotic sub-
systems and components, including but not limited to, one or
more robotic arms and controllers, which may further work
with other sub-systems or components of the system to
deliver and monitor acoustic cavitation/histotripsy. As pre-
viously discussed herein, robotic arms and control systems
may be integrated into one or more Cart configurations.
[0142] For example, one system embodiment may com-
prise a Cart with an integrated robotic arm and control
system, and Therapy, Integrated Imaging and Software,
where the robotic arm and other listed sub-systems are
controlled by the user through the form factor of a single
bedside Cart.

[0143] In other embodiments, the Robotic sub-system may
be configured 1n one or more separate Carts, that may be a
driven 1n a master/slave configuration from a separate mas-
ter or Cart, wherein the robotically-enabled Cart i1s posi-
tioned bed/patient-side, and the Master 1s at a distance from
said Cart.

[0144] Disclosed robotic arms may be comprised of a
plurality of joints, segments, and degrees of freedom and
may also iclude various integrated sensor types and encod-
ers, implemented for various use and safety features. Sens-
ing technologies and data may comprise, as an example,
vision, potentiometers, position/localization, kinematics,
force, torque, speed, acceleration, dynamic loading, and/or
others. In some cases, sensors may be used for users to direct
robot commands (e.g., hand gesture the robot into a pre-
ferred set up position, or to dock home). Additional details
on robotic arms can be found in US Patent Pub. No.
2013/0255426 to Kassow et al. which 1s disclosed herein by
reference in 1ts entirety.

[0145] The robotic arm receives control signals and com-
mands from the robotic control system, which may be
housed 1n a Cart. The system may be configured to provide
various functionalities, including but not limited to, position,
tracking, patterns, triggering, and events/actions.

[0146] Position may be configured to comprise fixed posi-
tions, pallet positions, time-controlled positions, distance-
controlled positions, varniable-time controlled positions,
variable-distance controlled positions.

[0147] Tracking may be configured to comprise time-
controlled tracking and/or distance-controlled tracking.
[0148] The patterns of movement may be configured to
comprise intermediate positions or waypoints, as well as
sequence ol positions, through a defined path 1n space.
[0149] Triggers may be configured to comprise distance
measuring means, time, and/or various sensor means includ-
ing those disclosed herein, and not limited to, visual/imag-
ing-based, force, torque, localization, energy/power feed-
back and/or others.

[0150] Events/actions may be configured to comprise vari-
ous examples, including proximity-based (approaching/de-
parting a target object), activation or de-activation of various
end-eflectors (e.g., therapy transducers), starting/stopping/
pausing sequences of said events, triggering or switching
between triggers of events/actions, initiating patterns of
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movement and changing/toggling between patterns of
movement, and/or time-based and temporal over the defined
work and time-space.

[0151] In one embodiment, the system comprises a three
degree of freedom robotic positioning system, enabled to
allow the user (through the software of the system and
related user interfaces), to micro-position a therapy trans-
ducer through X, Y, and Z coordinate system, and where
gross macro-positioning of the transducer (e.g., aligning the
transducer on the patient’s body) 1s completed manually. In
some embodiments, the robot may comprise 6 degrees of
freedom including X, Y, Z, and pitch, roll and yaw. In other
embodiments, the Robotic sub-system may comprise further
degrees of freedom, that allow the robot arm supporting base
to be positioned along a linear axis running parallel to the
general direction of the patient surface, and/or the support-
ing base height to be adjusted up or down, allowing the
position of the robotic arm to be modified relative to the
patient, patient surface, Cart, Coupling sub-system, addi-
tional robots/robotic arms and/or additional surgical sys-
tems, including but not limited to, surgical towers, imaging,
systems, endoscopic/laparoscopic systems, and/or other.

[0152] One or more robotic arms may also comprise
various features to assist in maneuvering and moditying the
arm position, manually or semi-manually, and of which said
features may interface on or between the therapy transducer
and the most distal joint of the robotic arm. In some
embodiments, the feature 1s configured to comprise a handle
allowing maneuvering and manual control with one or more
hands. The handle may also be configured to include user
input and electronic control features of the robotic arm, to
command various drive capabilities or modes, to actuate the
robot to assist 1n gross or fine positioning of the arm (e.g.,
activating or deactivating free drive mode). The work-tlow
tor the 1nitial positioning of the robotic arm and therapy head
can be configured to allow either first positioming the therapy
transducer/head in the coupling solution, with the therapy
transducer directly interfaced to the arm, or 1n a diflerent
work-tlow, allowing the user to set up the coupling solution
first, and enabling the robot arm to be interfaced to the
therapy transducer/coupling solution as a later/terminal set
up step.

[0153] In some embodiments, the robotic arm may com-
prise a robotic arm on a laparoscopic, single port, endo-
scopic, hybrid or combination of, and/or other robot,
wherein said robot of the system may be a slave to a master
that controls said arm, as well as potentially a plurality of
other arms, equipped to concurrently execute other tasks
(vision, 1maging, grasping, cutting, ligating, sealing, closing,
stapling, ablating, suturing, marking, etc.), including actu-
ating one or more laparoscopic arms (and instruments) and
various histotripsy system components. For example, a
laparoscopic robot may be utilized to prepare the surgical
site, including manipulating organ position to provide more
ideal acoustic access and further stabilizing said organ 1n
some cases to minimize respiratory motion. In conjunction
and parallel to this, a second robotic arm may be used to
deliver non-invasive acoustic cavitation through a body
cavity, as observed under real-time imaging from the therapy
transducer (e.g., ultrasound) and with concurrent visualiza-
tion via a laparoscopic camera. In other related aspects, a
similar approach may be utilized with a combination of an
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endoscopic and non-invasive approach, and further, with a
combination of an endoscopic, laparoscopic and non-inva-
s1ve approach.

Coupling

[0154] Systems may comprise a variety of Coupling sub-
system embodiments, of which are enabled and configured
to allow acoustic coupling to the patient to afford effective
acoustic cavitation/histotripsy (e.g., provide acoustic
medium between transducer and patient, and support of).
These may include different form factors of such, including
open and enclosed solutions, and some arrangements which
may be configured to allow dynamic control over the
acoustic medium (e.g., temperature, dissolved gas content,
level of particulate filtration, sterility, etc.). Such dynamic
control components may be directly integrated to the system
(within the Cart), or may be in communication with the
system, but externally situated.

[0155] The Coupling sub-system typically comprises, at a
minimum, coupling medium, a reservoir/container to con-
tain said coupling medium, and a support structure. In most
embodiments, the coupling medium 1s water, and wherein
the water may be conditioned before or during the procedure
(e.g., chilled, degassed, filtered, etc.). Various conditioning,
parameters may be employed based on the configuration of
the system and its intended use/application.

[0156] The reservolr or medium container may be formed
and shaped to adapt/conform to the patient, allow the
therapy transducer to engage and work within the acoustic
medium, per defined and required working space (minimum
volume of medium to allow the therapy transducer to be
positioned and/or move through one or more treatment
positions or patterns, and at various standoils or depths from
the patient, etc.), and wheremn said reservoir or medium
container may also mechanically support the load, and
distribution of the load, through the use of a mechanical
and/or electromechanical support structure. The container
may be of various shapes, sizes, curvatures, and dimensions,
and may be comprised of a variety of materials (single,
multiple, composites, etc.), of which may vary throughout.
In some embodiments, 1t may comprise features such as
films, drapes, membranes, bellows, etc. that may be insert-
able and removable, and/or fabricated within. It may further
contain various sensors, drains, lighting (e.g., LEDs), mark-
ings, text, efc.

[0157] In one embodiment, the reservoir or medium con-
tainer contains a sealable frame, of which a membrane
and/or film may be positioned within, to afford a conform-
able means of contacting the reservoir (later comprising the
therapy transducer) as an interface to the patient, that further
provides a barrier to the medium (e.g., water) between the
patient and transducer). In other embodiments, the mem-
brane and/or film may comprise an opening, the edge of
which aflords mechamical sealing to the patient, but in
contrast allows medium communication with the patient
(e.g., direct water interface with patient). The superstructure
of the reservoir or medium container 1n both these examples
may further afford the proximal portion of the structure (e.g.,
top) to be open or enclosed (e.g., to prevent spillage or afford
additional features).

[0158] Disclosed membranes may be comprised of vari-
ous elastomers, viscoelastic polymers, thermoplastics, ther-
moset polymers, silicones, urethanes, rigid/tlexible co-poly-
mers, block co-polymers, random block co-polymers, etc.
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Materials may be hydrophilic, hydrophobic, surface modi-
fied, coated, extracted, etc., and may also contain various
additives to enhance performance, appearance or stability.

[0159] Said matenials may be formed into useful mem-
branes through molding, casting, spraying, ultrasonic spray-
ing and/or any other processing methodology that produces
useiul embodiments. They may be single use or reposable/
reusable. They may be provided non-sterile, aseptically
cleaned or sterile, where sterilization may comprise any
known method, including but not limited to ethylene oxide,
gamma, ¢-beam, autoclaving, steam, peroxide, plasma,
chemical, etc.

[0160] Open reservoirs or medium containers may coms-
prise various methods of filling, including using pre-pre-
pared medium or water, that may be delivered into the such,
in some cases to a defined specification of water (level of
temperature and gas saturation, etc.), or they may comprise
additional features integral to the design that allow filling
and draining (e.g., ports, valves, hoses, tubing, fittings, bags,
pumps, etc.).

[0161] Enclosed iterations of the reservoir or medium
container may comprise various features for sealing, in some
embodiments sealing to a proximal/top portion or structure
ol a reservoir/container, or in other cases where sealing may
comprise embodiments that seal to the transducer, or a
feature on the transducer housings. Further, some embodi-
ments may comprise the dynamic ability to control the
volume of fluid within these designs, to minmimize the
potential for air bubbles or turbulence 1n said fluid. As such,
integrated features allowing tluid communication, and con-
trol of, may be provided (ability to provide/remove fluid on
demand), including the ability to monitor and control vari-
ous fluid parameters, some disclosed above. In order to
provide this functionality, the overall system, and as part, the
Coupling sub-system, may comprise a fluid conditioning
system, which may contain various electromechanical
devices, systems, power, sensing, computing and control
systems, €ftc.

[0162] Coupling support systems may include various
mechanical support devices to interface the reservoir/con-
tainer and medium to the patient, and the workspace (e.g.,
bed). In some embodiments, the support system comprises a
mechanical arm with 3 or more degrees of freedom. Said
arm may interface with one or more locations (and features)
of the bed, including but not limited to, the frame, rails,
customized rails or inserts, as well as one or more locations
of the reservoir or container. The arm may be a feature
implemented on one or more Carts, wherein Carts may be
configured 1n various unlimited permutations, in some cases
where a Cart only comprises the role of supporting and
providing the disclosed support structure.

[0163] In some embodiments, the support structure and
arm may be a robotically-enabled arm, implemented as a
stand-alone Cart, or integrated into a Cart further comprising
two or more system sub-systems, or where 1n the roboti-
cally-enabled arm 1s an arm of another robot, of interven-
tional, surgical or other type, and may further comprise
various user mput features to actuate/control the robotic arm
(e.g., positioning into/within coupling medium) and/or Cou-
pling solution features (e.g., filling, draining, etc.).

Software

[0164] The system may comprise various soltware appli-
cations, features and components which allow the user to
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interact, control and use the system for a plethora of clinical
applications. The Software may communicate and work
with one or more of the sub-systems, including but not
limited to Therapy, Integrated Imaging, Robotics and Other
Components, Ancillaries and Accessories of the system.

[0165] Overall, 1n no specific order of importance, the
soltware may provide features and support to mnitialize and
set up the system, service the system, communicate and
import/export/store data, modity/manipulate/configure/con-
trol/command various settings and parameters by the user,
mitigate safety and use-related risks, plan procedures, pro-
vide support to various configurations of transducers,
robotic arms and drive systems, function generators and
amplifier circuits/slaves, test and treatment ultrasound
sequences, transducer steering and positioning (electrome-
chanical and electronic beam steering, etc.), treatment pat-
terns, support for imaging and imaging probes, manual and
clectromechanical/robotically-enabling movement of, imag-
ing support for measuring/characterizing various dimen-
sions within or around procedure and treatment sites (e.g.,
depth from one anatomical location to another, etc., pre-
treatment assessments and protocols for measuring/charac-
terizing 1n situ treatment site properties and conditions (e.g.,
acoustic cavitation/histotripsy thresholds and heterogeneity
ol), targeting and target alignment, calibration, marking/
annotating, localizing/navigating, registering, guiding, pro-
viding and guiding through work-tlows, procedure steps,
executing treatment plans and protocols autonomously,
autonomously and while under direct observation and view-
ing with real-time i1maging as displayed through the soft-
ware, including various views and viewports for viewing,
communication tools (video, audio, sharing, etc.), trouble-
shooting, providing directions, warnings, alerts, and/or
allowing commumication through various networking
devices and protocols. It 1s further envisioned that the
soltware user interfaces and supporting displays may com-
prise various buttons, commands, icons, graphics, text, etc.,
that allow the user to interact with the system in a user-
friendly and effective manner, and these may be presented 1n
an unlimited number of permutations, layouts and designs,
and displayed in similar or different manners or feature sets
for systems that may comprise more than one display (e.g.,
touch screen monitor and touch pad), and/or may network to
one or more external displays or systems (e.g., another
robot, navigation system, system tower, console, monitor,
touch display, mobile device, tablet, etc.).

[0166] The software, as a part of a representative system,
including one or more computer processors, may support the
various aforementioned function generators (e.g., FPGA),
amplifiers, power supplies and therapy transducers. The
soltware may be configured to allow users to select, deter-
mine and monitor various parameters and settings for acous-
tic cavitation/histotripsy, and upon observing/receiving
teedback on performance and conditions, may allow the user
to stop/start/modily said parameters and settings.

[0167] The software may be configured to allow users to
select from a list or menu of multiple transducers and
support the auto-detection of said transducers upon connec-
tion to the system (and verification of the appropnate
sequence and parameter settings based on selected applica-
tion). In other embodiments, the software may update the
targeting and amplifier settings (e.g., channels) based on the
specific transducer selection. The software may also provide
transducer recommendations based on pre-treatment and
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planning inputs. Conversely, the software may provide error
messages or warnings to the user if said therapy transducer,
amplifier and/or function generator selections or parameters
are erroneous, vield a fault or failure. This may further
comprise reporting the details and location of such.

[0168] In addition to above, the software may be config-
ured to allow users to select treatment sequences and pro-
tocols from a list or menu, and to store selected and/or
previous selected sequences and protocols as associated with
specific clinical uses or patient profiles. Related profiles may
comprise any associated patient, procedure, clinical and/or
engineering data, and maybe used to inform, modify and/or
guide current or future treatments or procedures/interven-
tions, whether as decision support or an active part of a
procedure itself (e.g., using serial data sets to bwld and
guide new treatments).

[0169] As a part of planning or during the treatment, the
software (and in working with other components of the
system) may allow the user to evaluate and test acoustic
cavitation/histotripsy thresholds at various locations 1n a
user-selected region of interest or defined treatment area/
volume, to determine the minimum cavitation thresholds
throughout said region or area/volume, to ensure treatment
parameters are optimized to achieve, maintain and dynami-
cally control acoustic cavitation/histotripsy. In one embodi-
ment, the system allows a user to manually evaluate and test
threshold parameters at various points. Said points may
include those at defined boundary, interior to the boundary
and center locations/positions, of the selected region of
interest and treatment area/volume, and where resulting
threshold measurements may be reported/displayed to the
user, as well as utilized to update therapy parameters before
treatment. In another embodiment, the system may be con-
figured to allow automated threshold measurements and
updates, as enabled by the aforementioned Robotics sub-
system, wherein the user may direct the robot, or the robot
may be commanded to execute the measurements autono-
mously.

[0170] Software may also be configured, by working with
computer processors and one or more function generators,
amplifiers and therapy transducers, to allow various permu-
tations ol delivering and positioning optimized acoustic
cavitation/histotripsy in and through a selected area/volume.
This may include, but not limited to, systems configured
with a fixed/natural focus arrangement using purely electro-
mechanical positioning configuration(s), electronic beam
steering (with or without electromechanical positioning),
clectronic beam steering to a new selected fixed focus with
turther electromechanical positioning, axial (7 axis) elec-
tronic beam steering with lateral (X and Y) electromechani-
cal positioming, high speed axial electronic beam steering
with lateral electromechanical positioning, high speed beam
steering 1n 3D space, various combinations of including with
dynamically varying one or more acoustic cavitation/histo-
tripsy parameters based on the aforementioned ability to
update treatment parameters based on threshold measure-
ments (e.g., dynamically adjusting amplitude across the
treatment area/volume).

Threshold Testing

[0171] The systems described herein include the capabil-
ity to evaluate and test acoustic cavitation/histotripsy thresh-
olds at various locations 1n a user-selected region of 1nterest
or defined treatment area/volume, to determine the mini-
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mum cavitation thresholds throughout said region or area/
volume, to ensure treatment parameters are optimized to
achieve, maintain and dynamaically control acoustic cavita-
tion/histotripsy. During ftreatment planmng or during
therapy, cavitation threshold test pulses can be transmitted
into a plurality of locations of interest. The number of test
locations of interest can be chosen based on the size and/or
shape of the treatment region. For example, a spherical
treatment region benefits from at least seven test locations to
probe the extremes of the spherical volume. In one example,
the test protocol and test pulses can be positioned at 1) the
center of the treatment volume, 2) the proximal-most aspect
of the treatment volume (top), 3) the distal-most aspect of
the treatment volume, 4) the left-most aspect of the treat-
ment volume, 5) the rnight-most aspect of the treatment
volume, 6) the cranial-most aspect of the treatment volume
(head), and 7) the caudal-most aspect of the treatment
volume (tail).

[0172] During therapy, the cavitation threshold at each of
the locations of interest can be evaluated with a single
therapy PRF to determine if cavitation has formed before
incrementing to the next PRF. For example, the formation
(or not) of cavitation can be observed in real-time with
imaging such as ultrasound 1maging. In general, the driving
voltage required to 1nitiate a vigorous bubble cloud 1n tissue
decreases as the therapy PRF increases. The cavitation
threshold 1n the tissue can also vary as a treatment procedure
progresses. Thus, testing various points of interest within a
treatment volume during treatment can be a useful tool to
evaluate the cavitation threshold(s) in real-time and adjust
the PRF and/or drniving voltage of the therapy pulses to
optimize treatment at each of the tested locations. The
treatment protocol itsell can then be adjusted based on the
test pulses to utilize variable amplitudes/PRF based on the
test results to ensure the optimal amount of energy 1is
delivered into each location of the tissue for histotripsy
therapy. Additionally, the depth at each of the test locations
can be measured or determined (either manually or auto-
matically with the system) to provide additional information
to the system for determining optimal treatment parameters.

[0173] In some embodiments, the test locations can be
used to determine a maximum amount of energy that may be
applied without generating undesired damage to the test
location or surround or intervening tissues. For example,
while determining the cavitation thresholds at each of the
test locations, the drive voltage and/or PRF of the system
can be increased until cavitation 1s observed under real-time
imaging. In some embodiments, the drive voltage and/or
PRF can be increased until undesirable damage to the test
location or cavitation/thermal damage to other locations
outside of the test location are observed. This can be used to
determine the maximum amount ol energy that can be
applied for a given test location.

[0174] Based on the test protocol and tested cavitation
thresholds, the appropriate driving voltage for each point in
the treatment grid can be chosen. With the required voltage
at the center and six extremes of the target volume serving
as mputs, the voltages for the remaining points comprising
the treatment volume can be interpolated. The driving volt-
age can then be adjusted automatically by the software as the
therapy progresses through the automated treatment volume.
In this way each point 1s ablated using an amplitude suith-
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cient to maintain an eflicacious bubble cloud, but not overly
so 1 order to minimize the thermal deposition in the
acoustic path.

[0175] For example, a method of delivering histotripsy
therapy to tissue can comprise delivering histotripsy pulses
into tissue at a plurality of target test locations and 1imaging
the test location 1n real-time to evaluate whether cavitation
has formed at the test locations. If cavitation has not formed
at the test locations, the driving voltage and/or the PRF of
the histotripsy pulses can be adjusted, and histotripsy pulses
with the adjusted parameters can be delivered into the tissue
at the test locations. Real-time 1maging can again be used to
evaluate whether cavitation has formed at each test location.
This process can be repeated until the cavitation threshold at
cach test location 1s determined, and a high-density map can
be created based on various algorithms to extrapolate thresh-
olds across the targeted region of interest/treatment volume,
specific to the acoustic pathway and target depth. For
example, 11 cavitation thresholds are known at a first test
location and a second test location, then the cavitation
threshold at a third test location can be extrapolated based on
the cavitation thresholds of the first and second test loca-
tions. This extrapolation can be further based on the tissue
type, target tissue depth, and acoustic pathway of the third
test location.

[0176] In one example, a method of treating tissue can
comprise transmitting ultrasound pulses ito a {first test
location with at least one ultrasound transducer, determining
a first cavitation threshold at the first test location, transmait-
ting ultrasound pulses 1nto a second test location with the at
least one ultrasound transducer, determining a second cavi-
tation threshold at the second test location, adjusting a first
driving voltage and/or PRF of the at least one transducer
based on the first cavitation threshold, transmitting ultra-
sound pulses into the first test location with the at least one
ultrasound transducer at the first adjusted driving voltage
and/or PRF to generate cavitation at the first test location,
adjusting a second driving voltage and/or PRF of the at least
one transducer based on the second cavitation threshold, and
transmitting ultrasound pulses 1nto the second test location
with the at least one ultrasound transducer at the second
adjusted driving voltage and/or PRF to generate cavitation at
the second test location.

Other Components, Ancillaries and Accessories

[0177] The system may comprise various other compo-
nents, ancillaries and accessories, including but not limited
to computers, computer processors, power supplies includ-
ing high voltage power supplies, controllers, cables, con-
nectors, networking devices, software applications for secu-
rity, communication, integration into information systems
including hospital information systems, cellular communi-
cation devices and modems, handheld wired or wireless
controllers, goggles or glasses for advanced visualization,
augmented or virtual reality applications, cameras, sensors,
tablets, smart devices, phones, internet of things enabling
capabilities, specialized use “apps’ or user training materials
and applications (software or paper based), virtual proctors
or trainers and/or other enabling features, devices, systems
or applications, and/or methods of using the above.

System Variations and Methods/Applications

[0178] In addition to performing a breadth of procedures,
the system may allow additional benefits, such as enhanced
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planning, imaging and guidance to assist the user. In one
embodiment, the system may allow a user to create a patient,
target and application specific treatment plan, wherein the
system may be configured to optimize treatment parameters
based on feedback to the system during planning, and where
planning may further comprise the ability to run various test
protocols to gather specific mputs to the system and plan.

[0179] Feedback may include various energy, power, loca-
tion, position, tissue and/or other parameters.

[0180] The system, and the above feedback, may also be
further configured and used to autonomously (and roboti-
cally) execute the delivery of the optimized treatment plan
and protocol, as visualized under real-time 1maging during
the procedure, allowing the user to directly observe the local
treatment tissue eflect, as 1t progresses through treatment,
and start/stop/modily treatment at their discretion. Both test
and treatment protocols may be updated over the course of
the procedure at the direction of the user, or 1n some
embodiments, based on logic embedded within the system.

[0181] It 1s also recognized that many of these benefits
may further improve other forms of acoustic therapy, includ-
ing thermal ablation with high intensity focused ultrasound
(HIFU), high intensity therapeutic ultrasound (HITU)
including boiling histotripsy (thermal cavitation), and are
considered as part of this disclosure.

[0182] In another aspect, the Therapy sub-system, com-
prising in part, one or more amplifiers, transducers and
power supplies, may be configured to allow multiple acous-
tic cavitation and histotripsy driving capabilities, affording,
specific benefits based on application, method and/or patient
specific use. These benefits may include, but are not limited
to, the ability to better optimize and control treatment
parameters, which may allow delivery of more energy, with
more desirable thermal profiles, increased treatment speed
and reduced procedure times, enable electronic beam steer-
ing and/or other features.

[0183] This disclosure also includes novel systems and
concepts as related to systems and sub-systems comprising
new and “universal” amplifiers, which may allow multiple
driving approaches (e.g., single and multi-cycle pulsing). In
some embodiments, this may include various novel features
to further protect the system and user, 1n terms of electrical
safety or other hazards (e.g., damage to transducer and/or
amplifier circuitry).

[0184] In another aspect, the system, and Therapy sub-
system, may include a plethora of therapy transducers,
where said therapy transducers are configured for specific
applications and uses and may accommodate treating over a
wide range of working parameters (target size, depth, loca-
tion, etc.) and may comprise a wide range of working
specifications (detailed below). Transducers may further
adapt, interface and connect to a robotically-enabled system,
as well as the Coupling sub-system, allowing the transducer
to be positioned within, or along with, an acoustic coupling
device allowing, in many embodiments, concurrent imaging
and histotripsy treatments through an acceptable acoustic
window. The therapy transducer may also comprise an
integrated 1maging probe or localization sensors, capable of
displaying and determining transducer position within the
treatment site and aflording a direct field of view (or
representation of) the treatment site, and as the acoustic
cavitation/histotripsy tissue effect and bubble cloud may or
may not change 1n appearance and intensity, throughout the
treatment, and as a function of i1ts location within said
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treatment (e.g., tumor, healthy tissue surrounding, critical
structures, adipose tissue, efc.).

[0185] The systems, methods and use of the system dis-
closed herein, may be beneficial to overcoming significant
unmet needs 1n the areas of soft tissue ablation, oncology,
advanced image guided procedures, surgical procedures
including but not limited to open, laparoscopic, single
incision, natural orifice, endoscopic, non-invasive, various
combination of, various interventional spaces for catheter-
based procedures of the vascular, cardiovascular and/or
neuro-related spaces, cosmetics/aesthetics, metabolic (e.g.,
type 2 diabetes), plastics and reconstructive, ocular and
ophthalmology, gynecology and men’s health, and other
systems, devices and methods of treating diseased, mnjured,
undesired, or healthy tissues, organs or cells.

[0186] Systems and methods are also provided for improv-
ing treatment patterns within tissue that can reduce treatment
time, improve etlicacy, and reduce the amount of energy and
prefocal tissue heating delivered to patients.

Use Environments

[0187] The disclosed system, methods of use, and use of
the system, may be conducted in a plethora of environments
and settings, with or without various support systems such
as anesthesia, including but not limited to, procedure suites,
operating rooms, hybrid rooms, 1n and out-patient settings,
ambulatory settings, 1maging centers, radiology, radiation
therapy, oncology, surgical and/or any medical center, as
well as physician oflices, mobile healthcare centers or sys-
tems, automobiles and related vehicles (e.g., van), and/or
any structure capable of providing temporary procedure
support (e.g., tent). In some cases, systems and/or sub-
systems disclosed herein may also be provided as integrated
features into other environments, for example, the direct
integration of the histotripsy Therapy sub-system into a MRI
scanner or patient surface/bed, wherein at a minimum the
therapy generator and transducer are integral to such, and in
other cases wherein the histotripsy configuration further
includes a robotic positioning system, which also may be
integral to a scanner or bed centered design. In some
embodiments, the system and/or various sub-systems may
be configured to be used 1n a laboratory and bench setting,
wherein some cases histotripsy 1s performed to produce
tissue homogenates or lysates for further use directly as
therapies, immunotherapies or biologically targeted thera-
pies, or in the further preparation of such. This may spe-
cifically include the use of histotripsy lysates to prime cell
therapies (dendritic or T cell) as an unlimited example.
Further, such homogenates or lysates may be stored and
banked for immediate or later use.

Cancer Immunotherapy

[0188] As described above, Histotripsy 1s a non-invasive
ablation method that delivers focused, microsecond-length,
high-pressure, ultrasound pulses that create cavitation
microbubbles 1n the target tissues, with no need for supple-
mentary external agents. The rapid expansion and collapse
of cavitation microbubbles produces high straimn that
mechanically disrupts cell membranes and structures in the
target tissue, resulting mm a liquefied and soluble tissue
homogenate. Thus, the histotripsy therapy 1s configured to
liquety, lyse, and/or solubilize the target tissue. Unlike HIFU
thermal ablation, histotripsy destroys tumors by causing cell
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and nuclear membrane disruption, without heating or dena-
turing potentially antigenic tumor peptides. Although boail-
ing histotripsy also produces liquefied acellular debris, the
process 1s diflerent as 1t creates rapid heating to boiling
temperatures to produce large vapor bubbles that disrupt
cells. Therefore, protein 1s also presumably denatured during
the boiling process, and due to the partial thermal coagula-
tion of the tissue, the resulting treatment debris may not be
as readily soluble as traditional histotripsy. The mechani-
cally disrupted and soluble acellular debris generated by
histotripsy 1s systemically reabsorbed. In this way, histo-
tripsy can destroy tumors while preserving and showcasing
their previously ludden subcellular contents via the liquefi-
cation and solubilization of such, including tumor antigens
and biomarkers, to the immune system.

[0189] Furthermore, histotripsy eflectively induces cancer
cell immunogenic cell death (ICD). The manner 1n which a
cancer cell dies can have vastly diflerent implications on
immune detection. Apoptotic non-immunogenic cell death
(NICD) results in macrophage-mediated clearance of cancer
cell debris amidst a non-inflammatory cytokine milieu that
ultimately suppresses adaptive immune responses to cancer.
In contrast, ICD 1s a process 1in which necrotic cancer cells
release subcellular contents called damage associated
molecular patterns (DAMPs). When released outside the
protective confines of the cancer cell membrane, DAMPs
trigger a cascade of inflammatory events culminating in the
activation of T cells and natural killer cells. It 1s postulated
that induction of cancer cell ICD could promote immuno-
logical detection of cancers. Unfortunately, the ability of
traditional oncological therapies, like radiation therapy, che-
motherapy, radiofrequency ablation, and microwave abla-
tion, to cause ICD 1s modest. In addition, these interventions
cause ofl-target effects that undercut ICD. For example,
chemotherapy and radiation have systemic cytotoxicities
that skew the immune system toward global immune sup-
pression. Radiation and thermal ablation causes extensive
denaturation of subcellular contents that can limit the
potency of DAMP-mediated ICD, as well as more limited
bioavailability of DAMPs. However, the novel approaches
described herein, utilizing histotripsy therapy, can trigger
and allow DAMP release and inflammation events through
ICD. Moreover, the completely non-invasive and precisely
targeted nature of 1ts delivery minimizes the risk of negative
or adverse ofl-target eflects.

[0190] Histotripsy “immunosensitization”  techniques
described herein are configured to release, and 1n some cases
liquety, lyse, and/or solubilize, tumor antigens and produce
ICD, which 1s expected to potentiate the immunogenicity of
treated tumors and make cancers more responsive to con-
ventional immunotherapy. Thus, histotripsy “immunosensi-
tization” as described herein can be used to sensitize previ-
ously resistant cancers to immunotherapy further allowing
immune recognition. Histotripsy immunosensitization 1s not
merely a modality of local tumor ablation, but a trigger to
allow patients whose disseminated, refractory cancers out-
side of the ablation zone can be made responsive to immune
therapy, regionally and systemically. This can be done by
histotripsy ablation 1itself or a combination of histotripsy
ablation with various bioactive agents and therapeutics (e.g.,
RNA/DNA, gene, protein, antibody, cell and/or other thera-
pies) including, but not limited to, as an example, checkpoint
inhibitor (CI) immunotherapies to maximize therapeutic
ellect.
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[0191] Histotripsy 1mmunosensitization as described
herein 1s qualitatively distinct from conventional histotripsy
treatment, including histotripsy tumor ablation. The purpose
of histotripsy immunosensitization 1s to stimulate immune
responses to treated tumors that are of suthicient magnitude
to produce regional and/or systemic (abscopal) eflects
(growth inhibition of tumors outside the ablation zone) at
distant tumor sites. In some examples, this may be modu-
lated through the dose and distribution of histotripsy through
the selected volume/location of treated tumor(s). In some
cases, complete tumor ablation 1s not the ultimate goal or
required for/of histotripsy immunosensitization; rather, the
overall goal 1s to stimulate a systemic tumor-specific
immune response. In some uses, to achieve this 1mmune
stimulation, histotripsy immunosensitization can be imple-
mented with the mnovative approaches described herein.
Histotripsy can also be combined with various therapeutics,
including checkpoint imhibition therapy and other adjuvant
therapies to enhance/maximize the abscopal eflect, as
described herein. Moreover, histotripsy immunosensitiza-
tion can be used to produce histotripsy cancer vaccines or
lysate based therapeutics as described herein. In some
examples, histotripsy lysates may be re-administered to
patients as autologous therapies wherein the solubilized
lysate 1s used directly as therapy (systemic or locally deliv-
ered), or 1s used to stimulate and/or produce enhanced
therapies (e.g., activated or primed cell therapies), and/or
may be further combined with other therapies.

[0192] FIG. 2 depicts a flowchart 200 that describes
example steps for performing histotripsy immunosensitiza-
tion using the system components described above, includ-
ing a histotripsy therapy transducer, a robotic positioning
system, and/or a surgical navigation system. In some
embodiments, the method can be used for treating tissue
previously treated with radiation therapy and/or resistant to
radiation therapy. In another embodiment, the method can be
used for treating tissue previously treated with 1mmuno-
therapy and non-responsive or resistant to immunotherapy.

[0193] At step 202 of tflowchart 200, at least one target
tumor can be i1dentified with the therapy system. Step 202
can include identitying the precise location of the target
tumor location within the body of the patient, including
identifying details about the size, shape, volume, mass, and
tissue type(s) of the target tumor location. For example, the
identifying step can include identifying the type of tumor,
the type of tissue or organ within which the tumor 1s located,
and the volume or mass of the tumor itsellf. In some
implementations, identifying the at least one target tumor

can be achieved with a medical imaging modality such as
ultrasound, MRI, CT, or the like.

[0194] The target tumor can comprise tumors or other
abnormal tissue volumes within a liver, a kidney, a spleen,
a pancreas, a colorectal, a bowel, a stomach, an esophagus,
a breast, a lung, a head, a neck, a thyroid, skin, nervous
tissue, hematological malignancies, a sarcoma, primary and
metastatic lesions, and brain tissue.

[0195] At step 204 of flowchart 200, the method can
include determining a treatment volume of the target tumor
to ablate so as to increase, enhance, and/or maximize the cell
response ol releasing tumor antigens. For example, if the
chosen treatment volume 1s too small, the stimulated
immune response will be insuflicient. Conversely, 11 the
ablation volume 1s too large, treatment-related clinical com-
plications could ensue and/or the immune response may be
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sub-optimal. Determining treatment volume can be critical
for the purpose of immune stimulation, such that sutlicient
immune stimulation i1s achieved without significant compli-
cations. In some examples, ablation of suflicient number of
cells typically comprises ablation of >1 mlL tissue or >10%
of the target tumor. In another embodiment, the treatment
volume of the at least one target tumor ranges from 25% to
90% of a volume of the at least one target tumor. In another
implementation, the treatment volume of the at least one
target tumor is at least 1 cm” in volume. The extent of
immune stimulation by histotripsy may be impacted by
ablation volume (20% vs. 80% vs. 100%; 1 mL vs. 20 mL
vs. 60 mL) and can also be impacted by the type of cancer
or the location of the target tumor region. For example, the
location of the target tissue volume or the target tumor type
can be used to determine the optimal treatment volume.

[0196] Alternatively, at step 204 of flowchart 200, the
method can include determining a treatment volume of the
target tumor to ablate that will increase, enhance, and/or
maximize induction of immunogenic cell death.

[0197] At step 206 of flowchart 200, the method can

turther include determining a treatment location to increase,
enhance, and/or maximize the cell response of releasing
tumor antigens. For example, in some embodiments, the
treatment location comprises only a central/inner portion of
the at least one target tumor. In other embodiments, the
treatment location comprises only a periphery/outer portion
of the at least one target tumor. In another implementation,
the treatment location comprises a plurality of programmed
treatment locations distributed spatially through the at least
one target tumor. It 1s possible that the extent of 1mmune
stimulation by histotripsy may be impacted by the pattern of
ablation (e.g., ablation of the inner core/central portion vs.
outer nnm/periphery only; contiguous ablation vs. checker-
board pattern). For example, a checkerboard ablation pattern
may allow more vascular access to the ablated acellular
debris, which may increase the magnitude of the stimulated
immune response as compared to a contiguous pattern of
ablation. The treatment location chosen at step 206 can
depend on the type of tissue to be treated, including the
tumor type/cancer type, the surrounding tissues, the size and
or shape of the target tumor, etc.

[0198] Alternatively, at step 206 of flowchart 200, the
method can include determining a treatment location of the
target tumor to ablate that will maximize induction of
immunogenic cell death.

[0199] In some embodiments, the cell response includes
immunogenic cell death, infiltration of inflammatory and
antigen presenting cells, infiltration and activation of T cells,
increased tumor-specific T cells, infiltration of natural killer
cells, B cells and CD4+ T cells, and/or depletion of immu-
nosuppressive regulatory T cells and myeloid-derived sup-
pressor cells.

[0200] FIG. 3 1s an example of a target tumor or target
tissue volume 300, including a central/inner portion 302 and
a periphery or peripheral/outer portion 304. The periphery or
peripheral portion 304 of the target tumor can be thought of
as a portion or section of the tumor that adjacent to the outer
edges of the target volume. The central/inner portion 302 can
be referred to as a volume within the target tumor that 1s
entirely surrounded by the periphery, as shown 1n FIG. 3. In
some examples, the entirety of the peripheral portion can
comprise the treatment location from step 206 of tlowchart
200. In other examples, only a portion of the peripheral




US 2024/0024705 Al

portion can be treated, such as, for example, a volume 306
(having the desired treatment volume from step 204 of
flowchart 200) within the peripheral portion.

[0201] At step 208 of flowchart 200, the histotripsy
therapy transducer can apply histotripsy therapy to a target
tumor volume with the selected treatment volume and
treatment location to mechamically lyse, solubilize, and/or
liquety the tumor cell membranes of a suflicient number of
tumor cells to release tumor antigens in the target tumor
volume. In some embodiments, the application of histotripsy
therapy induces immunogenic cell death. The histotripsy
therapy 1s applied so as to disrupt the tumor cell membranes
without generating adequate heating in the target tissue
volume to cause protein denaturation. To achieve this goal,
the histotripsy immunosensitization therapy described in
step 208 may be carried out in one or more sessions, over
which an optimal volume 1s ablated during each session.

[0202] As described above, histotripsy therapy creates
cavitation 1n a target tissue volume with by applying histo-
tripsy pulses to the histotripsy therapy transducer that have
microsecond pulse lengths (<20 us), high peak negative
pressure (>>10 MPa), and a low duty cycle (<5%), to
mechanically lyse, solubilize, and/or liquely the target tumor
volume and to disrupt the tumor cell membrane, while
avoiding tissue heating.

[0203] In another example, our preliminary data shows
that histotripsy monotherapy of one tumor site results in
significant reduction in the number and volume of distant
untreated tumor site, including metastases (abscopal effect).
This includes therapeutic response locally, regionally (drain-
ing lymphatic) and systemically (circulation). Thus, the
method provided herein can be used not only to treat the
ablated tumor volume, but also tumor/cancer volumes that
are separate from or apart from the targeted tumor volume.
As a further example, one of a plethora of colorectal
metastases may be treated in the liver, with an observed
therapeutic response seen in the stabilization or reduction in
tumor burden of other non-treated tumors (and of non-liver
origin).

[0204] To control the ablation of specific volume, shape,
and patter, histotripsy delivery can be assisted by the robotic
arm and/or navigation system described above, which can be
used to mechanically move the histotripsy transducer, such
that the histotripsy focus will be scanned to cover the
planned tumor volume, with specific volume, shape, and
pattern. Furthermore, the system can be configured to con-
trol the ablation of specific volume, shape, and pattern,
histotripsy delivery by electronic focal steering using a 2D
phased array ultrasound transducer, which can be used to
clectronically move the histotripsy transducer, such that the
histotripsy focus will be scanned to cover the planned tumor
volume, with specific volume, shape, and pattern.

[0205] As described above, histotripsy targeting and deliv-
ery to the target tumor can be guided by real-time 1maging,
¢.g., ultrasound imaging, CT, or MRI. The imaging feedback
can confirm that histotripsy 1s used to treat the planned
tumor volume of a specific volume, shape, and pattern.

[0206] In some embodiments, applying the histotripsy
treatment causes the release of damage associated molecular

patterns (DAMPs). The DAMPs can be, for example, High
Mobility Group Box 1 (HMGBI1), calreticulin (CRT),
adenosine triphosphate (ATP), heat shock proteins (HSP),
fibronectin (FN), deoxyribonucleic acid (DNA), ribonucleic
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acid (RNA) and combinations thereof. In one embodiment,
the DNA comprises cell-free DNA. In another embodiment,

the RNA comprises mRINA.

[0207] Optionally, at step 210 of flowchart 200, the

method can further include evaluating the immune response
and therapeutic eflect after delivery of histotripsy therapy to
the target tumor location. Evaluating the immune response
can allow time for the lysed, solubilized, and or liquefied
acellular debris produced by histotripsy to stimulate adap-
tive immune responses in tumor draining lymph nodes and
within the systemic circulation, and can allow time to cause
inflammation and DAMP release. These changes are
expected to lead to regional and systemic tumor-specific
immune responses. The evaluation step can include assess-
ment of immunological cell death and/or immune activation.

[0208] The evaluating step can comprise imaging the cell
response, the imaging comprising ultrasound, CT, MRI,
and/or PET imaging. In some embodiments, evaluating the
immune response comprises imaging the at least one target
tumor and/or performing a tissue biopsy on the at least one
target tumor. The stimulated immune response can be evalu-
ated with blood tests, and abscopal eflects on distant tumor
sites can be evaluated with non-invasive imaging following
histotripsy immunosensitization. In some examples, evalu-
ating the 1mmune response comprises evaluating the
Immune response 1n one or more organs or anatomical
locations. In other embodiments, evaluating the 1mmune
response 1mncludes biomarker analyses of tissue, cells, blood
and/or combinations thereof. In some examples, the evalu-
ation can takes 1-10 days to stimulate suilicient immune
response. In other embodiments, the evaluation can occur
weeks to months after delivering histotripsy therapy.

[0209] The nature and magnitude of immune stimulation
may vary between patients and tumor types. Blood drawn
from patients may be used for testing of specific immune
biomarkers (e.g., quantity and activation status of T cell
subsets, dendritic cells, neutrophils, natural killer cells,
macrophages, regulatory T cells, myeloid-derived suppres-
sor cells, etc.) to evaluate the extent of immunostimulation
induced by histotripsy. In addition, abscopal i1mmune
responses can be measured using immunohistochemical
analyses of relevant immune cell infiltration can be per-
formed on biopsies obtained from distant tumor sites after
histotripsy treatment. Abscopal effects on distant tumors can
be momitored using non-invasive imaging following histo-
tripsy 1mmunosensitization, such as magnetic resonant
imaging (MRI), computed tomography (CT), or ultrasonog-
raphy (US).

[0210] The techniques described herein can be combined
with other immunomodulatory treatments to 1ncrease,
enhance, and/or maximize abscopal eflects. Immunotherapy
drugs (e.g., checkpoint inhibition monoclonal antibodies
against PD-1 and CTLA-4) can be applied in conjunction
with histotripsy immunosensitization described above. The
timing with which checkpoint inhibitors are delivered can
ideally be concurrent with the timing of maximal immune
response stimulated by histotripsy. Thus, the evaluation at
step 710 of flowchart 700 can be used to determine when
immunomodulatory treatments can or will be applied to the
patient.

[0211] Additionally, adjuvant may be combined with his-
totripsy and immunotherapy to enhance the therapeutic
ellect. Various types of adjuvant (e.g., CpG, Ibrutinib, etc.)
have been combined with immunotherapy, radiation therapy,
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or other ablation therapy to enhance the therapeutic eflect.
One or more adjuvant administrations can be applied before
or alter histotripsy, in addition to or potentially instead of
immunotherapy drug administration.

[0212] The nature and magnitude of immune stimulation
may vary between patients and tumor types. Blood drawn
from patients may be used for testing of specific immune
biomarkers (e.g., quantity and activation status of T cell
subsets, dendritic cells, neutrophils, natural killer cells,
macrophages, regulatory T cells, myeloid-derived suppres-
sor cells, etc.) to determine the timing of maximal immune
response and optimal timing of immunotherapy drug admin-
istration. In addition, abscopal immune responses can be
measured using immunohistochemical analyses of relevant
immune cell ifiltration can be performed on biopsies
obtained from distant tumor sites after histotripsy treatment.

[0213] FIG. 4 depicts a flowchart 400 that describes
example steps for performing histotripsy immunosensitiza-
tion using the system components described above, includ-
ing a histotripsy therapy transducer, a robotic positioning
system, and/or a surgical navigation system.

[0214] At step 402 of tlowchart 400, at least one target
tissue volume can be 1dentified with the therapy system. Step
402 can include 1dentitying the precise location of the target
tissue volume within the body of the patient, including
identifying details about the size, shape, volume, mass, and
tissue type(s) of the target tissue volume. For example, the
identifying step can include i1dentitying the type of volume
(e.g., tumor), the type of tissue or organ within which the
volume 1s located, and the volume or mass of the target
volume 1tself. In some 1mplementations, 1dentifying the at
least one target tissue volume can be achieved with a
medical imaging modality such as ultrasound, MRI, CT, or

the like.

[0215] The target tissue volume can comprise tumors or
other abnormal tissue volumes within a liver, a kidney, a
spleen, a pancreas, a colorectal, a bowel, a stomach, an
esophagus, a breast, a lung, a head, a neck, a thyroid, skin,
nervous tissue, hematological malignancies, a sarcoma, pri-
mary and metastatic lesions, and brain tissue.

[0216] In some examples, 1dentifying the target tissue
volume can further include determining a treatment volume
of the target tumor to ablate so as to maximize the cell
response ol releasing tumor antigens. For example, if the
chosen treatment volume 1s too small, the stimulated
immune response will be insuflicient. Conversely, 11 the
ablation volume is too large, treatment-related clinical com-
plications could ensue and/or the immune response may be
sub-optimal. Determining treatment volume can be critical
tor the purpose of immune stimulation, such that suthicient
immune stimulation 1s achieved without significant compli-
cations. In some examples, ablation of suflicient number of
cells typically comprises ablation of >1 mL tissue or >10%
of the target tumor. In another embodiment, the treatment
volume of the at least one target tumor ranges from 25% to
90% of a volume of the at least one target tumor. In another
implementation, the treatment volume of the at least one
target tumor is at least 1 ¢cm® in volume. The extent of
immune stimulation by histotripsy may be impacted by
ablation volume (20% vs. 80% vs. 100%; 1 mL vs. 20 mL
vs. 60 mL) and can also be impacted by the type of cancer
or the location of the target tumor region. For example, the
location of the target tissue volume or the target tumor type
can be used to determine the optimal treatment volume.
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[0217] In other embodiments, 1dentifying the target tissue
volume can further include determining a treatment location
to mcrease, enhance, and/or maximize the cell response of
releasing tumor antigens. For example, 1n some embodi-
ments, the treatment location comprises only a central/inner
portion of the at least one target tumor. In other embodi-
ments, the treatment location comprises only a periphery/
outer portion of the at least one target tumor. In another
implementation, the treatment location comprises a plurality
of programmed treatment locations distributed spatially
through the at least one target tumor. It 1s possible that the
extent of 1mmune stimulation by histotripsy may be
impacted by the pattern of ablation (e.g., ablation of the
inner core/central portion vs. outer rnm/periphery only; con-
tiguous ablation vs. checkerboard pattern). For example, a
checkerboard ablation pattern may allow more vascular
access to the ablated acellular debris, which may increase
the magnitude of the stimulated immune response as com-
pared to a contiguous pattern of ablation. The treatment
location chosen at step 206 can depend on the type of tissue
to be treated, including the tumor type/cancer type, the
surrounding tissues, the size and or shape of the target tumor,
etc.

[0218] In some embodiments, 1dentifying the target tissue
volume further comprises identifying a first target tissue
volume and a second target tissue volume. In some embodi-
ments, the first and second target tissue volumes are located
in the same organ or anatomical location. In other embodi-
ments, the first and second target tissue volumes are located
in different organs or anatomical locations.

[0219] At step 404 of flowchart 400, the method can
include placing a focus of a histotripsy therapy transducer
within the target tissue volume. In some examples, placing
the focus can comprise placing the focus with a robotic
positioning system. For example, a histotripsy therapy trans-
ducer can be positioned on a robotic arm of the robotic
positioning system, and the robotic positioning system can
use real-time feedback to place the focus within the target
tissue volume, or alternatively, the robotic positioning sys-
tem can use knowledge of the focal distance of the trans-
ducer to accurately place the focus at the desired position
within tissue. 1n some embodiments, the robotic positioning
system comprises a robotic arm with a mimmum of 3
degrees of freedom. In other embodiments, the robotic
positioning system comprises a robotic arm that directs a
histotripsy therapy transducer through a pre-programmed
three-dimensional treatment routine.

[0220] In some embodiments, the method can further
include applying histotripsy test pulses to the at least one
target tumor to determine a cavitation threshold at one or
more test locations within the at least one target tumor.
Using these test pulses, the method can further include
deriving a histotripsy treatment plan based on the deter-
mined cavitation threshold at the one or more test locations.

[0221] At step 406 of flowchart 400, the histotripsy
therapy transducer can apply histotripsy therapy to a subset
of the target tissue volume to mechanically lyse, solubilize,
and/or liquety tumor cells of only a portion of the target
tissue volume to release tumor antigens. The histotripsy
therapy 1s applied so as to disrupt the tumor cell membranes
without generating adequate heating in the target tissue
volume to cause protein denaturation. To achieve this goal,
the histotripsy immunosensitization therapy described in
step 406 may be carried out 1n one or more sessions, over
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which an optimal volume 1s ablated during each session. In
embodiment 1n which test pulses are used to derive a
histotripsy treatment plan based on cavitation threshold(s),
applying the histotripsy therapy can be based on the histo-
tripsy treatment plan.

[0222] As described above, histotripsy therapy creates
cavitation 1n a target tissue volume with by applying histo-
tripsy pulses to the histotripsy therapy transducer that have
microsecond pulse lengths (<20 us), high peak negative
pressure (>10 MPa), and a low duty cycle (<53%), to
mechanically lyse, solubilize, and/or liquely the target tumor
volume and to disrupt the tumor cell membrane, while
avoiding tissue heating.

[0223] In another example, our preliminary data shows
that histotripsy monotherapy of one tumor site results in
significant reduction in the number and volume of distant
untreated tumor site, including metastases (abscopal effect).
This includes therapeutic response locally, regionally (drain-
ing lymphatic) and systemically (circulation). Thus, the
method provided herein can be used not only to treat the
ablated tumor volume, but also tumor/cancer volumes that
are separate from or apart from the targeted tumor volume.
As a further example, one of a plethora of colorectal
metastases may be treated in the liver, with an observed
therapeutic response seen in the stabilization or reduction in
tumor burden of other non-treated tumors (and of non-liver
origin).

[0224] To control the ablation of specific volume, shape,
and patter, histotripsy delivery can be assisted by the robotic
arm and/or navigation system described above, which can be
used to mechanically move the histotripsy transducer, such
that the histotripsy focus will be scanned to cover the
planned tumor volume, with specific volume, shape, and
pattern. Furthermore, the system can be configured to con-
trol the ablation of specific volume, shape, and pattern,
histotripsy delivery by electronic focal steering using a 2D
phased array ultrasound transducer, which can be used to
clectronically move the histotripsy transducer, such that the
histotripsy focus will be scanned to cover the planned tumor
volume, with specific volume, shape, and pattern.

[0225] In some embodiments, the histotripsy can be
applied to only a subset of the target tissue volume. For
example, the histotripsy can be applied only to a subset of
the target tissue volume that comprises approximately 25%
to 90% of the target tissue volume. Alternatively, the subset
can comprise at least 1 cm” in volume. In some embodi-
ments, the subset comprises only a central/inner portion of
the target tissue volume. Alternatively, the subset can
include only a periphery or peripheral/outer portion of the
target tissue volume. In one implementation, the applying
histotripsy to the subset of the target tissue volume further
comprises applying histotripsy to a plurality of programmed
treatment locations distributed spatially through the target
tissue volume.

[0226] As described above, histotripsy targeting and deliv-
ery to the target tumor can be guided by real-time 1maging,
¢.g., ultrasound 1imaging, CT, or MRI. The imaging feedback
can confirm that histotripsy 1s used to treat the planned
tumor volume of a specific volume, shape, and pattern.

[0227] At step 408 of flowchart 400, the method can
turther include evaluating the immune response and thera-
peutic eflect after delivery of histotripsy therapy to the target
tumor location. Evaluating the immune response can allow
time for the lysed, solubilized, and or liquefied acellular
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debris produced by histotripsy to stimulate adaptive immune
responses in tumor draining lymph nodes and within the
systemic circulation, and can allow time to cause inflam-
mation and DAMP release. These changes are expected to
lead to regional and systemic tumor-specific immune
responses. The evaluation step can include assessment of
immunological cell death and/or immune activation.

[0228] The evaluating step can comprise imaging the cell
response, the imaging comprising ultrasound, CT, MRI,
and/or PE'T imaging. In some embodiments, evaluating the
immune response comprises imaging the at least one target
tumor and/or performing a tissue biopsy on the at least one
target tumor. The stimulated immune response can be evalu-
ated with blood tests, and abscopal eflects on distant tumor
sites can be evaluated with non-invasive imaging following
histotripsy immunosensitization. In some examples, evalu-
ating the 1mmune response comprises evaluating the
Immune response 1n one or more organs or anatomical
locations. In other embodiments, evaluating the 1mmune
response 1mncludes biomarker analyses of tissue, cells, blood
and/or combinations thereof. In some examples, the evalu-
ation can takes 1-10 days to stimulate suflicient immune
response. In other embodiments, the evaluation can occur
weeks to months after delivering histotripsy therapy.

[0229] Optionally, at step 410 of flowchart 400, the
method can further include applying immune therapy after
applying histotripsy. In some embodiments, the immune
therapy can be checkpoint inhibitors, immunostimulatory
therapies, cancer vaccines, oncolytic viruses, neutralizing
immune inhibitors, activating cytokines, and/or any combi-
nations thereof. In some examples, the checkpoint inhibitors
include CTLA-4, LAG3, TIM3, and combinations thereof.
In other embodiments, the checkpoint inhibitors include

PD-1 blockade, PD-L.1 blockade, and combinations thereof.

[0230] The application of immune therapy can occur after
the histotripsy therapy. In some embodiments, the immune
therapy 1s applied weeks or even months after the histo-
tripsy. For example, 1n one embodiment the immune therapy
can be applied between 1 to 6 weeks after applying histo-
tripsy. In other embodiments, the immune therapy can be
applied between 2 to 4 weeks after applying histotripsy.

[0231] Applying the immune therapy can include oral
administration, systemic infusion, loco-regional catheter-
based infusion, mtratumoral injection, loco-regional 1njec-
tion, subcutaneous injection, and/or combinations thereof. In
some 1mplementations, the robotic positioming system 1s
used for the loco-regional catheter infusion, loco-regional

injection, intratumoral injection, and/or combinations
thereof.
[0232] The histotripsy immunosensitization techniques

described above can be used to create a form of 1n situ cancer
vaccine by liquelying resected tumor tissue and mechani-
cally disrupting the tumor cells to release potential tumor
antigens. In some embodiments, histotripsy systems may be
configured for laboratory and/or bench use, for the purpose
of creating tumor lysates and/or vaccines. For patients who
undergo surgery to remove a primary focal tumor, histo-
tripsy can be used to ablate a portion of the resected tumor
in vitro. The ablated resected tumor can be examined by
centrifugation and microscopic evaluation to confirm that
the tumor was sufliciently broken down to acellular debris.
The acellular debris can be harvested and used to create
injectable tumor-specific vaccines. The administration of
histotripsy generated cancer vaccines generated 1n this man-
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ner can be capable of significantly reducing tumor growth
compared with non-vaccinated controls.

[0233] Referring to flowchart 500 of FIG. 5, a method of
creating a cancer vaccine 1s described. At step 3502 of
flowchart 500, the method can include i1dentifying at least
one target tissue volume. Step 502 can include 1dentifying
the precise location of the target tissue volume within the
body of the patient, including i1dentitying details about the
s1ze, shape, volume, mass, and tissue type(s) of the target
tissue volume. For example, the identilying step can include
identifving the type of volume (e.g., tumor), the type of
tissue or organ within which the volume 1s located, and the
volume or mass of the target volume itself. In some 1mple-
mentations, 1dentifying the at least one target tissue volume

can be achieved with a medical imaging modality such as
ultrasound, MRI, CT, or the like.

[0234] The target tissue volume can comprise tumors or
other abnormal tissue volumes within a liver, a kidney, a
spleen, a pancreas, a colorectal, a bowel, a stomach, an
esophagus, a breast, a lung, a head, a neck, a thyroid, skin,
nervous tissue, hematological malignancies, a sarcoma, pri-
mary and metastatic lesions, and brain tissue.

[0235] In some examples, 1dentifying the target tissue
volume can further include determining a treatment volume
of the target tumor to ablate so as to maximize the cell
response ol releasing tumor antigens. For example, if the
chosen treatment volume 1s too small, the stimulated
immune response will be insuflicient. Conversely, 11 the
ablation volume 1s too large, treatment-related clinical com-
plications could ensue and/or the immune response may be
sub-optimal. Determiming treatment volume can be critical
for the purpose of immune stimulation, such that suthicient
immune stimulation 1s achieved without significant compli-
cations. In some examples, ablation of suflicient number of
cells typically comprises ablation of >1 mlL tissue or >10%
of the target tumor. In another embodiment, the treatment
volume of the at least one target tumor ranges from 25% to
90% of a volume of the at least one target tumor. In another
implementation, the treatment volume of the at least one
target tumor is at least 1 cm” in volume. The extent of
immune stimulation by histotripsy may be impacted by
ablation volume (20% vs. 80% vs. 100%; 1 mL vs. 20 mL
vs. 60 mL) and can also be impacted by the type of cancer
or the location of the target tumor region. For example, the
location of the target tissue volume or the target tumor type
can be used to determine the optimal treatment volume.

[0236] In other embodiments, identifying the target tissue
volume can further include determining a treatment location
to 1ncrease, enhance, and/or maximize the cell response of
releasing tumor antigens. For example, in some embodi-
ments, the treatment location comprises only a central/inner
portion of the at least one target tumor. In other embodi-
ments, the treatment location comprises only a periphery of
the at least one target tumor. In another implementation, the
treatment location comprises a plurality of programmed
treatment locations distributed spatially through the at least
one target tumor. It 1s possible that the extent of immune
stimulation by histotripsy may be impacted by the pattern of
ablation (e.g., ablation of the mner core/central portion vs.
outer rim/periphery only; contiguous ablation vs. checker-
board pattern). For example, a checkerboard ablation pattern
may allow more vascular access to the ablated acellular
debris, which may increase the magnitude of the stimulated
immune response as compared to a contiguous pattern of
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ablation. The treatment location chosen at step 206 can
depend on the type of tissue to be treated, including the
tumor type/cancer type, the surrounding tissues, the size and
or shape of the target tumor, etc.

[0237] In some embodiments, identifying the target tissue
volume further comprises identifying a first target tissue
volume and a second target tissue volume. In some embodi-
ments, the first and second target tissue volumes are located
in the same organ or anatomical location. In other embodi-
ments, the first and second target tissue volumes are located
in different organs or anatomical locations.

[0238] In some embodiments, a target tumor volume can
be surgically resected from a patient. In other examples,
some or all of the target tissue volume 1s resected. Further-
more, one or more target tissue volumes can be resected in
a single surgical procedure. It 1s possible to ablate the tumor
samples extracted via biopsy. While the tumor can be
resected from the patient, 1n other embodiments, 1t 1s pos-
sible to use histotripsy to ablate the tumor tissue 1n situ nto
liquetied acellular debris inside the patient, and then extract
the liquefied cells out via a catheter to use as a histotripsy
cancer vaccine, as described below. In some cases and as
previously mentioned, such lysates may be banked/stored
for later use, including 1in chronic disease management or
during disease stage progression (e.g., banked at time of
curative surgery and to be used later 1f/when recurrence or
Progression occurs).

[0239] At step 504 of flowchart 500, the method can
include placing a focus of a histotripsy therapy transducer
within the target tissue volume. In some examples, placing
the focus can comprise placing the focus with a robotic
positioning system. For example, a histotripsy therapy trans-
ducer can be positioned on a robotic arm of the robotic
positioning system, and the robotic positioning system can
use real-time feedback to place the focus within the target
tissue volume, or alternatively, the robotic positioning sys-
tem can use knowledge of the focal distance of the trans-
ducer to accurately place the focus at the desired position
within tissue. 1n some embodiments, the robotic positioning
system comprises a robotic arm with a minimum of 3
degrees of freedom. In other embodiments, the robotic
positioning system comprises a robotic arm that directs a
histotripsy therapy transducer through a pre-programmed
three-dimensional treatment routine.

[0240] At step 506 of flowchart 500, the histotripsy
therapy transducer can apply histotripsy therapy to a subset
of the target tissue volume to mechanically lyse, solubilize,
and/or liquely tumor cells of only a portion of the target
tissue volume to release tumor antigens. The histotripsy
therapy 1s applied so as to disrupt the tumor cell membranes
without generating adequate heating in the target tissue
volume to cause protein denaturation. To achieve this goal,
the histotripsy immunosensitization therapy described in
step 506 may be carried out 1n one or more sessions, over
which an optimal volume 1s ablated during each session.

[0241] As described above, histotripsy therapy creates
cavitation in a target tissue volume with by applying histo-
tripsy pulses to the histotripsy therapy transducer that have
microsecond pulse lengths (<20 us), high peak negative
pressure (>>10 MPa), and a low duty cycle (<3%), to
mechanically lyse, solubilize, and/or liquely the target tumor
volume and to disrupt the tumor cell membrane, while
avoilding tissue heating.
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[0242] In another example, our preliminary data shows
that histotripsy monotherapy of one tumor site results in
significant reduction in the number and volume of distant
untreated tumor site, including metastases (abscopal eflfect).
This includes therapeutic response locally, regionally (drain-
ing lymphatic) and systemically (circulation). Thus, the
method provided herein can be used not only to treat the
ablated tumor volume, but also tumor/cancer volumes that
are separate from or apart from the targeted tumor volume.
As a further example, one of a plethora of colorectal
metastases may be treated in the liver, with an observed
therapeutic response seen 1n the stabilization or reduction in
tumor burden of other non-treated tumors (and of non-liver
origin).

[0243] To control the ablation of specific volume, shape,
and patter, histotripsy delivery can be assisted by the robotic
arm and/or navigation system described above, which can be
used to mechanically move the histotripsy transducer, such
that the histotripsy focus will be scanned to cover the
planned tumor volume, with specific volume, shape, and
pattern. Furthermore, the system can be configured to con-
trol the ablation of specific volume, shape, and pattern,
histotripsy delivery by electronic focal steering using a 2D
phased array ultrasound transducer, which can be used to
clectronically move the histotripsy transducer, such that the
histotripsy focus will be scanned to cover the planned tumor
volume, with specific volume, shape, and pattern.

[0244] In some embodiments, the histotripsy can be
applied to only a subset of the target tissue volume. For
example, the histotripsy can be applied only to a subset of
the target tissue volume that comprises approximately 25%
to 90% of the target tissue volume. Alternatively, the subset
can comprise at least 1 cm” in volume. In some embodi-
ments, the subset comprises only a central portion of the
target tissue volume. Alternatively, the subset can include
only a periphery or peripheral/outer portion of the target
tissue volume. In one implementation, the applying histo-
tripsy to the subset of the target tissue volume further
comprises applying histotripsy to a plurality of programmed
treatment locations distributed spatially through the target
tissue volume.

[0245] As described above, histotripsy targeting and deliv-
ery to the target tumor can be guided by real-time 1maging,
¢.g., ultrasound imaging, CT, or MRI. The imaging feedback
can confirm that histotripsy 1s used to treat the planned
tumor volume of a specific volume, shape, and pattern.

[0246] At step 508 of flowchart 500, the method can
turther include evaluating the immune response and thera-
peutic eflect after delivery of histotripsy therapy to the target
tumor location. Evaluating the immune response can allow
time for the lysed, solubilized, and or liquefied acellular
debris produced by histotripsy to stimulate adaptive immune
responses 1n tumor draining lymph nodes and within the
systemic circulation, and can allow time to cause inflam-
mation and DAMP release. These changes are expected to
lead to regional and systemic tumor-specific 1mmune
responses. The evaluation step can include assessment of
immunological cell death and/or immune activation.

[0247] The evaluating step can comprise imaging the cell
response, the imaging comprising ultrasound, CT, MRI,
and/or PE'T imaging. In some embodiments, evaluating the
immune response comprises imaging the at least one target
tumor and/or performing a tissue biopsy on the at least one
target tumor. The stimulated immune response can be evalu-
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ated with blood tests, and abscopal eflects on distant tumor
sites can be evaluated with non-invasive imaging following
histotripsy immunosensitization. In some examples, evalu-
ating the 1mmune response comprises evaluating the
Immune response 1 one or more organs or anatomical
locations. In other embodiments, evaluating the immune
response includes biomarker analyses of tissue, cells, blood
and/or combinations thereof. In some examples, the evalu-
ation can takes 1-10 days to stimulate suilicient immune
response. In other embodiments, the evaluation can occur
weeks to months after delivering histotripsy therapy.

[0248] At step 510 of flowchart 500, 1f suflicient cellular
response 1s observed, the liquefied and solubilized tumor
cells can be harvested from the target tissue volume. Finally,
at step 512 of flowchart 500, the harvested cells can be
injected 1nto a patient. In some embodiments, the patient can
be the same patient from which the tumor was originally
resected. In other embodiments, the harvested cells can be
injected into other patients in the form of a cancer vaccine.

[0249] In some embodiments, a targeted cancer vaccine
can be created from the components of the harvested cells.
The histotripsy cancer vaccines described herein are most
cllective for the patient, from who the tumor tissue 1is
extracted to make the vaccine, as the histotripsy cancer
vaccine carries the specific tumor antigens for that patient.

[0250] The immunoprotective effect of histotripsy cancer
vaccines may be potentiated by the use of immune adjuvants
or dendntic cell vehicles. Histotripsy cancer vaccines as
described herein may be frozen for future use. The avail-
ability of personalized tumor-specific vaccines derived from
patient tumors may allow for future admimstration 1n the
event of tumor recurrence. Histotripsy cancer vaccines have
the potential to reduce growth of existing tumors, or protect
against the growth of future recurrent tumors.

[0251] A suflicient volume of the resected tumor needs to
be ablated by histotripsy to get an adequate histotripsy
cancer vaccine dose for therapeutic effect. The acellular
nature ol histotripsy cancer vaccines may enable their use in
other patients with the same tumor type. The eflicacy of
histotripsy cancer vaccines may be enhanced through the use
of multiple administrations (boosters). Furthermore, the
ellicacy of histotripsy cancer vaccines may be enhanced by
encapsulated the acellular histotripsy cancer vaccine in
nanoparticles.

[0252] Proof of Concept. Histotripsy stimulates potent
immune responses within the tumor as well as within
regional and systemic lymphoid compartments. FIG. 6 illus-
trates experiments that have been performed to prove that
histotripsy stimulates abscopal immune responses. Refer-
ring to FIG. 6, C57BL/6 mice inoculated with B16GP33
tumors 47-49 received no treatment (control), radiation
(XRT), radiofrequency ablation (RFA), or histotripsy on day
10. Flow cytometric (FACS) analysis of TIL on day 21
demonstrated no measurable increases i CD8+ T cell
infiltration following XRT or RFA; in contrast, histotripsy
stimulated significant intratumoral CD8+ T cell infiltration.

[0253] FIGS. 7A and 7B 1llustrate how histotripsy ablation
stimulates regional and systemic tumor-specific CD8+ T cell
responses. In this experiment, mice were moculated with
B16GP33 melanoma tumors, then treated with or without
roughly 80% histotripsy ablation on day 9. Tumor draining
lymph nodes (TDLN), contralateral axillary non-tumor-
draining lymph nodes (NTDLN), and splenocytes (SC) were
harvested on day 20. FACS analysis of 1psilateral tumor-
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draining lymph nodes (TDLN), contralateral axillary non-
tumor-draining lymph nodes (NTDLN) and splenocytes
(SC) on day 20 identified more CD8+ T cells in both TDLN
and SC 1n mice treated with histotripsy. FIG. 7A shows
CD8+ T cells specific for the tumor neoantigen GP33 among
TDLN, and FIG. 7B shows CD8+ T cells specific for the

tumor neoantigen GP33 among SC.

[0254] FIG. 8 shows another experiment in which histo-
tripsy ablation of a flank tumor 1n mice resulted 1n significant
reduction of a contralateral untreated tumor compared to a
control case. C57BL/6 mice bearing bilateral flank Hepal-6
hepatocellular carcinoma tumors underwent no treatment
(control) or histotripsy of unilateral tumors on day 9. His-
totripsy ablation of the flank tumor resulted in significant
reduction of the contralateral, untreated tumor compared to
the control cases.

[0255] In parallel experiments, referring to FIGS. 9A-9C,
mice bearing unilateral B16GP33 flank tumors received
intravenous 1njections ol B16GP33 to establish pulmonary
metastases. Histotripsy ablation of flank tumors (on day 9
alter injection) significantly decreased the number and vol-
ume of pulmonary metastases compared to untreated con-
trols (see FIGS. 9A-9B). Immunochistochemistry of the
pulmonary metastases, as shown 1 FIG. 9C, shows dense
abscopal CD8+ T cell mfiltration with histotripsy. This
abscopal immunostimulation demonstrates the therapeutic
potential of histotripsy immunosensitization.

[0256] FIGS. 10A-10E show histotripsy results in pro-
inflammatory changes within the tumor microenvironment.
C57BL/6 mice bearing B16GP33 flank tumors were treated
with histotripsy ablation. FACS analysis of tumor-infiltrat-
ing cell populations identified significant upregulation of
various non-1 cell adaptive and innate immune populations
indicative of marked pro-inflammatory changes within the
tumor microenvironment. FIG. 10A shows larger numbers
of dendritic cells, FIG. 10B shows larger numbers of B cells,
FIG. 10C shows larger numbers of neutrophils, FIG. 10D
shows larger numbers of natural killer cells, and FIG. 10E
shows larger numbers of macrophages after histotripsy.
Therefore, histotripsy induces a pro-inflammatory state that
can support tumor ICD.

[0257] Physiological stress and histotripsy induce the
release of HMGBI1 from cancer cells. HMGBI1 1s constitu-
tively expressed by Hepal-6.50-56350-5233, 535, 5633, 55,
5653, 53, 56. Three and ten days after histotripsy, immuno-
fluorescence studies identified increased levels of extra-
nuclear HMGB1 in B16GP33 tumors treated with histo-
tripsy. Ten days after histotripsy, ELISA studies i1dentified
increased levels of HMGBI1 1n the serum. These findings
suggest that histotripsy 1s capable of promoting ICD through
the potent release of intratumoral DAMPs.

[0258] Histotripsy releases immunogenic peptides from
the tumor. B16GP33 or B16F10 melanoma tumors were
expanded or mnoculated into C57BL/6 mice. Melanoma cells
were centrifuged into pellets and treated in vitro with
boiling, HIFU, or histotripsy; alternatively, melanoma
tumors were treated with HIFU or histotripsy 1n vivo, then
excised and mechanically homogemzed. GP33-specific
CD8+ T cells were harvested from the spleens of C57BL/6
mice 8 days alfter LCMYV infection, then exposed in vitro to
B16F10 or B16GP33 cell lines or tumors treated with
boiling, HIFU or histotripsy 1n the presence of IL-1. After
five hours of stimulation, CD8+ T cells were collected and
analyzed by flow cytometry for expression of IFN. As shown
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in FIG. 11, GP33-specific CD8+ T cells exhibited no IFN
release 1n response to B16F10 cells or tumors treated with
boiling, HIFU or histotripsy (negative control). Whereas
B16GP33 cells or tumors treated with boiling or HIFU did
not iduce IFN expression, only B16GP33 cells or tumors
treated with histotripsy stimulated GP33-specific CD8+ T
cells. These methodologies show the ability of histotripsy to
release immunogenically intact tumor neoantigen peptides
mediates 1ts immunostimulatory eflects.

[0259] FIG. 12 shows an experiment 1n which checkpoint
inhibition 1s not enhanced by radiation or thermal ablation.
XRT and RFA do not enhance CI immunotherapy. C37BL/6
mice bearing bilateral B16GP33 melanoma tumors were
treated with no therapy (control), anti-CTLA-4 mAb on days
6, 9 and 12 (CI), XRT or RFA on day 10, or combination
therapy (CI+XRT or CI+RFA) (FIG. 12). FACS analysis
identified induction of local CD8+ TIL after CI, but not after
XRT or RFA. Combination therapy did not increase CD8+
TIL bevond that with CI alone. We believe this absence of
beneflt 1s an opportunity for significant improvement.

[0260] FIGS. 13A-13C illustrate an experiment which

shows that histotripsy enhances the eflicacy of immuno-
therapy. Histotripsy improves Cl immunotherapy in the
flank Hepal-6 tumor. C57BL/6 mice bearing bilateral tlank
B16GP33 melanoma tumors received no therapy (control),
ant1-CTLA-4 mAb (CI) on days 6, 9 and 12, histotripsy of
unilateral tumors on day 10, or CI plus histotripsy. Histo-
tripsy plus CI resulted 1n the best tumor 1nhibition, CD8+
TIL, and CD8+ T cells within TDLN. FIG. 13A shows how
tumor growth of contralateral (untreated) tumors was 1nhib-
ited after histotripsy therapy. FIG. 13B shows that histo-
tripsy resulted in significant increases i CD8+ TIL, with
optimal TIL populations seen after histotripsy. FIG. 13C
shows that the presence of tumor-specific CD8+ T cell
populations among TDLN was highest after histotripsy.
These observations suggest that histotripsy can sensitize
tumors to respond to immunotherapy.

[0261] FIG. 14 1s another experiment which shows that
histotripsy-ablated tumors can function as immunoprotec-
tive cancer vaccines. C57BL/6 mice were inoculated with
B16GP33 tumors. Tumors were treated with histotripsy
ablation on day 10 and resected on day 13. After removing
viable cells through centrifugation, the acellular lysate was
injected intraperitoneally into mice 1 day prior to challenge
with B16GP33 tumors. Mice treated with histotripsy cancer
vaccines demonstrated significantly slower tumor growth
compared with non-vaccinated controls (FI1G. 14).

[0262] Thus, any of the methods (including user inter-
faces) described herein may be implemented as software,
hardware or firmware, and may be described as a non-
transitory computer-readable storage medium storing a set
ol mstructions capable of being executed by a processor
(e.g., computer, tablet, smartphone, etc.), that when
executed by the processor causes the processor to control
perform any of the steps, including but not limited to:
displaying, commumnicating with the user, analyzing, modi-
tying parameters (including timing, frequency, intensity,
etc.), determining, alerting, or the like.

[0263] While preferred embodiments of the present dis-
closure have been shown and described herein, it will be
obvious to those skilled 1n the art that such embodiments are
provided by way of example only. Numerous varations,
changes, and substitutions will now occur to those skilled 1n
the art without departing from the mvention. It should be
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understood that various alternatives to the embodiments of
the invention described herein may be employed 1n practic-
ing the invention. Numerous different combinations of
embodiments described herein are possible, and such com-
binations are considered part of the present disclosure. In
addition, all features discussed in connection with any one
embodiment herein can be readily adapted for use in other
embodiments herein. It 1s intended that the following claims
define the scope of the invention and that methods and
structures within the scope of these claims and their equiva-
lents be covered thereby.

[0264] When a feature or element 1s herein referred to as
being “on” another feature or element, it can be directly on
the other feature or element or intervening features and/or
clements may also be present. In contrast, when a feature or
clement 1s referred to as being “directly on” another feature
or element, there are no intervening features or clements
present. It will also be understood that, when a feature or
clement 1s referred to as being “connected”, “attached™ or
“coupled” to another feature or element, it can be directly
connected, attached or coupled to the other feature or
clement or intervening features or elements may be present.
In contrast, when a feature or element 1s referred to as being
“directly connected”, “directly attached” or “directly
coupled” to another feature or element, there are no inter-
vening features or elements present. Although described or
shown with respect to one embodiment, the features and
clements so described or shown can apply to other embodi-
ments. It will also be appreciated by those of skill 1n the art
that references to a structure or feature that 1s disposed
“adjacent” another feature may have portions that overlap or
underlie the adjacent feature.

[0265] Terminology used herein 1s for the purpose of
describing particular embodiments only and 1s not intended
to be limiting of the invention. For example, as used herein,
the singular forms “a”, “an” and “the” are intended to
include the plural forms as well, unless the context clearly
indicates otherwise. It will be further understood that the
terms “comprises” and/or “comprising,” when used 1n this
specification, specily the presence of stated features, steps,
operations, elements, and/or components, but do not pre-
clude the presence or addition of one or more other features,
steps, operations, elements, components, and/or groups
thereol. As used herein, the term “and/or” includes any and
all combinations of one or more of the associated listed

items and may be abbreviated as /7.

[0266] Spatially relative terms, such as “under”, “below”,
“lower”, “over”, “upper” and the like, may be used herein
for ease of description to describe one element or feature’s
relationship to another element(s) or feature(s) as illustrated
in the figures. It will be understood that the spatially relative
terms are mtended to encompass different orientations of the
device 1n use or operation in addition to the orientation
depicted 1n the figures. For example, 1f a device 1n the figures
1s 1nverted, elements described as ‘“under” or “beneath”
other elements or features would then be oriented “over” the
other eclements or features. Thus, the exemplary term
“under” can encompass both an ornentation of over and
under. The device may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly. Similarly,
the terms “upwardly”, “downwardly”, “vertical”, “horizon-
tal” and the like are used herein for the purpose of expla-

nation only unless specifically indicated otherwise.
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[0267] Although the terms “first” and “second” may be
used herein to describe various features/elements (including
steps), these features/elements should not be limited by
these terms, unless the context indicates otherwise. These
terms may be used to distinguish one feature/element from
another feature/element. Thus, a first feature/element dis-
cussed below could be termed a second feature/element, and
similarly, a second feature/element discussed below could
be termed a first feature/element without departing from the
teachings of the present invention.

[0268] Throughout this specification and the claims which
follow, unless the context requires otherwise, the word
“comprise”, and variations such as “comprises” and “com-
prising” means various components can be co-jointly
employed 1n the methods and articles (e.g., compositions
and apparatuses 1ncluding device and methods). For
example, the term “comprising” will be understood to imply
the inclusion of any stated elements or steps but not the
exclusion of any other elements or steps.

[0269] In general, any of the apparatuses and/or methods
described herein should be understood to be inclusive, but
all or a sub-set of the components and/or steps may alter-
natively be exclusive, and may be expressed as “consisting
of” or alternatively “consisting essentially of” the various
components, steps, sub-components or sub-steps.

[0270] As used herein in the specification and claims,
including as used in the examples and unless otherwise
expressly specified, all numbers may be read as i1 prefaced
by the word “about” or “approximately,” even 1f the term
does not expressly appear. The phrase “about” or “approxi-
mately” may be used when describing magnitude and/or
position to indicate that the value and/or position described
1s within a reasonable expected range of values and/or
positions. For example, a numeric value may have a value
that 1s +/-0.1% of the stated value (or range of values),
+/—1% of the stated value (or range of values), +/-2% of the
stated value (or range of values), +/-5% of the stated value
(or range of values), +/—=10% of the stated value (or range of
values), etc. Any numerical values given herein should also
be understood to include about or approximately that value,
unless the context indicates otherwise. For example, 1f the
value “10” 1s disclosed, then “about 10 1s also disclosed.
Any numerical range recited herein 1s intended to include all
sub-ranges subsumed therein. It 1s also understood that when
a value 1s disclosed that “less than or equal to” the value,
“oreater than or equal to the value” and possible ranges
between values are also disclosed, as appropriately under-
stood by the skilled artisan. For example, 11 the value “X™ 1s
disclosed the “less than or equal to X as well as “greater
than or equal to X” (e.g., where X 1s a numerical value) 1s
also disclosed. It 1s also understood that the throughout the
application, data 1s provided in a number of diflerent for-
mats, and that this data, represents endpoints and starting
points, and ranges for any combination of the data points.
For example, 1f a particular data point “10” and a particular
data point “15” are disclosed, 1t 1s understood that greater
than, greater than or equal to, less than, less than or equal to,
and equal to 10 and 15 are considered disclosed as well as
between 10 and 135. It 1s also understood that each umit
between two particular units are also disclosed. For
example, 11 10 and 15 are disclosed, then 11, 12, 13, and 14
are also disclosed.

[0271] Although wvarious illustrative embodiments are
described above, any of a number of changes may be made




US 2024/0024705 Al

to various embodiments without departing from the scope of
the invention as described by the claims. For example, the
order 1n which various described method steps are per-
formed may often be changed in alternative embodiments,
and 1n other alternative embodiments one or more method
steps may be skipped altogether. Optional features of vari-
ous device and system embodiments may be included in
some embodiments and not in others. Therefore, the fore-
going description 1s provided primarily for exemplary pur-
poses and should not be interpreted to limit the scope of the
invention as 1t 1s set forth 1n the claims.
[0272] The examples and illustrations included herein
show, by way of illustration and not of limitation, specific
embodiments in which the patient matter may be practiced.
As mentioned, other embodiments may be utilized and
derived there from, such that structural and logical substi-
tutions and changes may be made without departing from
the scope of this disclosure. Such embodiments of the
inventive patient matter may be referred to herein individu-
ally or collectively by the term “invention” merely for
convenience and without intending to voluntarily limit the
scope of this application to any single invention or inventive
concept, 1f more than one 1s, in fact, disclosed. Thus,
although specific embodiments have been illustrated and
described herein, any arrangement calculated to achieve the
same purpose may be substituted for the specific embodi-
ments shown. This disclosure 1s intended to cover any and
all adaptations or variations of various embodiments. Com-
binations of the above embodiments, and other embodi-
ments not specifically described herein, will be apparent to
those of skill in the art upon reviewing the above descrip-
tion.

What 1s claimed 1s:

1. A histotripsy therapy system, comprising:

a medical imaging modality configured to 1dentily at least

one target tumor;
a histotripsy therapy transducer array;

a robotic positioning system coupled to the histotripsy
therapy transducer array, the robotic positioning system
being configured to place a focus of the histotripsy
transducer array within the at least one target tumor;
and

an electronic controller configured to determine a treat-
ment volume and a treatment location of the at least one
target tumor that will increase a cell response of releas-
ing tumor antigens, the electromic controller being
further configured to control application of histotripsy
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treatment with the histotripsy therapy transducer array
based on the treatment volume and the treatment loca-

tion to the at least one target tumor to mechanically lyse
and solubilize tumor cells to release the tumor antigens.

2. The system of claim 1, further comprising an evaluation
device configured to evaluate an immune response of the
lysed and solubilized tumor cells.

3. The system of claim 1, wherein the cell response
includes immunogenic cell death, infiltration of inflamma-
tory and antigen presenting cells, infiltration and activation
of T cells, increased tumor-specific T cells, infiltration of
natural kialler cells, B cells and CD4+ T cells, and/or deple-
tion ol immunosuppressive regulatory T cells and myeloid-
derived suppressor cells.

4. The system of claim 1, wherein the treatment volume
of the at least one target tumor ranges from 25% to 90% of
a volume of the at least one target tumor.

5. The system of claim 4, wherein the treatment volume
of the at least one target tumor is at least 1 cm” in volume.

6. The system of claim 2, wherein the evaluation device
1s configured to provide an assessment of immunological
cell death and/or immune activation.

7. The system of claim 2, wherein the evaluation device
comprises a tissue biopsy device.

8. The system of claim 1, wherein the medical imaging
modality comprises CT, MRI, and/or PET 1maging.

9. The system of claim 1, wherein the system 1s config-
ured to elicit an 1mmune response 1n at least one distant
tumor of the same phenotype as the at least one target tumor.

10. The system of claim 9, wherein the at least one distant
tumor 1s located 1n a diflerent organ or anatomical location
than the at least one target tumor.

11. The system of claim 1, wherein the at least one target
tumor 1s located 1n the group consisting of a liver, a kidney,
a spleen, a pancreas, a colorectal, a bowel, a stomach, an
esophagus, a breast, a lung, a head, a neck, a thyroid, skin,
nervous tissue, hematological malignancies, a sarcoma, pri-
mary and metastatic lesions, and brain tissue.

12. The system of claim 1, wherein the treatment location
comprises only a central portion of the at least one target
tumor.

13. The system of claim 1, wherein the treatment location
comprises only a periphery of the at least one target tumor.

14. The system of claim 1, wherein the treatment location
comprises a plurality of programmed treatment locations
distributed spatially through the at least one target tumor.
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