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(57) ABSTRACT

Example embodiments of system and method for magnetic
resonance imaging (MRI) techniques for planning, real-time
monitoring, control, and post-treatment assessment of high
intensity focused ultrasound (HIFU) mechanical fraction-
ation of biological material are disclosed. An adapted form
of HIFU, referred to as “boiling histotripsy” (BH), can be
used to cause mechanical fractionation of biological mate-
rial. In contrast to conventional HIFU, which cause pure
thermal ablation, BH can generate therapeutic destruction of
biological tissue with a degree of control and precision that
allows the process to be accurately measured and monitored
in real-time as well as the outcome of the treatment can be
evaluated using a variety of MRI techniques. Real-time
monitoring also allow for real-time control of BH.
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200

GENERATE ACQUSTIC ULTRASQUND WAVE THAT IS FOCUSED
AT FOCAL POINT

202

A

SEQUENTIALLY DIRECT FOCAL POINT UPON DISTINGTY
PORTIONS OF OBJECT TO FORM RESPECTIVE SHOCK WAVES
AT DISTINCT PORTIONS OF OBJECT 204

A

ViA RESPECTIVE SHOCK WAVES, CAUSE DISTINCT PORTIONS OF
OBJECT TO BOIL AND FORM RESPECTIVE VAPOR CAVITIES N

208
CAUSE SUBSTANTIALLY UNIFORM ABLATION OF REGION OF
OBJECT THAT COMPRISES DISTINCT PORTIONS, WHEREIN
UNIFORM ABLATION IS CAUSED VIA INTERACTION OF ~
RESPECTIVE YAPOR CAVITIES WITH 208
RESPECTIVE SHOCK WAVES

FIG. 2
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1700

APPLY HIGH-INTENSITY FOCUSED ULTRASOUND (HIFU)
HISTOTRIPSY TO A MASS OF BIOLOGICAL MATERIAL IN ORDER
TO MECHANICALLY FRACTIONATE A TARGET VOLUME OF THE [N

RICLOGICAL MATERIAL WITHIN THE MASS 1702

\ J

CONCURRENTLY ACQUIRE MAGNETIC RESONANCE IMAGING
{MRD DATA OF THE MASS OF BICLOGICAL MATERIAL IN ~N
A REGION INCLUDING THE TARGET VOLUME 1704

\ J

IDENTIFY IN THE ACQUIRED MRI DATA
FEATURES CORRESPONDING TO HIFU-HISTOTRIPSY-INDUCED
MECHANICAL FRACTIONATION OF ™
THE BIOLOGICAL MATERIAL WITHIN THE MASS 1706

A

BASED ON THE IDENTIFIED FEATURES IN THE ACQUIRED MRI
DATA, MONITOR SPATIAL AND TEMPORAL PROGRESS OF
HIFU-HISTOTRIPSY-INDUCED MECHANICAL FRACTIONATION OF N
THE BIGLOGICAL MATERIAL WITHIN THE TARGET VOLUME 1708

FiG 17
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1800

APPLY HIGH-INTENSITY FOCUSED ULTRASOUND (HIFU)

HISTOTRIPSY TO A MASS OF BIOLOGICAL MATERIAL IN ORDER

TO MECHANICALLY FRACTIONATE A TARGET VOLUME OF THE [
RICLOGICAL MATERIAL WITHIN THE MASS 1802

Y

CONCURRENTLY ACQUIRE ONE OR MORE MAGNETIC
RESONANCE (MR) MECHANICAL-METRIC RENDERINGS OF

THE MASS OF BIOLOGICAL MATERIAL IN A REGION INCLUDING D
THE TARGET YOLUME 1804

IDENTIFY IN AT LEAST ONE OF THE ONE OR MORE ACQUIRED
MR MECHANICAL-METRIC RENDERINGS

FEATURES CORRESPONDING TO ~

HIFU-HISTOTRIPSY-INDUCED DISPLACEMENT OF 1806

THE BIOLOGICAL MATERIAL WITHIN THE MASS

\ J

BASED ON THE IDENTIFIED FEATURES IN THE AT LEAST ONE OF
THE ONE OR MORE ACQUIRED MR MECHANICAL-METRIC
RENDERINGS, MONITOR A SPATIAL LOCATION WITHIN
THE MASS OF BIOLOGICAL MATERIAL OF A FOCAL POINT OF
THE HIFU BISTOTRIPSY

1808

FiG. 18
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APPLY HIGH-INTENSITY FOCUSED ULTRASOUND (HIFU)

HISTOTRIPSY TO A MASS OF BIOLOGICAL MATERIAL IN ORDER

TO MECHANICALLY FRACTIONATE A TARGET VOLUME OF THE D
RIOLOGICAL MATERIAL WITHIN THE MASS 1602

A

SUBSEQUENTLY ACQUIRE MAGNETIC RESONANCE IMAGING
{MRI} DATA OF THE MASS OF BIOLOGICAL MATERIAL IN ~
A REGION INCLUDING THE TARGET VOLUME 1904

A

IDENTIFY IN THE ACQUIRED MRI DATA
FEATURES CORRESPONDING TO BIFU-HISTOTRIPSY-INDUCED
MECHANICAL FRACTIONATION OF

THE BIOLOGICAL MATERIAL WITHIN THE MASS 1906

\ J

BASED ON THE IDENTIFIED FEATURES IN THE ACQUIRED MRI

DATA, DETERMINE A LOCATION AND & SPATIAL EXTENT OF
HIFUHISTOTRIBSY-INDUCED MECHANICAL FRACTIONATION OF N

THE BIQLOGICAL MATERIAL WITHIN THE TARGET VOLUME 1908
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METHOD AND SYSTEM FOR MRI-BASED
TARGETING, MONITORING, AND
QUANTIFICATION OF THERMAL AND
MECHANICAL BIOEFFECTS IN TISSUE
INDUCED BY HIGH INTENSITY FOCUSED
ULTRASOUND

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Patent Application Ser. No. 61/971,432 filed Mar. 27, 2014,
incorporated by reference herein in its entirety.

FEDERAL FUNDING STATEMENT

[0002] This invention was made with government support
under grant nos. 1 K01 EB 015745-01 and 2R01EB007643-
05 and T32 DKO007779-11A1, awarded by the National
Institutes of Health; and grant no. SMST03402, awarded by
the National Space Biomedical Research Institute. The gov-
ernment has certain rights in the invention.

BACKGROUND

[0003] High intensity focused ultrasound (HIFU) is a
medical technology capable of transcutaneous localized
ablation of target sites without damaging intervening tissues.
In most high intensity focused ultrasound applications,
tissue is thermally ablated due to heating caused by ultra-
sound energy absorption. Various techniques exist for HIFU
waves to ablate, damage, or disintegrate an object such as a
diseased biological tissue or a foreign body within a patient.
More specifically, energy carried by HIFU waves may be
absorbed by a given portion of the object, so that the
temperature of the given portion is increased, causing ther-
mal ablation of the given portion. HIFU waves can also be
sequentially focused (e.g., deflected or scanned) upon dif-
ferent portions of the object so that a larger macroscopic
region of the object is thermally ablated. Conventional
HIFU processes that primarily cause thermal ablation gen-
erally involve the use of HIFU waves with power densities
of less than 1 kW/cm®.

[0004] An important aspect of HIFU therapy is imaging
the treatment site for targeting the HIFU beam (treatment
planning), monitoring the treatment in real time (treatment
monitoring), controlling the location of targeted region as
well as delivered dose to this region (treatment control), and
evaluating the final therapeutic effect (post-treatment assess-
ment). In particular, various forms of magnetic resonance
imaging (MRI) and related MR diagnostic techniques can be
used for this purpose.

BRIEF SUMMARY

[0005] In one aspect, the invention provides a method
comprising: applying high-intensity focused ultrasound
(HIFU) histotripsy to a mass of biological material in order
to mechanically fractionate a target volume of the biological
material within the mass; concurrently with applying the
HIFU histotripsy to the mass of biological material, acquir-
ing magnetic resonance imaging (MRI) data of the mass of
biological material in a region including the target volume;
identifying in the acquired MRI data features corresponding
to HIFU-histotripsy-induced mechanical fractionation of the
biological material within the mass; and based on the
identified features in the acquired MRI data, monitoring
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spatial and temporal progress of HIFU-histotripsy-induced
mechanical fractionation of the biological material within
the target volume.

[0006] In another aspect, the invention provides a method
comprising: applying high-intensity focused ultrasound
(HIFU) histotripsy to a mass of biological material in order
to mechanically fractionate a target volume of biological
material within the mass; concurrently with applying the
HIFU histotripsy to the mass of biological material, acquir-
ing one or more magnetic resonance (MR) mechanical-
metric renderings of the mass of biological material in a
region including the target volume; identifying in at least
one of the one or more acquired MR mechanical-metric
renderings features corresponding to HIFU-histotripsy-in-
duced displacement of the biological material within the
mass; and based on the identified features in the at least one
of the one or more acquired MR mechanical-metric render-
ings, monitoring a spatial location within the mass of
biological material of a focal point of the HIFU histotripsy.
[0007] In a still further aspect, the invention provides a
method comprising: applying high-intensity focused ultra-
sound (HIFU) histotripsy to a mass of biological material in
order to mechanically fractionate a target volume of the
biological material within the mass; subsequent to applying
the HIFU histotripsy to the mass of biological material,
acquiring magnetic resonance (MRI) data of the mass of
biological material in a region including the target volume;
identifying in the acquired MRI data features corresponding
to HIFU-histotripsy-induced mechanical fractionation of the
biological material within the mass; and based on the
identified features in the acquired MRI data, determining a
location and a spatial extent of HIFU-histotripsy-induced
mechanical fractionation of the biological material within
the target volume.

[0008] In yet another respect, the invention provides an
apparatus comprising: a high-intensity focused ultrasound
(HIFU) histotripsy subsystem; a magnetic resonance imag-
ing (MRI) subsystem; one or more processors; memory
accessible to the one or more processors, and storing
machine language instructions that, upon execution by the
one or more processors, cause the apparatus to carry out
operations including: applying HIFU histotripsy to a mass of
biological material in order to mechanically fractionate a
target volume of the biological material within the mass,
concurrently with applying the HIFU histotripsy to the mass
of biological material, acquiring MRI data of the mass of
biological material in a region including the target volume,
identifying in the acquired MRI data features corresponding
to HIFU-histotripsy-induced mechanical fractionation of the
biological material within the mass, and based on the
identified features in the acquired MRI data, monitoring
spatial and temporal progress of HIFU-histotripsy-induced
mechanical fractionation of the biological material within
the target volume.

[0009] In still another respect, the invention provides an
apparatus comprising: a high-intensity focused ultrasound
(HIFU) histotripsy subsystem; a magnetic resonance imag-
ing (MRI) subsystem; one or more processors; memory
accessible to the one or more processors, and storing
machine language instructions that, upon execution by the
one or more processors, cause the apparatus to carry out
operations including: applying HIFU histotripsy to a mass of
biological material in order to mechanically fractionate a
target volume of biological material within the mass, con-
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currently with applying the HIFU histotripsy to the mass of
biological material, acquiring with the MRI subsystem one
or more magnetic resonance (MR) mechanical-metric ren-
derings of the mass of biological material in a region
including the target volume, identifying in at least one of the
one or more acquired MR mechanical-metric renderings
corresponding to HIFU-histotripsy-induced displacement of
the biological material within the mass, and based on the
identified features in the at least one of the one or more
acquired MR mechanical-metric renderings, monitoring a
spatial location within the mass of biological material of a
focal point of the HIFU histotripsy.

[0010] In yet a further respect, the invention provides an
apparatus comprising: a high-intensity focused ultrasound
(HIFU) histotripsy subsystem; a magnetic resonance imag-
ing (MRI) subsystem; one or more processors, memory
accessible to the one or more processors, and storing
machine language instructions that, upon execution by the
one or more processors, cause the apparatus to carry out
operations including: applying HIFU histotripsy to a mass of
biological material in order to mechanically fractionate a
target volume of the biological material within the mass,
subsequent to applying the HIFU histotripsy to the mass of
biological material, acquiring MRI data of the mass of
biological material in a region including the target volume,
identifying in the acquired MRI data features corresponding
to HIFU-histotripsy-induced mechanical fractionation of the
biological material within the mass, and based on the
identified features in the acquired MRI data, determining a
location and a spatial extent of HIFU-histotripsy-induced
mechanical fractionation of the biological material within
the target volume.

[0011] In one more respect, the invention provides a
non-transitory computer readable medium having stored
thereon instructions that, upon execution by one or more
processors of an apparatus, cause the apparatus to carry out
operations, wherein the apparatus comprises a high-intensity
focused ultrasound (HIFU) histotripsy subsystem and a
magnetic resonance imaging (MRI) subsystem, and wherein
the operations include: applying HIFU histotripsy to a mass
of biological material in order to mechanically fractionate a
target volume of the biological material within the mass;
concurrently with applying the HIFU histotripsy to the mass
of biological material, acquiring MRI data of the mass of
biological material in a region including the target volume;
identifying in the acquired MRI data features corresponding
to HIFU-histotripsy-induced mechanical fractionation of the
biological material within the mass; and based on the
identified features in the acquired MRI data, monitoring
spatial and temporal progress of HIFU-histotripsy-induced
mechanical fractionation of the biological material within
the target volume.

[0012] In yet one more respect, the invention provides a
non-transitory computer readable medium having stored
thereon instructions that, upon execution by one or more
processors of an apparatus, cause the apparatus to carry out
operations, wherein the apparatus comprises a high-intensity
focused ultrasound (HIFU) histotripsy subsystem and a
magnetic resonance imaging (MRI) subsystem, and wherein
the operations include: applying HIFU histotripsy to a mass
of biological material in order to mechanically fractionate a
target volume of biological material within the mass; con-
currently with applying the HIFU histotripsy to the mass of
biological material, acquiring with the MRI subsystem one
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or more magnetic resonance (MR) mechanical-metric ren-
derings of the mass of biological material in a region
including the target volume; identifying in at least one of the
one or more acquired MR mechanical-metric renderings
features corresponding to HIFU-histotripsy-induced dis-
placement of the biological material within the mass; and
based on the identified features in the at least one of the one
or more acquired MR mechanical-metric renderings, moni-
toring a spatial location within the mass of biological
material of a focal point of the HIFU histotripsy.

[0013] In still one more respect, the invention provides a
non-transitory computer readable medium having stored
thereon instructions that, upon execution by one or more
processors of an apparatus, cause the apparatus to carry out
operations, wherein the apparatus comprises a high-intensity
focused ultrasound (HIFU) histotripsy subsystem and a
magnetic resonance imaging (MRI) subsystem, and wherein
the operations include: applying HIFU histotripsy to a mass
of biological material in order to mechanically fractionate a
target volume of the biological material within the mass;
subsequent to applying the HIFU histotripsy to the mass of
biological material, acquiring MRI data of the mass of
biological material in a region including the target volume;
identifying in the acquired MRI data features corresponding
to HIFU-histotripsy-induced mechanical fractionation of the
biological material within the mass; and based on the
identified features in the acquired MRI data, determining a
location and a spatial extent of HIFU-histotripsy-induced
mechanical fractionation of the biological material within
the target volume.

[0014] These as well as other aspects, advantages, and
alternatives will become apparent to those of ordinary skill
in the art by reading the following detailed description, with
reference where appropriate to the accompanying drawings.
Further, it should be understood that this summary and other
descriptions and figures provided herein are intended to
illustrate the invention by way of example only and, as such,
that numerous variations are possible.

BRIEF DESCRIPTION OF DRAWINGS

[0015] FIG. 1 is a simplified block diagram of a system
configured for ultrasonic mechanical fractionation of a vol-
ume within an object, in accordance with example embodi-
ments.

[0016] FIG. 2 is a flow chart depicting an example method
for ultrasonic mechanical fractionation of a volume within
an object, in accordance with example embodiments.

[0017] FIG. 3 is depicts a waveform representing an
example acoustic ultrasound wave generated by a system
configured for ultrasonic mechanical fractionation of a vol-
ume within an object, in accordance with example embodi-
ments.

[0018] FIG. 4A is a conceptual illustration of ultrasonic
mechanical fractionation of a first portion an example
object, in accordance with example embodiments.

[0019] FIG. 4B is a conceptual illustration of ultrasonic
mechanical fractionation of a second portion an example
object, following ultrasonic mechanical fractionation of a
first portion the example object, in accordance with example
embodiments.

[0020] FIG. 4C is a conceptual illustration of ultrasonic
mechanical fractionation of a third portion an example
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object, following ultrasonic mechanical fractionation of first
and second portions the example object, in accordance with
example embodiments.

[0021] FIG. 5 is a conceptual illustration of an array of
distinct portions of an example object, in accordance with
example embodiments.

[0022] FIG. 6 depicts elements of a system for magnetic
resonance image (MRI) monitoring of ultrasonic mechanical
fractionation of a volume within an object, in accordance
with example embodiments.

[0023] FIG. 7 is a conceptual illustration of a sonication
protocol for ultrasonic mechanical fractionation of a volume
within an example object, in accordance with example
embodiments.

[0024] FIG. 8 depicts MRI-based planning of ultrasonic
mechanical fractionation of a volume within an example
object, in accordance with example embodiments.

[0025] FIG. 9A shows a coronal-plane view of real-time
MR temperature mapping of ultrasonic mechanical fraction-
ation of a volume within an ex vivo bovine liver, in
accordance with example embodiments.

[0026] FIG. 9A shows a sagittal-plane view of real-time
MR temperature mapping of ultrasonic mechanical fraction-
ation of a volume within an ex vivo bovine liver, in
accordance with example embodiments.

[0027] FIG. 10A shows an MR T2-weighted image of
ultrasonic mechanical fractionation of a volume within an ex
vivo bovine liver following sonication, in accordance with
example embodiments.

[0028] FIG. 10B shows an MR T1-weighted image of
ultrasonic mechanical fractionation of a volume within an ex
vivo bovine liver following sonication, in accordance with
example embodiments.

[0029] FIG. 10C shows an MR T2 map of ultrasonic
mechanical fractionation of a volume within an ex vivo
bovine liver following sonication, in accordance with
example embodiments.

[0030] FIG. 10D shows an apparent diffusion coeflicient
(ADC) map of ultrasonic mechanical fractionation of a
volume within an ex vivo bovine liver following sonication,
in accordance with example embodiments.

[0031] FIG. 11A shows a bottom view of lesions with
content in an ex vivo bovine liver following sonication in a
system configured for ultrasonic mechanical fractionation,
in accordance with example embodiments.

[0032] FIG. 11B shows a top view of lesions with content
in an ex vivo bovine liver following sonication in a system
configured for ultrasonic mechanical fractionation, in accor-
dance with example embodiments.

[0033] FIG. 11C shows a bottom view of water-flushed
lesions in an ex vivo bovine liver following sonication in a
system configured for ultrasonic mechanical fractionation,
in accordance with example embodiments.

[0034] FIG. 11D shows a top view of water-flushed lesions
in an ex vivo bovine liver following sonication in a system
configured for ultrasonic mechanical fractionation, in accor-
dance with example embodiments.

[0035] FIG. 12A shows a coronal-plane view of a real-
time MR temperature map during ultrasonic mechanical
fractionation of a volume within an ex vivo bovine liver, in
accordance with example embodiments.

[0036] FIG. 12B shows a sagittal-plane view of a real-time
MR temperature map during ultrasonic mechanical fraction-
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ation of a volume within an ex vivo bovine liver, in
accordance with example embodiments.

[0037] FIG. 12C shows a real-time MR temperature curve
as a function of time during ultrasonic mechanical fraction-
ation of a volume within an ex vivo bovine liver, in
accordance with example embodiments.

[0038] FIG. 12D shows a coronal-plane view of real-time
MR magnitude image during ultrasonic mechanical fraction-
ation of a volume within an ex vivo bovine liver, in
accordance with example embodiments.

[0039] FIG. 12E shows a sagittal-plane view of a real-time
MR magnitude image during ultrasonic mechanical fraction-
ation of a volume within an ex vivo bovine liver, in
accordance with example embodiments.

[0040] FIG. 12F shows a coronal-plane view of a MR
magnitude image of an ex vivo bovine liver following
ultrasonic mechanical fractionation of four objects, in accor-
dance with example embodiments.

[0041] FIG. 13A shows a coronal-plane view of a real-
time MR temperature map during ultrasonic thermal abla-
tion of a volume within an ex vivo bovine liver.

[0042] FIG. 13B shows a sagittal-plane view of a real-time
MR temperature map during ultrasonic thermal ablation of
a volume within an ex vivo bovine liver.

[0043] FIG. 13C shows a real-time MR temperature curve
as a function of time during ultrasonic thermal ablation of a
volume within an ex vivo bovine liver.

[0044] FIG. 13D shows a coronal-plane view of a MR
magnitude image of an ex vivo bovine liver after multiple
(4) volumetric ultrasonic mechanical fractionations fol-
lowed by thermal ablation in the center (not visible).
[0045] FIG. 14A shows an MR T2-weighted image of
ultrasonic mechanical fractionation of a volume within an ex
vivo bovine liver following sonications using four different
duty factors as well as one thermal ablation, in accordance
with example embodiments.

[0046] FIG. 14B shows an MR T1-weighted image of
ultrasonic mechanical fractionation of a volume within an ex
vivo bovine liver following sonications using four different
duty factors as well as one thermal ablation, in accordance
with example embodiments.

[0047] FIG. 14C shows an MR T2-weighted image of a
lesion produced by ultrasonic mechanical fractionation
within ex vivo bovine liver following sonication using a
duty factor of 1%, in accordance with example embodi-
ments.

[0048] FIG. 14D shows an MR T2-weighted image of a
lesion produced by ultrasonic mechanical fractionation
within ex vivo bovine liver following sonication using a
duty factor of 10%, in accordance with example embodi-
ments.

[0049] FIG. 14E is a photograph of lesions produced by
ultrasonic mechanical fractionation within ex vivo bovine
liver following sonication using four different duty factors,
in accordance with example embodiments.

[0050] FIG. 15 shows an MR T2 map and an MR ADC
map of ultrasonic mechanical fractionation of a volume
within an ex vivo bovine liver following pulsed sonications
using four different duty factors as well as continuous
thermal sonication, in accordance with example embodi-
ments.

[0051] FIG. 16 shows a graphical and tabular summary of
quantitative results of ultrasonic mechanical fractionation of
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a volume within an example object following sonications, in
accordance with example embodiments.

[0052] FIG. 17 is a flow chart depicting one example
method for MR monitoring of ultrasonic mechanical frac-
tionation of a volume within an object during sonication, in
accordance with example embodiments.

[0053] FIG. 18 is a flow chart depicting another example
method for MR monitoring of ultrasonic mechanical frac-
tionation of a volume within an object during sonication, in
accordance with example embodiments.

[0054] FIG. 19 is a flow chart depicting an example
method for MR evaluation of ultrasonic mechanical frac-
tionation of a volume within an object following sonication,
in accordance with example embodiments.

DETAILED DESCRIPTION

1. Overview

[0055] Although magnetic resonance imaging (MRI) and
related MR diagnostic techniques are important aspects of
HIFU therapy, the purely thermal nature of conventional
HIFU can limit the utility of MRI and MR techniques for
monitoring, control and diagnostic evaluation of HIFU when
applied clinically or even experimentally. The limitations are
largely due to heat delivery by diffusion within a target
region of biological material (e.g., biological tissue) undet-
going HIFU sonication. In particular, when one or another
form of biological material is subjected to HIFU sonication,
diffusion of absorbed heat outward from a focal point of the
high intensity ultrasound sonication renders lesion forma-
tion somewhat imprecise and/or unpredictable. For example,
the boundary between thermally ablated biological material
in the immediate vicinity of the focus and undisturbed (e.g.,
intact) material further from the focus may move outward
the sonicated volume. And, the boundary itself may lack
sharpness, forming instead a zone of relatively gradual
transition from fully ablated material (e.g., within a lesion)
to undisturbed material surrounding the ablated material.
[0056] One result of the somewhat imprecise nature of
HIFU-induced lesion formation in biological material is a
correspondingly imprecise ability to monitor and control
lesion formation using HIFU in the first place. Another result
is that MRI and MR techniques used in conjunction with
HIFU for the purpose of control and evaluation of results can
themselves be limited by gradation of contrast changes
across lesion boundaries, for example. This, in turn, may
diminish the evaluative utility of MR data acquired during
and/or after HIFU sonication. Furthermore, the time interval
over which heat absorbed by biological material during
HIFU sonication dissipates may extend somewhat beyond
that over which HIFU sonication is actually applied. Con-
sequently, the volumetric extent of lesion formation may not
be known until some instant after HIFU sonication ceases.
This can limit the utility of MRI and MR techniques for
real-time monitoring of the effects of HIFU during sonica-
tion; the viability evaluating the final lesion size may be
similarly constrained.

[0057] Accordingly, there is a need for techniques that
integrate precise and efficacious monitoring, control, and
evaluation into HIFU-based targeted destruction of biologi-
cal material.

[0058] Disclosed herein are a method and system for
employing a novel adaptation of conventional HIFU that
provides for significantly more control and precision in
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targeted HIFU-induced destruction of biological material,
and that is carried out in conjunction with a high degree of
precise MR-based monitoring, control, and evaluation of the
targeted, therapeutic destruction process. In accordance with
example embodiments, HIFU is adapted to devise a tech-
nique that can cause targeted and controlled destruction of
biological material by mechanical fractionation instead by
purely diffuse heat ablation. Using this mechanical fraction-
ation technique enables controlled destruction within a tar-
get region of biological material to be significantly more
precise in volumetric extent, physical boundary definition,
and post-sonication heat dissipation than can typically be
achieved with pure ablation from conventional HIFU. Also
in accordance with example embodiments, MRI and MR
methods can be carried out in conjunction with the mechani-
cal fractionation technique to yield much more precise
monitoring, control, and post-treatment evaluation of soni-
cated regions than can be obtained by MRI and MR methods
applied in conventional HIFU.

[0059] In an example embodiment, an adapted HIFU
technique termed “boiling histotripsy” (BH) is used for
generating mechanically fractionated lesions in biological
material, such as biological tissue. BH is a therapeutic
technique in which mechanically fractionated lesions can be
purely mechanical in origin, i.e. liquefied, or include differ-
ent degrees of thermal damage controlled by the parameters
of an ultrasound exposure (sonication) protocol [2, 3].
Specifically, the peak output power, in situ shock amplitude,
ultrasound frequency, pulse length, pulse repetition rate,
number of pulses, and sonication trajectory can be adjusted.

[0060] In one example demonstration, BH sonication was
performed volumetrically, i.e., concurrently or sequentially
heating regions larger than a single focal point. This work
has been described in U.S. Provisional Application No.
61/972,035, which is incorporated by reference herein in its
entirety. In another example demonstration, various MRI
methods were used to monitor BH sonication in real-time, as
well as assess the therapy outcome. This further work has
been described in U.S. Provisional Application No. 61/971,
432.

[0061] MRI can provide in vivo anatomical, functional,
and temperature images, as well as provide information on,
e.g., tissue displacement in real time during a HIFU soni-
cation. While volumetric, MRI-based feedback can be used
to control conventional MR-HIFU thermal ablation, (e.g., to
achieve complete thermal necrosis in the target region), as
well as to control conventional MR-HIFU mediated mild
hyperthermia, these techniques rely on the monitoring of
HIFU-induced temperature changes only [1].

[0062] The BH method can be used to induce mechani-
cally-fractionated lesions with a controlled degree of ther-
mal effect [3, 4]. The technique utilizes repetitive millisec-
ond-long pulses with shocks, rapid boiling in tissue (or more
generally, biological material) caused by shock wave heat-
ing, and interaction of shocks with a vapor cavity [5]. Such
an approach can be advantageous for a number of clinical
applications where it is necessary to avoid overheating
vessels, bone, or other structures located close to the treat-
ment site, as well as to accelerate resorption or passage of
the ablated tissue volume, diminish pressure on the sur-
rounding organs that causes discomfort, and insert openings
between tissues, among other desired and/or required effects
or outcomes.
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[0063] One of the benefits enabled by BH is the ability to
use MRI to accurately plan BH-sonications, to perform
BH-therapy under real-time imaging guidance, and evaluate
the outcome of the treatment [6].

[0064] A thermally coagulated region is estimated based
on accumulated thermal dose, and may not accurately reflect
the final post-therapy outcome. Similarly, in mild hyperther-
mia, temperature in the target region is elevated to 40-45 C
for a prolonged duration, after which the tissue is allowed to
cool down. The region of mild hyperthermia is estimated
from the temperature gradients and/or thermal dose over
time. However, during neither of thermal ablation or mild
hyperthermia are tissue contrast changes typically seen in
real time MR-imaging.

[0065] In contrast, various MRI methods can be used
during the BH-mediated mechanical tissue fractionation to
monitor progress of BH in real time, based on tissue contrast
changes. Consequently, the therapy may also be controlled
using an MR-based monitoring. For example, during BH
therapy, real-time imaging findings can provide a basis for
adjusting the sonication power, duty cycle, duration, number
of pulses, and sonication trajectory for optimum results (e.g.,
full mechanical fractionation of tissue at the target location).
In addition to monitoring contrast changes in real time,
temperature can be monitored simultaneously within and
outside of the target region, and used as an additional
feedback method in order to, avoid high temperatures at the
target as well as avoid temperature elevations and tissue
damage outside of the target region, for example. Use of
MRI and MR techniques in conjunction with BH (and HIFU
histotripsy in general) to plan, monitor, control, and evaluate
BH-induced targeted destruction of biological material prior
to, during, and after BH sonication is referred to herein as
“MRI-assisted BH.”

[0066] The term “biological material” (and the like) is
used herein to refer generically to material such as human
(or other animal) tissue and/or organs, as well as other
material of biological origin. Biological tissue (human or
other) can be part of a living or non-living subject. For
example, in some of the discussions below, demonstration
operations of MRI-assisted BH were applied to sample
biological material including ex vivo bovine liver and heart.
Other, non-limiting examples of “biological material” used
herein include biological tissue, such as liver tissue, uterine
tissue, kidney tissue, prostate tissue, thyroid tissue, pancreas
tissue, brain tissue, nerve tissue, connective tissue, or muscle
tissue. Biological material can also include a biological
substance, such as a blood clot or a hematoma.

[0067] The terminology “targeted destruction of biologi-
cal material” (and the like) used herein is generally synony-
mous with controlled and/or intentional lesion formation in
tissue and/or organs, although the result of such intentional
“destruction of biological material” may not necessarily be
a lesion. As conventional HIFU thermal ablation methods
have been used successfully in the treatment of a range of
tumors in different organs, including liver, uterus, kidney,
and prostate, it can be anticipated with confidence that
MRI-assisted BH techniques described herein by way of
example embodiments can also be successfully applied in
therapeutic treatment of tissue and/or organs of living
humans (and other animals). Further, MRI-assisted BH can
be applied to treatment of pathological tissue, such as
malignant tumors and/or benign tumor, where non-limiting
examples of benign tumors include an adenoma or a fibroid.
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Additionally, MRI-assisted BH can used to create and/or
insert of openings in biological tissue for various therapeutic
purposes.

[0068] It should be noted that various changes and modi-
fications to the presently preferred embodiments described
herein will be apparent to those skilled in the art. Such
changes and modifications may be made without departing
from the spirit and scope of the present invention and
without diminishing its attendant advantages.

2. Histotripsy

[0069] As noted above, a conventional HIFU wave having
a power density of less than 1 kW/cm? can be sequentially
focused upon various portions of an object so that a rela-
tively large region of the object is thermally ablated. HIFU
boiling histotripsy utilizing HIFU waves having power
density of at least 10 kW/cm? is also useful for mechanical
ablation of small portions of an object, but has previously
not been used to mechanically ablate regions that are sub-
stantially larger than a focal point of the HIFU wave. These
currently known HIFU methods for thermal or mechanical
ablation suffer from disadvantages that are discussed below.
[0070] Using HIFU waves to predictably and uniformly
thermally ablate a relatively large region of an object may
require process downtime between ablation of successive
portions of the object. The process downtime allows recently
ablated portions of the object to cool before ablation of a
suiccessive portion begins. Causing thermal ablation of suc-
cessive portions of the object without allowing for cooling
of recently ablated portions may introduce non-uniformity
and unpredictability to the ablation process.

[0071] More specifically, uniform thermal ablation of two
portions of an object generally requires that the two portions
experience the same absorbed HIFU power density for the
same continuous duration, starting from the same initial
temperature. This combination of absorbed HIFU power,
exposure time, and initial temperature is sometimes referred
to as a HIFU “thermal dose.” However, if the two portions
are adjacent, heat generated in ablating the first portion may
diffuse into the second portion, raising the temperature of the
second portion before the second portion receives its pre-
determined HIFU dose. This will generally cause the second
portion to absorb more heat than the first portion, unless the
HIFU dose for the second portion is appropriately compen-
sated. However, it is difficult to accurately determine how
much surplus heat the second portion absorbs while the first
portion is being ablated. Therefore, it is usually desirable to
give each portion of the object an equal “thermal dose” of
the HIFU wave, while allowing time for sufficient cooling
between ablating each portion. The process downtime rep-
resented by such cooling time periods makes the ablation
process somewhat ineflicient.

[0072] The effectiveness of HIFU boiling histotripsy in
uniformly mechanically ablating a relatively large region of
an object has been previously unknown. The methods dis-
closed herein exhibit uniform mechanical ablation of a
relatively large region of an object without the need for
process downtime related to cooling of ablated portions of
the object. HIFU intensities used in the disclosed methods
are high enough to generate shock waves at or near the focal
point of the HIFU wave. The shock waves then cause a
portion of the object to boil, which in turn generates a vapor
cavity. The shock wave interacts with the vapor cavity to
cause mechanical ablation of the portion of the object.
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Unexpectedly, the disclosed methods have advantages that
differ from previously known methods in the following
ways.

[0073] First, uniform ablation of two portions of an object
no longer requires the continuity of the receiving a required
number of pulses to generate mechanical ablation of each of
them. Using the disclosed methods, two portions can be
uniformly ablated even though the two portions receive the
required number of HIFU pulses that differ in continuity. For
example, uniform ablation of first and second portions could
result from sending HIFU pulses of 10 ms and 1% duty cycle
and 80 MPa shock amplitude in the following sequence: the
first portion receiving one HIFU pulse and then the second
portion receiving one HIFU pulse. The process is then
repeated the necessary number of times. In another example,
uniform ablation of the first and second portions could result
from the first portion receiving all necessary number of
pulses and then the second portion receiving a necessary
number of pulses. Because the disclosed methods are pri-
marily mechanical and not thermal processes, temperature
history of each portion is largely irrelevant in this context.
[0074] On a related note, the primarily mechanical nature
of the disclosed methods means that ablation of a first
portion generally has little effect on a second portion. Short
bursts of HIFU waves having a power density of at least 10
kW/cm? have been shown to generally affect only the
portion of the object impacted by the HIFU wave and not
surrounding portions.

[0075] Referring now to the Figures, FIG. 1 illustrates an
example system 100 configured to ablate an object 114 using
an acoustic ultrasound wave (or “HIFU” wave) 113. The
system 100 includes a processor 102, data storage 104, an
input/output interface 106, a signal generator 108, and an
ultrasound transducer 110, any or all of which may be
communicatively coupled to each other via a system bus or
another connection mechanism 112.

[0076] The processor 102 may include a general purpose
processor and/or a special purpose processor and may be
configured to execute program instructions stored within
data storage 104. In some examples, the processor 102 may
be a multi-core processor comprised of one or more pro-
cessing units configured to coordinate to execute instruc-
tions stored within data storage 104. In one example, the
processor 102, by executing program instructions stored
within data storage 104, may provide HIFU parameters to
the signal generator 108 for generation of HIFU waves. In
another example, the processor 102 may provide HIFU
parameters that are received via the input/output interface
106 to the signal generator 108.

[0077] Data storage 104 may include one or more volatile,
non-volatile, removable, and/or non-removable storage
components. Data storage 104 may be a magnetic, optical,
or flash storage medium, and may be integrated in whole or
in part with the processor 102 or other portions of the system
100. Further, the data storage 104 may be a non-transitory
computer-readable storage medium, having stored thereon
program instructions that, when executed by the processor
102, cause the system 100 to perform one or more functions
described in this disclosure. Such program instructions may
be part of a software application that can be executed in
response to inputs received from the input/output interface
106, for instance. The data storage 104 may also store other
types of information or data, such as those types described
throughout this disclosure.
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[0078] The input/output interface 106 may enable inter-
action with a user of the system 100, if applicable. The
input/output interface 106 may include input components
such as a keyboard, a mouse, a keypad, or a touch-sensitive
panel, and output components such as a display screen
(which, for example, may be combined with a touch-
sensitive panel), a sound speaker, and a haptic feedback
system. In one example, the input/output interface 106 may
receive input indicating various parameters for a HIFU wave
to be generated by the ultrasound transducer 110.

[0079] The signal generator 108 may be configured to
receive data from the processor 102 indicative of HIFU
parameters for generation of a HIFU wave by the ultrasound
transducer 110. For example, the processor 102 may send, to
the signal generator 108, data representative of input
received via the input/output interface 106. In another
example, the received input may simply indicate one of
several predetermined HIFU ablation protocols represented
by program instructions stored at data storage 104. Such data
received by the signal generator 108 may indicate various
HIFU parameters such as power, power density, oscillation
frequency, pulse duration, duty cycle, and a number of
pulses to be generated for various portions of the object 114.
The received data may also indicate a trajectory, path, or
sequence of portions of the object 114 upon which the focal
point of the HIFU wave should be sequentially directed
upon. The received data may also include timing informa-
tion indicating when and/or for how long the focal point of
the HIFU wave should be directed upon each respective
portion of the object 114.

[0080] The ultrasound transducer 110 may include one or
more piezoelectric transducer elements configured to gen-
erate HIFU waves in response to receiving respective con-
trol signals representing HIFU parameters from the signal
generator 108. For example, the ultrasound transducer 110
may include a phased array of transducer elements config-
ured to electronically focus or steer a generated HIFU wave
upon various portions of the object 114 via constructive
and/or destructive wave interference. Each transducer ele-
ment of the ultrasound transducer 110 may receive its own
independent control signal from the signal generator 108. In
some examples, the signal generator 108 and the ultrasound
transducer 110 may be integrated into one functional unit.
The ultrasound transducer 110 may include one or more of
(1) a lens, (ii) one or more transducers having a radius of
curvature at the focal point of the HIFU wave, and (iii) a
phased array of transducers.

[0081] The object 114 may include any object suitable for
HIFU ablation. Some examples of an object 114 include
biological tissue such as a tumor, a hematoma, an abscess,
a lipoma, or any other diseased or undesirable tissue.
[0082] FIG. 2 is a flow chart depicting an example method
200 for causing substantially uniform ablation of a region of
an object that comprises distinct portions. At block 202, the
method 200 involves generating an acoustic ultrasound
wave that is focused at a focal point. Hereinafter, the
acoustic ultrasound wave may also be referred to as the
HIFU wave.

[0083] The HIFU wave may be generated by system 100
according to one or more parameters received via input/
output interface 106 and/or stored at data storage 104. Such
parameters that define characteristics of the generated HIFU
wave may include peak power, ultrasound frequency, pulse
duration, duty cycle, shock amplitude in the focal waveform,
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and a number of pulses to be radiated to a given portion of
the object 114. The HIFU wave may be focused at the focal
point defined by the geometry of the ultrasound transducer
110, and/or focused electronically via providing appropriate
respective control signals to a phased array of transducer
elements of the ultrasound transducer 110. The HIFU wave
may be generated by the ultrasound transducer 110 via one
or more of a lens or one or more transducers having a radius
of curvature at the focal point. The focal point of the HIFU
wave may resemble a zero-dimensional point, or in other
examples, the focal point may resemble a three-dimensional
focal volume.

[0084] Various HIFU wave parameters described below
may be useful for causing substantially uniform ablation of
a macroscopic region of an object. In some examples, the
HIFU wave has an oscillation frequency that is greater than
900 kHz and less than 10 MHz. More specifically, the HIFU
wave may have an oscillation frequency of about 1.2 MHz.
Referring to FIG. 3 as an example, the HIFU wave 300 may
exhibit an oscillation frequency f,_=1.2 MHz that corre-
sponds to an oscillation period of t,_=0.833 ps.

[0085] The HIFU wave 300 may also exhibit a duty cycle
(t,/t;) that represents a ratio of a pulse duration t, during
which the HIFU wave 300 has a non-zero amplitude, over a
time t, that elapses between the respective starts of consecu-
tive pulses 302 and 304 of the HIFU wave 300. In some
examples, the HIFU wave 300 has a duty cycle that is greater
than 0.005 and less than 0.12. More specifically, the HIFU
wave 300 may have a duty cycle of about 0.01. Such
relatively short duty cycles may limit an amount of heat that
is allowed to accumulate within the object 114 during
ablation.

[0086] In some examples, the HIFU wave 300 has a pulse
duration t, that is greater than 1 millisecond (ms) and less
than or equal to 40 ms. More specifically, the HIFU wave
may have a pulse duration that is less than or equal to 20 ms,
or about 10 ms. For example, the HIFU wave 300 may have
a pulse duration of t;=10 ms and a pulse repetition period of
t,=1 second, resulting in a duty cycle of 0.01. Note that with
respect to any examples described herein, HIFU wave 300
might not be shown to scale in FIG. 3.

[0087] Insome examples, the HIFU wave 300 has a shock
front larger than 40 MPa. More specifically, the HIFU wave
may have a shock front that is higher than or equal to 80
MPa, or about 100 MPa. For example, the HIFU wave 300
may have a shock front that is higher than or equal to 80
MPa, or about 80 MPa.

[0088] As discussed below, a HIFU wave defined by
certain parameters may induce boiling of a given portion the
object within a time period t, of about 2 ms. The pulse
duration t, may advantageously be somewhat longer than a
time required to bring the given portion to a boil so that the
shock fronts of the rest of the pulse interact with the vapor
cavity resulting from boiling. Likewise, the duty cycle of the
HIFU wave should be low enough so that substantial
amounts of heat do not accumulate and diffuse into other
portions of the object 114.

[0089] At block 204, the method 200 involves sequentially
directing the focal point upon distinct portions of an object
to form respective shock waves at the distinct portions of the
object. The object may include the object 114. In some
examples, a shock wave formed at a portion of the object
may have a pressure magnitude of at least about 40 MPa at
a focus of the shock wave. 40 MPa may be an approximate
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pressure amplitude necessary to cause boiling within the
object within a few milliseconds.

[0090] In some examples, the focal point of the HIFU
wave may be sequentially directed upon portions of the
object that are each at least 0.5 millimeters (mm) long and
no greater than 7 mm long. In further examples, the focal
point of the HIFU wave may be sequentially directed upon
portions of the object each having an area of at least 7 square
millimeters (mm?) and no greater than 30 mm?®. More
specifically, each portion may have an area of about 15 mm?.
[0091] The focal point of the HIFU wave may be sequen-
tially directed upon portions of the object that as a whole
have a total length of at least 1 centimeter (cm), a total area
of at least 1 square centimeter (cm?), and/or a total volume
of at least 1 cubic centimeter (cm®). In this way, the focal
point of the HIFU wave can be directed across several
relatively small portions of the object to ablate a larger
macroscopic region of the object, as discussed further below.
[0092] In one example, the focal point of the HIFU wave
401 may be sequentially focused first upon portion 402 of
the object 400 as shown in FIG. 4A, then upon portion 404
of the object 400 as shown in FIG. 4B, and then upon portion
406 of the object 400 as shown in FIG. 4C. This may result
in shock waves being sequentially formed at the portions
402, 404, and 406. Other example trajectories or sequences
for direction of the focal point of the HIFU wave 401 along
various portions of the object 400 are also possible.
[0093] FIG. 5 depicts an example object 500 for the
purpose of illustrating other example sequences or trajecto-
ries that a focal point of a HIFU wave could be directed
along. A first example trajectory could include sequentially
focusing the focal point upon horizontal portions of the
object. Such an example trajectory is depicted as the
sequence 502, 504, 506, 508, 510, 512, 514, 516, 518, 520,
522, 524, 526, 528, 530, 532, 534, 536, 538, 540, 542, 544,
546, 548, and 550. Another trajectory could include sequen-
tially directing the focal point of the HIFU wave upon the
portions of the object as defined by the sequence 502, 506,
510, 514, 518, 522, 526, 530, 534, 538, 542, 546, 550, 504,
508, 512, 516, 520, 524, 528, 532, 536, 540, 544, and 548.
Yet another trajectory could include a spiral-like sequence
502, 504, 506, 508, 510, 520, 530, 540, 550, 548, 546, 544,
542, 532, 522, 512, 514, 516, 518, 528, 538, 536, 534, 524,
and 526.

[0094] Numerous other trajectories or sequences are also
possible. For example, the distinct portions of the object
may form a closed loop, one or more concentric spheres, or
one or more concentric circles. The distinct portions may all
lie within a common line and/or a common plane. That is to
say that the distinct portions of the object may define a line,
an area, or a volume.

[0095] In some examples, the method 200 may further
involve determining a trajectory of the distinct portions of
the object such that distances between successive portions of
the trajectory are maximized. In this context, sequentially
directing the focal point upon the distinct portions of the
object may include directing the focal point upon the distinct
portions of the object according to the determined trajectory.
[0096] Sequentially directing the focal point upon the
distinct portions of the object may also include determining
how many pulses of the HIFU wave a given portion of the
object should absorb before the focal point is redirected to
another portion of the object. For example, the given portion
may receive a number of pulses greater than 5 and less than
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about 180. More specifically, the given number of pulses
may be about 30. The given number of pulses may roughly
represent the number of pulses required for effective
mechanical ablation of the given portion. For example, a
first portion may receive a certain number of HIFU pulses,
fully ablating the first portion, and then the focal point of the
HIFU wave may be redirected to a second portion so that the
second portion may be ablated.

[0097] In other examples, the given number of pulses
might not be provided to the first portion all in one continu-
ous session. That is, the focal point of the HIFU wave may
be directed upon the first portion for receiving a partial
number of HIFU pulses, then directed upon a second portion
for receiving a full or partial number of HIFU pulses, and
then redirected back to the first portion for receiving the
remainder number of HIFU pulses.

[0098] At block 206, the method 200 involves, via the
respective shock waves, causing the distinct portions of the
object to boil and form respective vapor cavities. The HIFU
wave 401 may experience non-linear propagation through
the object 400 and become a shock wave near the center of
portion 402, which in turn causes boiling within the portion
402. In some examples, the volume of the portion 402 heated
to boiling may be greater than 0.1 cubic millimeters (mm®)
and less than 0.3 mm®. The boiling causes a vapor cavity 403
to be formed within the portion 402. Generally, the portion
402 assumes a vapor state within the vapor cavity 403 and
a liquid or solid form outside of the vapor cavity 403.
[0099] FIG. 4B depicts the HIFU wave 401 forming a
shock wave near the center of portion 404, which in turn
causes boiling within the portion 404. In some examples, the
volume of the portion 404 heated to boiling temperature may
greater than 0.1 mm® and less than 0.3 mm>. The boiling
causes a vapor cavity 405 to be formed within the portion
404. Generally, the portion 404 assumes a vapor state within
the vapor cavity 405 and a liquid or solid form outside of the
vapor cavity 405. FIG. 4B depicts portion 402 as an ablated
void within the object 400. This will be further discussed
below.

[0100] In a similar fashion, FIG. 4C depicts the HIFU
wave 401 forming a shock wave near the center of portion
406, which in turn causes boiling within the portion 406. In
some examples, the volume of the portion 406 heated to
boiling temperature may be greater than 0.1 mm> and less
than 0.3 mm’. The boiling causes a vapor cavity 407 to be
formed within the portion 406. Generally, the portion 406
assumes a vapor state within the vapor cavity 407 and a
liquid or solid form outside of the vapor cavity 407. FIG. 4C
depicts portion 404 as an ablated void within the object 400.
This will be further discussed below.

[0101] At block 208, the method 200 involves causing
substantially uniform ablation of a region of the object that
comprises the distinct portions. The substantially uniform
ablation is caused via interaction of the respective vapor
cavities with the respective shock waves.

[0102] As shown in FIG. 4A, interaction of the vapor
cavity 403 and the shock wave induced by HIFU wave 401
has ablated portion 402 of the object 400. For example, the
shock wave near the center of portion 402 may interact with
the boundary of the growing vapor cavity 403 to ablate the
portion 402. The shock wave may cause tissue disintegration
at the boundary of the vapor cavity 403 due to the vapor/
solid discontinuity or the vapor/liquid discontinuity at the
boundary. The vapor cavity 403 grows in size as more of the
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portion 402 is induced to boil and interaction of the shock
wave with the vapor cavity 403 cause tissue disintegration of
the portion 402 of the object.

[0103] As similarly shown in FIGS. 4B and 4C, interac-
tion of the vapor cavities 405 and and 407 with the shock
wave induced by HIFU wave 401 has ablated portions 404
and 406 of the object 400. For example, the shock wave near
the center of portion 404 may interact with the boundary of
the growing vapor cavity 405 to ablate the portion 404. The
shock wave may preferentially interact with the boundary of
the vapor cavity 405 due to the vapor/solid discontinuity or
the vapor/liquid discontinuity at the boundary. The vapor
cavity 405 grows in size as more of the portion 404 is
induced to boil and interaction of the shock wave with the
vapor cavity 403 cause tissue disintegration of the portion
404 of the object. As a result, both portions 402 and 404 are
substantially uniformly ablated.

[0104] In some examples, both portions 402 and 404 are
liquefied and removed from the object 400 to create a void.
Each time the HIFU wave 401 is focused upon a new portion
of the object, the HIFU wave may cause a new liquefied
volume to form within the new portion of the object. Such
aliquefied volume may be greater than about 1 mm? and less
than about 10 mm>.

[0105] In some examples, boiling of the respective por-
tions of the object 400 may cause pure mechanical ablation
(i.e., liquification or liquefaction) and/or thermal ablation of
various portions of the object. For example the uniform
ablation methods disclosed herein may include a combina-
tion of thermal ablation and mechanical ablation of various
portions of the object. Use of preferred parameters for the
HIFU wave, however, will generally result in ablation that
is primarily mechanical in nature and not thermal in nature.
In one example where the object 400 is undesirable biologi-
cal tissue, liquefied portions of the undesirable tissue may be
flushed out of a patient’s body via their lymphatic and/or
cardiovascular system or drained using a needle.

[0106] Where the biological tissue is a tumor, the method
may involve treating a subject having the tumor with an
amount effective of the focused acoustic ultrasound wave to
ablate all or a portion of the tumor.

[0107] Where the biological tissue is a hematoma, the
method may involve treating a subject having the hematoma
with an amount effective of the focused acoustic ultrasound
wave to ablate all or a portion of the hematoma.

[0108] Where the biological tissue is an abscess, the
method may involve treating a subject having the abscess
with an amount effective of the focused acoustic ultrasound
wave to ablate all or a portion of the abscess.

[0109] Where the biological tissue is a lipoma, the method
may involve treating a subject having the lipoma with an
amount effective of the focused acoustic ultrasound wave to
ablate all or a portion of the lipoma.

[0110] Where the biological tissue is a diseased tissue, the
method may involve treating a subject having the diseased
tissue with an amount effective of the focused acoustic
ultrasound wave to ablate all or a portion of the diseased
tissue.

3. MRI-Assisted BH

[0111] MR-imaging methods for BH therapy using a clini-
cal MR-HIFU system have been developed and character-
ized to aid in mitigating the possible risks associated with
high instantaneous acoustic pressures in BH treatments. This



US 2017/0000376 A1l

includes accurate treatment planning, real-time multi-planar
monitoring of the BH-lesion as well as temperature eleva-
tions during therapy, and visualization and quantification of
the therapy outcome. In addition to monitoring lesion for-
mation and temperature elevation in real time, MR image
information can be also used as a basis for controlling or
adjusting the treatment (e.g., closed or user-adjustable feed-
back-loop) so that the correct lesion location and volume is
treated and that temperature elevation stays below the
threshold for thermal damage both within and outside the
target region. These MR-based monitoring methods can be
adjusted to provide sufficient contrast of BH-lesions in most
organs or target locations in vivo. They can be also applied
to other HIFU methods aimed to mechanically fractionate
tissue.

[0112] Accurate planning and targeting can be achieved
using various MRI and MR-related techniques, either indi-
vidually or in combination. Non-limiting examples of these
techniques include T2-weighted, T1-weighted, T2 maps, T1
maps, T2* maps, and proton density weighted imaging. In
addition, MR elastography (MRE) can be used to map tissue
stiffness following sonication. Further, MR acoustic radia-
tion force imaging (MR-ARFI) can be used during sonica-
tion to rapidly localize the HIFU focal point over one pulse
or multiple pulses by capturing HIFU-induced tissue dis-
placement in the MR image. Regions-of-interest (ROI)
within the target region can be drawn on the planning
images, based on which sonication trajectories are automati-
cally calculated.

[0113] MR data acquired before, during, and after appli-
cation of BH sonication of biological material can take
various forms and can be represented and/or presented in
various forms for viewing, analysis, and monitoring, and
control. For purposes of the discussion herein, the terms
“rendering,” “renderings,” “MR renderings,” “MRI render-
ings” and the like will be used as a general reference to one
or another of various forms in which MR data can be
represented and/or presented. Non-limiting examples of
MRI renderings include diffusion-weighted images,
T1-weighted images, T2-weighted images, proton density-
weighted images, T1 maps, T2 maps, T1*-weighted images,
T2*-weighted images, T2* maps, T1-p-weighted images,
fluid attenuated inversion recovery (FLAIR) images, sus-
ceptibility-weighted images (SWIs), diffusion maps, or a
combined MRI rendering of at least two of the preceding
renderings. Additional examples include MR “mechanical-
metric renderings” that can be evaluated to indicate
mechanical properties or characteristics of an object (e.g.,
biological material). Such renderings include magnetic reso-
nance elastography (MRE) images, magnetic resonance
acoustic radiation force images (MR-ARFIs), MR elasticity
(stiffness) maps, and MR displacement maps. Further
examples include MRI “thermal-metric maps,” such as MRI
temperature maps and thermal dose (e.g., equivalent minutes
at 43° C. calculated from MRI temperature maps) maps.

4. Example System and Demonstration Results

[0114] A demonstration system for carrying out MR-
assisted BH is described in [7]. The system includes a
Philips Achieva 3T clinical MR scanner for acquiring MR
data before, during, and after sonication, and a Philips
Sonalleve clinical HIFU system. Transducer element driving
signal phases were manipulated to perform volumetric soni-
cations [8]. Peak acoustic power within a HIFU pulse, pulse
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repetition frequency, and pulse length were manipulated to
perform BH-sonications with variable degree of thermal
effect [4].

[0115] The Philips Achieva 3T clinical MR scanner was
used for imaging. Different MR -imaging methods were used
to plan the BH target locations, to perform real-time tem-
perature mapping and BH lesion visualization, and to assess
the therapy outcome and locations of BH lesions. Various
demonstration runs were carried out, as described below.
[0116] Demonstration runs were carried out on multiple
samples of ex vivo bovine liver. Each sample had approxi-
mate linear dimensions of 6x6x4 cm. For the demonstration
runs, a cylindrical water tank with a diameter of 20 cm was
constructed to hold the samples. The form factor of the water
tank sample holder was fashioned to allow it to fit into the
MR scanner together with a posterior MR receive coil. In
addition, a custom-built carotid MR coil was placed around
the sample holder. FIG. 6 shows the sample holder, the
posterior MR receive coil, and the carotid MR receive coil.
[0117] FIG. 7 is a conceptual illustration of the configu-
ration of sonication for the demonstration runs. For each
demonstration run, a sample was positioned such that its
square 6x6 cm face was in the plane (parallel) to the coronal
plane of the MR scanner, and its 4 cm depth was in the
sagittal plane of the scanner. With this configuration, soni-
cation was applied along the sagittal plane direction; i.e.,
normal to the square 6x6 cm face of each sample. A
sonication protocol was used that applied four volumetric
BH sonications arranged in four symmetric quadrants of the
6x6 cm face of each sample, and one volumetric HIFU
thermal ablation for reference at the center of the 6x6 cm
face. The four sonications were carried using pulse repeti-
tion frequencies (PRFs) of 1, 3, 5, and 10 Hz, respectively.
In each quadrant, the BH sonication consisted of 25 soni-
cation points arranged with one sonication point at a center
position and the remainder divided among, and evenly
spaced along, two concentric rings around a center position.
The inner concentric ring had eight sonication points; the
outer concentric ring had 16 sonication points. The diameter
of the inner ring was 4 mm; the diameter of the outer ring
was 8 mm. Within each sonication, electronic steering was
used to generate the 25 sonication points. The transducer
was moved mechanically between each of the four sonica-
tion locations, and moved mechanically to the central posi-
tion for the volumetric HIFU thermal ablation for reference
sonication.

[0118] At each of the 25 sonication points of each soni-
cation, the BH exposure parameters were configured to
generate two layers of lesions along the 4 cm depth direction
of the sample (i.e., along the sagittal direction of the MR
scanner). The two layers were separated by 5 mm at each
sonication point. The peak applied acoustic power was 250
W. The pulse duration was 10 ms with 30 pulses per
sonication point.

[0119] For the reference HIFU thermal ablation at the
center of each sample, sonication was delivered as a con-
tinuous wave (CW) at 60 W at 25 points around the central
position. Sonication was performed by looping 50 ms-long
pulses through all the points for a total of 40 s. A single layer
of lesion formation was generated by raising tissue tempera-
ture to T>60 C.

[0120] MR data were acquired prior to each sample run in
order to facilitate treatment planning By way of example,
treatment planning included identification of the sample
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geometry, visualization of blood vessels, and identification
of air bubbles in the sample. FIG. 8 displays example
T2-weighted images generated for treatment planning pur-
poses.

[0121] Examples of real-time monitoring of BH are shown
in coronal and sagittal views in FIGS. 9A and 9B, respec-
tively. The monitoring scheme includes a 2D multi-slice
(MS) fast-field-echo (FFE) with echo-planar-imaging (EPI)
MRI sequence. Six slices were acquired in two stacks
(sagittal+coronal). MR parameters were TE=16 ms, TR=39
ms, and FA=19°. The voxel size was 1x1x5 mm, and the
dynamic scan time was 7.5 s. Temperature maps were
calculated from MR phase images using proton resonance
frequency shift (PRFS) method. The maps were corrected
for magnetic field drift and overlaid on MR magnitude
images, as shown.

[0122] Examples of post-treatment MRI are shown in
FIGS. 10A-10D. Specifically, FIG. 10A shows a
T2-weighted image, acquired with parameters TE=8 ms,
TR=14 ms and FA=45°. FIG. 10B shows a T1-weighted
image, acquired with parameters TE=23 ms, TR=633 ms
and FA=90°. FIG. 10C shows a T2 map, acquired using a
multi-echo Turbo-Spin Echo (TSE) sequence. FIG. 10D
shows an apparent diffusion coeflicient (ADC) map calcu-
lated from 2-dimensional MS DW-images, where the MR
data were acquired with parameters TE=55 ms and
b-value=0 and 650 s/mm”>.

[0123] Examples of gross analysis of lesions produced
with different duty factors are shown in FIG. 11A-11D. The
four duty factors are 1%, 3%, 5% and 10%. Each figure
shows an example cross section of a sonicated ex vivo
bovine liver. Each of the four quadrants in each figure
displays a lesion produced with BH using a different one of
the duty factors, as labeled. The center of each figure shows
a lesion produced by HIFU thermal ablation, as noted above.
FIGS. 11A and 11B show, respectively, bottom and top
views of lesions with content; FIGS. 11C and 11D show,
respectively, bottom and top views of lesions flushed with
water. As noted above, the peak applied acoustic power was
250 W, and the pulse duration was 10 ms with 30 pulses per
sonication point.

[0124] Examples of real-time monitoring of BH shown in
FIGS. 12A-12F demonstrate that lesion formation can be
observed in real-time. FIGS. 12A and 12B show, respec-
tively, coronal and sagittal view of a temperature map
overlaid on MR FFE images; FIG. 12C shows temperature
as a function of time over the sonication. FIGS. 12D and 12E
show, respectively, coronal and sagittal view of just the
underlying MR magnitude images. FIG. 12F shows a post-
sonication MR magnitude FFE image of the four sonica-
tions, each having used a different one of four duty factors
(1%, 3%, 5%, and 10%), as shown.

[0125] For comparison, examples of real-time monitoring
of alesion produced by conventional HIFU thermal ablation
are shown in FIGS. 13A-13C. FIGS. 13A and 13B show,
respectively, coronal and sagittal view of a temperature map
overlaid on MR FFE images; FIG. 13C shows temperature
as a function of time over the sonication. FIG. 13D shows
that the lesion produced by thermal ablation is not visible in
during sonication in an MR magnitude FFE image. Boiling
histotripsy lesions are still visible.

[0126] FIGS. 14A-14E show various post-treatment
images of lesions formed by BH, and illustrate the effect of
different duty factors (duty cycles) on lesion formation. FIG.
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14A shows an MR T2-weighted image of BH-induced
fractionation within an ex vivo bovine liver following soni-
cations using four different duty factors. FIG. 14B shows an
MR T1-weighted image of BH-induced fractionation within
an ex vivo bovine liver following sonications using the four
different duty factors. FIG. 14C shows a T2-weighted MR
image of a lesion produced by BH following sonication
using a duty factor of 1%. FIG. 14D shows a T2-weighted
MR image of a lesion produced by BH following sonication
using a duty factor of 10%. FIG. 14E is a photograph of
lesions produced by BH in the ex vivo bovine liver follow-
ing sonication using the four different duty factors as well as
the thermal ablation in the middle. Comparison of FIGS.
14C and 14D show a more sharply-defined boundary of the
lesion formed using a duty factor of 1% than that formed
using a duty factor or 10%. Note that as the duty cycle
increases, thermal effects also increase and the mechanically
ablated volume is also more thermally coagulated.

[0127] FIG. 15 shows an MR T2 map and an MR ADC
map of BH-induced mechanical fractionation of a volume
within an ex vivo bovine liver following sonications using
four different duty factors as well as the thermal ablation in
the center not visible in the ADC maps. The left side of the
FIG. 15 shows a T2 map; the right side shows an ADC map.
The T2 map was produced using data from the multi-echo
T2-weighted TSE sequence. The two-point ADC map was
produced using diffusion-weighted imaging with b-value=0
and 650 s/mm?,

[0128] Example results quantifying the thermal effect in
mechanical lesions produced with BH and analyzed using
ADC are shown graphically and in a tabular form in FI1G. 16.
Specifically, the upper left graph shows the ADC for each of
the four duty factors. The top right graph displays a protein
analysis for each of the four duty factors. The table at the
bottom of the figure gives a qualitative summary of BH
parameters, tissue characteristics, DW images, ADC map,
and thermal effect for each of low and high duty cycles.

[0129] Results of the demonstration runs show that MRI
can be used to monitor BH in real time. In addition,
temperature elevation of tissue using BH is much lower than
that of pure thermal ablation. This is because the rapidly
heated volume is smaller than in conventional HIFU, and
low duty cycle prevents strong heat accumulation. BH
lesions are visible in post-therapy on T1-weighted images,
T2-weighted images, and in DW MRI. Further, fractioned
and thermal lesions can be differentiated. Finally, the degree
of thermal effect in mechanically ablated lesions can be
quantified using ADC and T2 maps.

5. Example Methods

[0130] FIGS. 17, 18, and 19 are flow charts illustrating
example methods 1700, 1800, and 1900, respectively,
according to example embodiments. Illustrative methods,
such as methods 1700, 1800, and 1900, may be carried out
in whole or in part by a system such as the one described
above. More specifically, the methods 1700, 1800, and 1900
can be carried out by system that includes a high-intensity
focused ultrasound (HIFU) histotripsy subsystem, a mag-
netic resonance imaging (MRI) subsystem, one or more
processors, and memory accessible to the one or more
processors. The demonstration system described above is an
example of system in which the methods 1700, 1800, and
1900 can be carried out.
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[0131] By way of example, the methods 1700, 1800, and
1900 can be implemented as machine language instructions
that can be stored on non-transient machine-readable media
(e.g, solid state memory, magnetic disk, etc), such as the
memory of the system, and that when executed by one or
more processors of a the system to cause the system to carry
out operations, steps, and/or functions of the method. Each
of methods 1700, 1800, and 1900 are discussed below in
turn.

[0132] Considering first method 1700 in FIG. 17, block
1702 shows that method 1700 involves applying high-
intensity focused ultrasound (HIFU) histotripsy to a mass of
biological material in order to mechanically fractionate a
target volume of the biological material within the mass.
[0133] As shown by block 1704 in FI1G. 17, method 1700
also involves concurrently with applying the HIFU histo-
tripsy to the mass of biological material, acquiring magnetic
resonance imaging (MRI) data of the mass of biological
material in a region including the target volume.

[0134] As shown by block 1706 in FIG. 17, method 1700
further involves identifying in the acquired MRI data fea-
tures corresponding to HIFU-histotripsy-induced mechani-
cal fractionation of the biological material within the mass.
[0135] Finally, as shown by block 1708 in FIG. 17 method
1700 then involves, based on the identified features in the
acquired MRI data, monitoring spatial and temporal prog-
ress of HIFU-histotripsy-induced mechanical fractionation
of the biological material within the target volume.

[0136] In accordance with example embodiments, the
HIFU histotripsy applied to the biological material can be
boiling histotripsy (BH). As such, the BH can be applied by
adapting parameters of HIFU sonication, as described
above. Such parameters include HIFU pulse duration, HIFU
pulse shock amplitude, HIFU power, HIFU pulse duty cycle,
and number of pulses.

[0137] Also in accordance with example embodiments,
acquiring the MRI data can entail acquiring one or more
MRI renderings of the mass of biological material in a
region including the target volume. As discussed above,
MRI renderings can correspond to various forms in which
MR data can be represented and/or presented. Non-limiting
examples of MRI renderings include diffusion-weighted
images, T1-weighted images, T2-weighted images, proton
density-weighted images, T1 maps, T2 maps, T1*-weighted
images, T2*-weighted images, T2* maps, T1-p-weighted
images, fluid attenuated inversion recovery (FLAIR)
images, susceptibility-weighted images (SWIs), diffusion
maps, or a combined MRI rendering of at least two of the
preceding renderings.

[0138] Identifying features corresponding to HIFU-histo-
tripsy-induced mechanical fractionation of the material
within the mass in the acquired MRI data can entail iden-
tifying contrasting features corresponding to a portion of
mechanically fractionated biological material within the
mass in at least one of the one or more acquired MRI
renderings. In particular, the contrasting features can be
identified during real-time monitoring of HIFU histotripsy
sonication. By way of example, a time sequence of multiple
MRI renderings can be acquired during a time interval that
is concurrent with applying the HIFU histotripsy to the mass
of biological material. Then, real-time monitoring can entail
comparing contrasting features that appear in one or more of
the time sequence of the multiple MRI renderings. That is,
by comparing each MRI rendering at a given time in the time
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sequence MRI renderings at earlier times in the time
sequence, an evolution of contrasting features across the
time sequence can be used to determine or infer spatial
evolution of HIFU-histotripsy-induced mechanical fraction-
ation of the biological material within the target volume over
the time interval.

[0139] Identifying contrasting features corresponding to a
portion of mechanically fractionated biological material
within the mass in at least one of the one or more acquired
MRI renderings can also serve the monitoring process by
helping to identify a boundary between mechanically frac-
tionated biological material and intact biological material.
More specifically, a first contrasting feature may be identi-
fied as mechanically fractionated biological material within
the mass, while a second contrasting feature may be iden-
tified as intact biological material within the mass. A bound-
ary between the first and second contrasting features can
then be identified as a physical boundary between the
mechanically fractionated biological material and the intact
biological material.

[0140] Insome applications, the biological material can be
infused with a contrast agent prior to or during acquiring the
MRI data. Doing so can help increase the apparent contrast
seen in one or more of the MRI renderings.

[0141] In further accordance with example embodiments,
the method 1700 can also include controlling subsequent
application of the HIFU histotripsy to the mass of biological
material. More specifically, controlling subsequent applica-
tion of the HIFU histotripsy to the mass of biological
material can entail providing feedback control to application
of the HIFU histotripsy to the mass of biological material. In
one example, the feedback control can be part of an auto-
matic control process. In another example, the feedback
control can be part of manual control process applied by an
operator of the system. In still another example, feedback
control may involve a mix of both automatic and manual
control.

[0142] Controlling subsequent application of the HIFU
histotripsy to the mass of biological material can also entail
adjusting application of the HIFU histotripsy based on
features identified in one or more MRI renderings acquired
during sonication. For example, a first contrasting feature
might be identified as mechanically fractionated biological
material within the target volume, and a second feature
might be identified as intact biological material within the
target volume. Application of the HIFU histotripsy can then
be adjusted so as to cause mechanical fractionation of the
intact biological material within the target volume. By way
of example, adjusting HIFU histotripsy can entail adjusting
a spatial location of a focal point of the HIFU histotripsy,
adjusting a duration of the HIFU histotripsy, adjusting HIFU
pulse parameters, adjusting HIFU pulse power, adjusting
HIFU pulse duty cycle, or some mix of these adjustments.
[0143] Other forms of MRI data can be acquired as well.
In one example, acquiring the MRI data of the mass of
biological material in the region including the target volume
can entail acquiring one or more MRI thermal-metric maps
of the mass of biological material in a region including the
target volume. Non-limiting examples of MRI thermal-
metric maps include MRI temperature maps and MRI ther-
mal dose maps. In accordance with example embodiments,
identifying features corresponding to HIFU-histotripsy-in-
duced mechanical fractionation of biological material within
the mass can then entail identifying within the one or more
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acquired MRI thermal-metric maps a gradient indicative of
a physical boundary between the target volume and a region
exterior to the target volume. The gradient could be a
temperature gradient or a thermal-dose gradient.

[0144] As with MRI renderings, multiple thermal-metric
maps can be acquired in a time sequence during a time
interval that is concurrent with applying the HIFU histo-
tripsy to the mass of biological material. Then, real-time
monitoring can entail determining a thermal-property dis-
tribution within the target volume for each of the multiple
MRI thermal-metric maps of the time sequence. By com-
paring the thermal-property distribution in an MRI thermal-
metric map at each time with similar distributions in ther-
mal-metric maps earlier in the time sequence, spatial and
temporal evolution of HIFU-histotripsy-induced liquefac-
tion within the target volume can be determined or inferred.
Non-limiting examples of a thermal-property distribution
include temperature distributions, temperature gradients,
thermal-dose distributions, and thermal-dose gradients.

[0145] In further accordance with example embodiments,
MRI-assisted HIFU histotripsy (e.g., BH) using thermal-
metric maps can entail controlling subsequent application of
the HIFU histotripsy to the mass of biological material. The
description of feedback-based control of HIFU histotripsy in
the context of MRI renderings applies to control in the
context of thermal-metric maps as well.

[0146] Controlling subsequent application of the HIFU
histotripsy using thermal-metric maps can also entail deter-
mining whether to continue or cease sonication. More par-
ticularly, thermal-metric maps can be used to determine a
temperature property within the target volume. If the deter-
mined temperature property is no greater than a correspond-
ing threshold temperature property, then application of the
HIFU histotripsy within the target volume can be continued.
If the determined temperature property is greater than the
corresponding threshold temperature property, then applica-
tion of the HIFU histotripsy within the target volume would
be paused or discontinued. Non-limiting examples of the
temperature property include a maximum temperature, a
mean temperature, and a median temperature.

[0147] As discussed above, the biological material can be
biological tissue or a biological substance. Non-limiting
examples of biological tissue include liver tissue, uterine
tissue, kidney tissue, prostate tissue, thyroid tissue, pancreas
tissue, brain tissue, nerve tissue, connective tissue, or muscle
tissue. Non-limiting examples of a biological substance
include a blood clot or a hematoma. Non-limiting examples
of therapeutic application of MRI-assisted HIFU histotripsy
(e.g., BH) include treatment of pathological tissue, such as
malignant tumors (e.g., gliomas, melanomas, or carcinomas)
and benign tumors (e.g., adenomas or fibroids).

[0148] Considering next method 1800 in FIG. 18, block
1802 shows that method 1800 involves applying high-
intensity focused ultrasound (HIFU) histotripsy to a mass of
biological material in order to mechanically fractionate a
target volume of biological material within the mass.

[0149] As shown by block 1804 in FIG. 1800, method
1800 also involves concurrently with applying the HIFU
histotripsy to the mass of biological material, acquiring one
or more magnetic resonance (MR) mechanical-metric ren-
derings of the mass of biological material in a region
including the target volume. Non-limiting examples of MR
mechanical-metric renderings include magnetic resonance
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elastography (MRE) images, magnetic resonance acoustic
radiation force images (MR-ARFIs), elasticity maps, and
displacement maps.

[0150] As shown by block 1806 in FIG. 1800, method
1800 further involves identifying in at least one of the one
or more acquired MR mechanical-metric renderings features
corresponding to HIFU-histotripsy-induced displacement or
elasticity/stiffness of the biological material within the mass.
[0151] Finally, as shown by block 1808 in FIG. 18 method
1800 then involves, based on the identified features in the at
least one of the one or more acquired MR mechanical-metric
renderings, monitoring a spatial location within the mass of
biological material of a focal point of the HIFU histotripsy.
[0152] In accordance with example embodiments, the
HIFU histotripsy applied to the biological material can be
boiling histotripsy (BH). As such, the BH can be applied by
adapting parameters of HIFU sonication, as described
above. Such parameters include HIFU pulse parameters,
HIFU pulse length, power, and HIFU pulse duty cycle.
[0153] In further accordance with example embodiments,
the method 1800 can also include adjusting application of
the HIFU histotripsy within the mass of biological material
based on the one or more acquired MR mechanical-metric
renderings. More particularly, adjusting application of the
HIFU histotripsy can entail adjusting a spatial location of a
focal point of the HIFU histotripsy or adjusting a duration of
the HIFU histotripsy. Further, adjusting application of the
HIFU histotripsy can entail can entail providing feedback
control to application of the HIFU histotripsy to the mass of
biological material. In one example, the feedback control
can be part of an automatic control process. In another
example, the feedback control can be part of manual control
process applied by an operator of the system. In still another
example, feedback control may involve a mix of both
automatic and manual control.

[0154] As with the method 1700, the biological material in
the method 1800 can be biological tissue or a biological
substance. Again, non-limiting examples of biological tissue
include liver tissue, uterine tissue, kidney tissue, prostate
tissue, thyroid tissue, pancreas tissue, brain tissue, nerve
tissue, connective tissue, or muscle tissue. Non-limiting
examples of a biological substance include a blood clot or a
hematoma. Non-limiting examples of therapeutic applica-
tion of MRI-assisted HIFU histotripsy (e.g., BH) include
treatment of pathological tissue, such as malignant tumors
(e.g., gliomas, melanomas, or carcinomas) and benign
tumors (e.g., adenomas or fibroids).

[0155] Considering finally method 1900 in FIG. 19, block
1902 shows that method 1900 involves applying high-
intensity focused ultrasound (HIFU) histotripsy to a mass of
biological material in order to mechanically fractionate a
target volume of the biological material within the mass.
[0156] As shown by block 1904 in FI1G. 19, method 1900
also involves subsequent to applying the HIFU histotripsy to
the mass of biological material, acquiring magnetic reso-
nance imaging (MRI) data of the mass of biological material
in a region including the target volume.

[0157] As shown by block 1906 in F1G. 19, method 1900
further involves identifying in the acquired MRI data fea-
tures corresponding to HIFU-histotripsy-induced mechani-
cal fractionation of the biological material within the mass.
[0158] Finally, as shown by block 1908 in FIG. 19 method
1900 then involves, based on the identified features in the
acquired MRI data, determining a location and a spatial
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extent of HIFU-histotripsy-induced mechanical fraction-
ation of the biological material within the target volume.
[0159] In accordance with example embodiments, the
HIFU histotripsy applied to the biological material can be
boiling histotripsy (BH). As such, the BH can be applied by
adapting parameters of HIFU sonication, as described
above. Such parameters include HIFU pulse parameters,
HIFU pulse length, power, and HIFU pulse duty cycle.
[0160] Also in accordance with example embodiments,
acquiring the MRI data can entail acquiring one or more
MRI renderings of the mass of biological material in a
region including the target volume. As discussed above,
MRI renderings can correspond to various forms in which
MR data can be represented and/or presented. Non-limiting
examples of MRI renderings include diffusion-weighted
images, T1-weighted images, T2-weighted images, proton
density-weighted images, T1 maps, T2 maps, T1*-weighted
images, T2*-weighted images, T2* maps, T1-p-weighted
images, fluid attenuated inversion recovery (FLAIR)
images, susceptibility-weighted images (SWIs), diffusion
maps, or a combined MRI rendering of at least two of the
preceding renderings.

[0161] Identifying features corresponding to HIFU-histo-
tripsy-induced mechanical fractionation of the material
within the mass in the acquired MRI data can entail iden-
tifying contrasting features corresponding to a portion of
mechanically fractionated biological material within the
mass in at least one of the one or more acquired MRI
renderings. In particular, identifying contrasting features can
help determine a spatial extent of HIFU-histotripsy-induced
mechanical fractionation of the biological material within
the target volume. Specifically, a first contrasting feature
may be identified as mechanically fractionated biological
material within the mass, while a second contrasting feature
may be identified as intact biological material within the
mass. A boundary between the first and second contrasting
features can then be identified as a physical boundary
between the mechanically fractionated biological material
and the intact biological material.

[0162] Insome applications, the biological material can be
infused with a contrast agent prior to or during acquiring the
MRI data. Doing so can help increase the apparent contrast
seen in one or more of the MRI renderings.

[0163] As with the methods 1700 and 1800, the biological
material in the method 1900 can be biological tissue or a
biological substance. Again, non-limiting examples of bio-
logical tissue include liver tissue, uterine tissue, kidney
tissue, prostate tissue, thyroid tissue, pancreas tissue, brain
tissue, nerve tissue, connective tissue, or muscle tissue.
Non-limiting examples of a biological substance include a
blood clot or a hematoma. Non-limiting examples of thera-
peutic application of MRI-assisted HIFU histotripsy (e.g.,
BH) include treatment of pathological tissue, such as malig-
nant tumors (e.g., gliomas, melanomas, or carcinomas) and
benign tumors (e.g., adenomas or fibroids).

[0164] In further accordance with example embodiments,
the method 1900 can also include determining whether or
not to resume application of the HIFU histotripsy to the mass
of biological material an outcome of post-sonication evalu-
ation of results indicate from the MRI data acquired subse-
quent to application of the HIFU-based histotripsy. For
example, a determination to resume sonication could be
based on the determined location and spatial extent of
HIFU-histotripsy-induced mechanical fractionation of the
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biological material within the target volume. It could also be
based further on a degree of mechanical fractionation of the
biological material within the target volume. Further, a
determination to resume sonication could be based on both
extent and degree of HIFU-histotripsy-induced mechanical
fractionation of the biological material within the target
volume.

[0165] It will be appreciated that the steps of the methods
1700, 1800, and 1900 are presented by way of example, and
that for any of the methods 1700, 1800, and 1900, additional
and/or alternative steps or alternative ordering of steps could
be carried out and still remain within the scope and spirit of
the embodiments herein.

CONCLUSION

[0166] An illustrative embodiment has been described by
way of example herein. Those skilled in the art will under-
stand, however, that changes and modifications may be
made to this embodiment without departing from the true
scope and spirit of the elements, products, and methods to
which the embodiment is directed, which is defined by the
claims.
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1. A method comprising:

applying high-intensity focused ultrasound (HIFU) histo-

tripsy to a mass of biological material in order to
mechanically fractionate a target volume of the bio-
logical material within the mass;

concurrently with applying the HIFU histotripsy to the

mass of biological material, acquiring magnetic reso-
nance imaging (MRI) data of the mass of biological
material in a region including the target volume;
identifying in the acquired MRI data features correspond-
ing to HIFU-histotripsy-induced mechanical fraction-
ation of the biological material within the mass; and
based on the identified features in the acquired MRI data,
monitoring spatial and temporal progress of HIFU-
histotripsy-induced mechanical fractionation of the
biological material within the target volume.

2. The method of claim 1, wherein applying the HIFU
histotripsy to the mass of biological material comprises
applying boiling histotripsy (BH) to the mass of biological
material.

3. The method of claim 1, wherein acquiring the MRI data
of the mass of biological material in the region including the
target volume comprises:

acquiring one or more MRI renderings of the mass of

biological material in a region including the target
volume.

4. The method of claim 3, wherein each of the one or more
MRI renderings is one of: (i) a diffusion-weighted image, (i1)
a Tl-weighted image, (iii) a T2-weighted image, (iv) a
proton density-weighted image, (v) a T1 map, (vi) a T2 map,
(vii) a T1*-weighted image, (viii) a T2*-weighted image,
(ix) a T2* map, (x) a T1-p-weighted image, (xi) a fluid
attenuated inversion recovery (FLAIR) image, (xii) a sus-
ceptibility-weighted image (SWI), (xiii) a diffusion map, or
(xiv) a combined MRI rendering of at least two of (i)-(xiii).

5. The method of claim 3, wherein identifying in the
acquired MRI data features corresponding to HIFU-histo-
tripsy-induced mechanical fractionation of the material
within the mass comprises:

identifying in at least one of the one or more acquired

MRI renderings contrasting features corresponding to a
portion of mechanically fractionated biological mate-
rial within the mass.
6. The method of claim 5, wherein acquiring the one or
more MRI renderings of the mass of biological material in
a region including the target volume comprises:
acquiring a time sequence of multiple MRI renderings
during a time interval that is concurrent with applying
the HIFU histotripsy to the mass of biological material,

and wherein, based on the identified features in the
acquired MRI data, monitoring spatial and temporal
progress of HIFU-histotripsy-induced mechanical frac-
tionation of the biological material within the target
volume comprises:

by comparing in real time the contrasting features in an

MRI rendering at each time in the time sequence of the
multiple MRI renderings with the contrasting features
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in one or more of the multiple MRI renderings earlier
in the time sequence, determining spatial evolution of
HIFU-histotripsy-induced mechanical fractionation of
the biological material within the target volume over
the time interval.

7. The method of claim 5, wherein, based on the identified
features in the acquired MRI data, monitoring spatial and
temporal progress of HIFU-histotripsy-induced mechanical
fractionation of the biological material within the target
volume comprises:

identifying at least a first feature of the contrasting

features as mechanically fractionated biological mate-
rial within the mass;

identifying at least a second feature of the contrasting

features as intact biological material within the mass;
and

identifying a boundary between the first and second

features as a physical boundary between the mechani-
cally fractionated biological material and the intact
biological material.

8. The method of claim 1, further comprising infusing the
biological material with a contrast agent prior to or during
acquiring the MRI data.

9. The method of claim 1, further comprising;

based on the identified features in the acquired MRI data,

controlling subsequent application of the HIFU histo-
tripsy to the mass of biological material.

10. The method of claim 9, wherein controlling subse-
quent application of the HIFU histotripsy to the mass of
biological material comprises:

providing feedback control to application of the HIFU
histotripsy to the mass of biological material, wherein
the feedback control is applied to the HIFU histotripsy
according to at least one of an automatic control
process or a manual control process.

11. The method of claim 10, wherein the acquired MRI
data are one or more MRI renderings of the mass of
biological material in a region including the target volume,

wherein the identified features in the acquired MRI data
are contrasting features in at least one of the one or
more MRI renderings, the contrasting features corre-
sponding to a portion of mechanically fractionated
biological material within the mass,

and wherein, based on the identified features in the
acquired MRI data, controlling subsequent application
of the HIFU histotripsy to the mass of biological
material further comprises:

identifying at least a first feature of the contrasting
features as mechanically fractionated biological mate-
rial within the target volume;

identifying at least a second feature of the contrasting
features as intact biological material within the target
volume; and

adjusting application of the HIFU histotripsy to cause
mechanical fractionation of the intact biological mate-
rial within the target volume, wherein adjusting appli-
cation of the HIFU histotripsy is at least one of: (i)
adjusting a spatial location of a focal point of the HIFU
histotripsy, (ii) adjusting a duration of the HIFU his-
totripsy, (ii1) adjusting HIFU pulse parameters, (iv)
adjusting HIFU pulse power, or (v) adjusting HIFU
pulse duty cycle.
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12. The method of claim 2, wherein acquiring the MRI
data of the mass of biological material in the region includ-
ing the target volume comprises:

acquiring one or more MRI thermal-metric maps of the

mass of biological material in a region including the
target volume, wherein each of the one or more MRI
thermal-metric maps is one of an MRI temperature map
or an MRI thermal dose map.

13. The method of claim 12, wherein identifying in
acquired MRI data features corresponding to HIFU-histo-
tripsy-induced mechanical fractionation of biological mate-
rial within the mass comprises:

identifying within the one or more acquired MR1I thermal-

metric maps a gradient indicative of a physical bound-
ary between the target volume and a region exterior to
the target volume, wherein the gradient is at least one
of a temperature gradient or a thermal-dose gradient.

14. The method of claim 12, wherein acquiring the one or
more MRI thermal-metric maps of the mass of biological
material in a region including the target volume comprises:

acquiring a time sequence of multiple MRI thermal-

metric maps during a time interval that is concurrent
with applying the HIFU histotripsy to the mass of
biological material,

and wherein, based on the identified features in the

acquired MRI data, monitoring spatial and temporal
progress of HIFU-histotripsy-induced mechanical frac-
tionation of biological material within the target vol-
ume comprises:

determining a thermal-property distribution within the

target volume for each of the multiple MRI thermal-
metric maps of the time sequence, wherein the thermal-
property distribution is one of a temperature distribu-
tion, a temperature gradient, a thermal-dose
distribution, or a thermal-dose gradient; and

by comparing in real time the thermal-property distribu-

tion in an MRI thermal-metric map at each time in the
time sequence of the multiple MRI thermal-metric
maps with the thermal-property distributions in one or
more of the multiple MRI thermal-metric maps earlier
in the time sequence, determining spatial evolution of
HIFU-histotripsy-induced liquefaction of the biologi-
cal material within the target volume over the time
interval.

15. The method of claim 12, further comprising:

based on the one or more acquired MRI thermal-metric

maps, controlling subsequent application of the HIFU
histotripsy to the mass of biological material.

16. The method of claim 15, wherein controlling subse-
quent application of the HIFU histotripsy to the mass of
biological material comprises:

providing feedback control to application of the HIFU

histotripsy to the mass of biological material, wherein
the feedback control is applied to the HIFU histotripsy
according to at least one of an automatic control
process or a manual control process.

17. The method of claim 16, wherein, based on the one or
more acquired MRI thermal-metric maps, controlling sub-
sequent application of the HIFU histotripsy to the mass of
biological material further comprises:

determining a temperature property within the target

volume, wherein the temperature property is one of a
maximum temperature, a mean temperature, or a
median temperature;
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if the determined temperature property is no greater than
a corresponding threshold temperature property, then
continuing applying the HIFU histotripsy within the
target volume; and

if the determined temperature property is greater than the

corresponding threshold temperature property, then
doing one of pausing or discontinuing applying the
HIFU histotripsy within the target volume.

18. The method of claim 1, wherein the biological mate-
rial is at least one of biological tissue or a biological
substance,

wherein the biological tissue is at least one of liver tissue,

uterine tissue, kidney tissue, prostate tissue, thyroid
tissue, pancreas tissue, brain tissue, nerve tissue, con-
nective tissue, or muscle tissue,

and wherein the biological substance is at least a portion

of one of a blood clot or a hematoma.

19. The method of claim 1, wherein the target volume at
least partially overlaps with pathological tissue, the patho-
logical tissue being one of a malignant tumor or benign
tumor,

wherein the malignant tumor is one of glioma, melanoma,

or carcinoma,

and wherein the benign tumor is one of an adenoma or a

fibroid.

20. A method comprising:

applying high-intensity focused ultrasound (HIFU) histo-

tripsy to a mass of biological material in order to
mechanically fractionate a target volume of biological
material within the mass;

concurrently with applying the HIFU histotripsy to the

mass of biological material, acquiring one or more
magnetic resonance (MR) mechanical-metric render-
ings of the mass of biological material in a region
including the target volume;

identifying in at least one of the one or more acquired MR

mechanical-metric renderings features corresponding
to HIFU-histotripsy-induced displacement of the bio-
logical material within the mass; and

based on the identified features in the at least one of the

one or more acquired MR mechanical-metric render-
ings, monitoring a spatial location within the mass of
biological material of a focal point of the HIFU histo-
tripsy.

21. The method of claim 20, wherein applying the HIFU
histotripsy to the mass of hiological material comprises
applying boiling histotripsy (BH) to the mass of biological
material.

22. The method of claim 20, wherein each of the one or
more acquired MR mechanical-metric renderings is one of:
a magnetic resonance elastography (MRE) image, a mag-
netic resonance acoustic radiation force image (MR-ARFT),
an elasticity map, or a displacement map.

23. The method of claim 20, further comprising;

based on the one or more acquired MR mechanical-metric

renderings, adjusting application of the HIFU histo-
tripsy within the mass of biological material by at least
one of adjusting a spatial location of a focal point of the
HIFU histotripsy or adjusting a duration of the HIFU
histotripsy.

24.-36. (canceled)

37. An apparatus comprising:

a high-intensity focused ultrasound (HIFU) histotripsy

subsystem;



US 2017/0000376 A1l

a magnetic resonance imaging (MRI) subsystem;

one Of More Processors;

memory accessible to the one or more processors, and
storing machine language instructions that, upon
execution by the one or more processors, cause the
apparatus to carry out operations including:

applying HIFU histotripsy to a mass of biological material
in order to mechanically fractionate a target volume of
the biological material within the mass,

concurrently with applying the HIFU histotripsy to the
mass of biological material,

(a) acquiring MRI data of the mass of biological material
in a region including the target volume,

identifying in the acquired MRI data features correspond-
ing to HIFU-histotripsy-induced mechanical fraction-
ation of the biological material within the mass, and

based on the identified features in the acquired MRI data,
monitoring spatial and temporal progress of HIFU-
histotripsy-induced mechanical fractionation of the
biological material within the target volume; and/or

(b) acquiring with the MRI subsystem one or more
magnetic resonance (MR) mechanical-metric render-
ings of the mass of biological material in a region
including the target volume,

identifying in at least one of the one or more acquired MR
mechanical-metric renderings corresponding to HIFU-
histotripsy-induced displacement of the biological
material within the mass

based on the identified features in the at least one of the
one or more acquired MR mechanical-metric render-
ings, monitoring a spatial location within the mass of
biological material of a focal point of the HIFU histo-
tripsy.

38.-72. (canceled)

73. A non-transitory computer readable medium having

stored thereon instructions that, upon execution by one or
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more processors of an apparatus, cause the apparatus to
carry out operations, wherein the apparatus comprises a
high-intensity focused ultrasound (HIFU) histotripsy sub-
system and a magnetic resonance imaging (MRI) subsystem,
and wherein the operations include:
applying HIFU histotripsy to a mass of biological material
in order to mechanically fractionate a target volume of
the biological material within the mass;
concurrently with applying the HIFU histotripsy to the
mass of biological material,
(a) acquiring MRI data of the mass of biological material
in a region including the target volume;
identifying in the acquired MRI data features correspond-
ing to HIFU-histotripsy-induced mechanical fraction-
ation of the biological material within the mass; and

based on the identified features in the acquired MRI data,
monitoring spatial and temporal progress of HIFU-
histotripsy-induced mechanical fractionation of the
biological material within the target volume; and/or

(b) acquiring with the MRI subsystem one or more
magnetic resonance (MR) mechanical-metric render-
ings of the mass of biological material in a region
including the target volume;

identifying in at least one of the one or more acquired MR
mechanical-metric renderings features corresponding
to HIFU-histotripsy-induced displacement of the bio-
logical material within the mass; and

based on the identified features in the at least one of the
one or more acquired MR mechanical-metric render-
ings, monitoring a spatial location within the mass of
biological material of a focal point of the HIFU histo-
tripsy.

74.-85. (canceled)
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