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HISTOTRIPSY SYSTEMS AND ASSOCIATED METHODS INCLUDING USER
INTERFACES AND WORKFLOWS FOR TREATMENT PLANNING AND
THERAPY

PRIORITY CLAIM
[0001] This patent application claims priority to U.S. Provisional Patent Application No.
63/497,277, titled “HISTOTRIPSY SET-UP AND PLANNING SYSTEMS AND
METHODS,” and filed on April 20, 2023, which is herein incorporated by reference in its

entirety.

INCORPORATION BY REFERENCE
[0002] All publications and patent applications mentioned in this specification are herein
incorporated by reference to the same extent as if each individual publication or patent

application was specifically and individually indicated to be incorporated by reference.

FIELD
[0003] This disclosure relates to histotripsy systems configured to produce acoustic
cavitation, methods, devices, and procedures for the minimally and non-invasive treatment of
healthy, diseased and/or injured tissue. The histotripsy systems and methods described herein
mway include transducers, drive electronics, positioning systems including robotics, imaging
systesms, patient coupling systems, and integrated treatment planning and control software to
provide comprebensive treatment and therapy for soft and/or bard tissues i a patient. In
particular, soft tiasues such as organs or structures found within the abdominal cavity (e.g.,
fiver, kidney, spleen, pancreas, stomach, colon, small intestine), peivic and reproductive
tissues/organs {e.g., prosiate, uterus), lungs, brain, esophagus, muscles, tendons/ligamenis,
hard fissues such as bone, external tissues such as dermig/skin and tissues found on, and/or
partially within oo surface, uplasts, rwedical devices, are envisioned for use with

Histotripsy treatment and therapy.

BACKGROUND
{8084} Histotripsy, or pulsed ultrasound cavitation therapy, is a technology where exiremely
short, intense bursts of acoustic energy induce controlled cavitation (microbubble formation)
within the focal volume. The vigorous expansion and collapse of these microbubbles

mechanically homogenizes cells and tissue structures within the focal volume. This is a very
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different end result than the coagulative necrosis characternistic of thermal ablation. To
operate within a non-thermal, Histotripsy realm; i is necessary to deliver acoustic energy in
the form of high amplitude very short acoustic pulses, typieally with fow duty evcle.

{60035] Compared with conventional focused ultrasound technologies, histotripsy has
important advantages: 1} the destructive process at the focus is mechanical, vot thermal; 23
cavitation appears bright on ultrasound imaging thereby confinming correct targeting and
iocalization of treatroent; 3) treated fissue generally, but vot always, appears darker (uore
hypoechoic) on ultrasound imaging, so that the operator knows what has been treated; and 4)
Histotripsy produces Jesions in a controfled and precise manner. It is importand o emphasize
that unlike thermal ablative technologies such as microwave, radicfrequency, high-intensity
focused ultrasound (HIFU) cryo or radiation, Histotripsy relies on the mechanical action of
cavitation for tissue desiruction and not on heat, cold or ionizing energy. Desptie these clear

advantages improvements in methods and systems are always desired.

SUMMARY
[8006] Coe aspect of the disclosure 13 divected to a histotripsy system including an ultrasound
imaging probe; an ultrasound therapy transducer coupled to the ultrascund imaging probe.
The histotripsy system also includes a robotic arm configured to orient the ultrasound
imaging probe and the ulirasound therapy transducer about a patient; a diaplay operably
connected o imaging probe; a memory, storing thereon instructions that when executed by a
provesaor operably connected 10 the memory: receive live ulirasound images from the
ultrasound tmaging probe; present the live ultrasound images on a user interface in the
display, receive via the user interface an juput to alter a shape of a treatment contour arcund a
treatment arsa in the live ultrascund images; present a contour line representative of the
treatment contour on the ultrasound images in the user tnterface; receive via the user interface
an input of a size of 8 margin around the treatment area; present a margin ling representative
of the margin on the ultrasound images in the user interface; determine survey poinis at
focations where X, Y, and 7 axes bisect the moargin Hae in an X2 plane and a Y7 plang;
recetve an input to drive the ultrasound therapy fransducer to a location where a focal point of
the ultrasound therapy transducer is at one of the survey points; and determine whether
resistance 1o movement of the nltrasound therapy transducer exceeds a threshold. Other
embodiments of this aspect include corresponding computer systems, apparatus, and
compiter programs recorded on one or more computer storage devices, gach configured to

perform the actions of the methods and svstems described berein
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{0067] Implementations of this aspect of the disclosure may include one or more of the
following features. The histotripsy sysiern where receipt via the user interface of an input to
alter the shape of the treatment contour around 2 freatment area occurs 1o Hve ultrasound
images in the X¥ plane and in the YZ plane. The input to drive the ultrasound therapy
transducer is received via the user interface in the display. The tnput to drive the ultrasound
therapy transducer 15 received for each survey point. Upon determination that the resistance
to roovement of the ulirasound therapy transducer 0 driving to reach all of the survey points
does not exceed a threshold, a planned therapy 1s accepted and stored in the memory. Upon
determination that the resistance to roovement of the ultrasound therapy travsducer in driving
to reach any of the survey points exceeds a threshold, the instructions stored in memory and
executed by the processor cause the user interface to present mitigation instructions. The
histotripsy sysiem further including presenting a representation of the contour line and the
survey points in a separate field in the user interface. The input to drive the therapy
transducer is received via the represeniation of the contonr Hie and survey potnts in the
separate field in the user interface. The indicator is depicted upon movement of the therapy
ransducer to a location at which the focal point cotncides with the survey point. The
instructions when executed by the processor receive in input of a location of an intersection
of a muscle layer and a fat layer in the Tive ultrasound 1tmages. The instructions when
exgounied by the processor cause activation of knobs which when manipulated adjust a
parameter displayed in an indicator on the user interface. The knobs adjust the contour along
the x, v, and z axes. The koobs adiust the size of the margin around the contour. The knobs
adjust the focal point of the therapy transducer. Implementations of the described technigues
may include hardware, a method or process, or computer software on a computer-accessible
medium, inclnding software, firmware, hardware, or a combination of them instalied on the
systerp that in operation causes or cause the system to perform the actions. One or more
computer prograns can be configured to perform particular operations or actions by virtus of
inchuding instructions that, when executed by data processing apparatus, cause the apparatus
to perform the actions.

I0008] A further aspect of the disclosure is directed 1o a method of planning a histotripsy
procedure. The method includes displaying live ultrasound images on a user interface, The
method also inchudes moving an ubirasound assembly to a mark on a patient from which a
treatment area within the patient can be observed in the live ultrasound tmages; presentinga
contour line around a treatment area 1n the Hive ultrasound images on the user intertace;

adjusting the contour line in the live ultrasound jroages; identifying survey points where X,
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Y, and 2 axes intersect the contour line in X7 plang and the Y7 plane; displaying a margin
around the contour Hne; displaying a focal point of an therapy transducer, where the therapy
iransducer is a component of the ultrasound assembly; driving the ulirascund assembly such
that the focal point of the therapy transducer coincides with at least one of survey points; and
detecting a resistance to moverent of the ultrasound assembly as i mioves to reach the at
east one survey point. Other embodiments of this aspect include corresponding computer
systerns, apparatus, and computer programs recorded ou oue or more computer storage
devices, each configured to perform the actions of the methods and systems described herein,
{8009} Implementations of thig aspect of the disclosure may tnclude one or more of the
following features. The method further including comparing the resistance o movement o a
threshold. The method further including altering a shape of the contour line around &
ireatment area in the live ultrasound images in the X7 plane and in the YZ planse. The
ultrasound assembly is robotically driven to each survey point. Upon determination that the
reaistance 1o movement of the therapy transducer in driving o reach each of the survey points
does not excead a threshold, a planned therapy is accepted and stored in a memory. The
method further including recetving in indication of a location of an intersection of a muscle

iayer and a fat layer in the live ultrasound images. Implementations of the described

technigues may include hardware, a method or process, or computer software on a computer-
accessible medivm, inchuding software, firmware, hardware, or a combination of them
installed on the system that in operation causes or cause the system to perform the actions
{me or more compuler programs can be configured to perform particular operations or
actions by virtue of inchuding instructions that, when executed by data processing apparatus,
cause the apparatus 1o perform the actions.

{8018} In one aspect, a histotripsy system s provided, comprising: an uitraspund imaging
systern; an ulirasound therapy transducer coupled to the oltrasound imaging system; a robotic
arm configurad to position the ulirascund imaging system and the ultrasound therapy
transducer with respect to a patient and a treatment location; g display operably connected o
the ultrasound imaging system; a memory, sioring thereon instructions that when executed by
a processor operably connected to the memory: recetve real-time ultrasound images from the
uitrasound imaging sysiem; present the live ultrasound images on a user interface in the
display; idendity g target; receive via the user intertace an tuput to alter a shape of' a target
contour around a treatment volurne in the Hive ultrasound tmages; present a target contour Ling
representative of the target contour on the ultraspund images in the user inferface; receive via

the user interface an input of 2 size of a margin around the target area; present a rargin
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contour line representative of the margin contour on the ultrasound images in the user
interface; determine survey poinis at locations where X Y, and 7 axes bisect the margin line
inan X2 plane and a YZ plase; receive an tnput to drive the ultrasound therapy transducer to
a location where a focal location of the ultrasound therapy transducer is at one of the survey
points; and determine whether resistance to movement of the ultrasound therapy transducer
exceeds a threshold.

{6811 In some aspects, receipt via the user interface of av input to alter the shape of the
treatment contour around a treatment volume occurs in live ultrascund images in the X7
plane and in the YZ plave.

{8012} In some aspects, the input to drive the ultrasound therapy transducer is recetvad via
the user interface in the display.

{8313} In one aspect, the input to drive the ultrasound therapy tranaducer is recetved for sach
survey point.

{8014 In some aspects, upon determinaiion that the resistance to movement of the ultrasound
therapy transducer iny driving to reach all of the survey points does not exceed a threshold, a
planned therapy is accepted and stored in the memory.

{8015] In one aspect, upon deternvination that the resistance t¢ movement of the ultrasound
therapy transducer in driving to reach any of the survey points exceeds g threshold, the
wpstructions stored in memory and executed by the processor cause the user interface {0
present mttigation instructions.

{64316} In some aspecis, the system inclodes presenting a represeniation of the contour line
and the survey points in g separate field in the user interface.

{86171 1o another aspect, the input to drive the therapy transducer 18 received vig the
representation of the contour line and survey points in the separate field in the user interface.
{68 13] The histotripsy systern of claim 7, further comprising an indicator depicted on the
survey point of the representation in the separaie field on the user interface, wherein the
indicator is depicted upon moverment of the therapy transducer to a location at which the
focal point coincides with the survey point,

I001%] In some aspects, the instructions when executed by the processor receive in input of a
focation of an intersection of a muscle layer and a fat layer in the live ultrasound images.
{6028] In other aspects, the instructions when executed by the processor cause activation of
knobs which when manipulated adjust s parameter displayed in an indicator on the nser
interfacs.

{8021} In some aspects, the knobs adjnst the contour along the X, Y, and 7 axes.
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{0022] In other aspects, the knobs adjust the size of the margin arcund the contour.

{8023] In some aspects, the knobs adjust the focal location of the therapy transducer.

{8324] A method of planning 2 histotripsy procedure is provided comprising: displaving live
ultrascund tmages on a user interface; moving an ultrasound assembly to a mark on & patient
from which a treatment area within the patient can be observed i the live ulirascund images;
presenting a contour line around a freatment volume in the live ultrasound iroages on the user
snterface; adiusting the contour Bne in the Hve ulirasound irvages; identifying survey points
where X, Y, and Z axes intersect the contour line in X7 plane and the Y7 plane; displaying a
mwargin around the contour Hne, displaying a focal point of a therapy transducer, wherein the
therapy transducer is a component of the ultrascund assembly; driving the ultrascund
assembly such that the focal point of the therapy transducer coincides with at least one of
survey points; and detecting a resistance to movernent of the uitrasound assembly as i moves
to reach the at least one survey point.

{8025} In some aspects, the method includes comparing the reststance to movement (0 a
threshold.

{8826 In other aspects, the method coroprises aliering a shape of the contour Hne around a
treatient area in the live ultrasound images in the X7 plane and in the Y7 plane.

{8027} In some aspects, the ulirasound asserobly is robotically driven to each survey poing,
{8028} In one aspect, upon determination that the resistance to movement of the therapy
transducer tn driving to reach each of the survey points does not exceed a threshold, a
pianned therapy is accepted and stored in a memory.

{0029 In some aspects, the method includes receiving in indication of a location of an
iutersection of g muscle layer and a fat layer 1o the Hive ulirasound images.

{80381 A method of histotripsy treatment is provided comprising: navigating a therapy
transducer to align a focal point with a center of a planned treatment volume; activating
histotripsy pulses; increasing a voltage asscciated with histotripsy puises until bubble
cloud/acoustic cavitation forms; marking a center of the bubble cloud; navigating the therapy
transducer Lo a pharality of survey points about the planned treatment volume, wherein at
each survey point the voltage associated with histotripsy pulses is activated and increased
until a bubble cloud forms/is created; and initiating an automatic reatment plan, wherein the
therapy transducer 18 robotically driven to a plurality of focal locations within the planoed

treatment volume and the hisiotripsy pulses is applied at each focal location,
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{0031 In some aspects, the method includes interpolating an ultrasenic energy reguired for
each focal location based on the voltage applied at each of the survey points and the center of
the planned treatrent volume,

{6032] In one aspect, the therapy transducer is driven to each focal location in a sequential
patiern until all focal locations within the planned treatment volume has received an
individualized histotripsy pulses,

{6833] In avother aspect, the bubble cloud formed at each survey point is confimmed o
coincids with the focal point of the therapy transducer.

{8034} In some aspects, following completion of the automatic treatment plan, deactivating
veltage kneob associated with a source of the therapeutic energy.

{8035} In anocther aspect, the method includes confirming that all focal locations have
received histotripsy pulses.

{8036} In some aspects, the method includes visualizing the planned treatment volume after
completing the treatment plan to confirm complele treatment.

{0037] In one aspect, the visualization is performed with an ulirasound 1maging probe.
{6833] In avother aspect, a first survey point of the plurality of survey poinis to which the
therapy transducer is navigated is a -2 survey point.

{8039] In ove aspect, the method includes caleulating an offset of the center of the bubble
cloud and a focal point of the therapy tranaducer.

{8040} In some aspecis, the method comprises uilizing the offset to calibrate placement of
the therapy transducer to arrive at each survey point.

{0041] In some aspects, the method comprises displaying on a user interface the automated
treatroent plan, wherein the automated treatment plan defives one or more of a volume to be
treated a depth of plan, and 3 margin.

{6042 In one aspect, a user interface displays an indication of treatment each focal focation
of the planned treatment volume following application of histotripsy pulses to the focal
focation.

{8043} In some aspects, the user interface displays an indication of which focal locations in
the planned treatment volume is currently receiving hustotripsy pulses,

{#:44] In one aspect, the method includes a user interface displaying an ultrasound image
acquired by an ultrasound imaging transducer, the ulirasound image depicting at least g
portion of the planned treatruent volume,

{8045} in some aspects, upon application of the histotripsy pulses the bubble cloud is

viewable in the ultrasound image.
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{0046] In one aspect, the mathod further comprises depicting ong or more of a focal poing,
the planned treatment volume, a margin, or av acoustic field of the therapy transducer on the
ultrasound imags.

{60471 In some aspects, ultrasound frmaging continues throughout the automatic treatment
plan such that visualization of histolripsy pulses to each focal location is visualized.

10048] In one aspect, the ultrasound tmages are fused ultrasound 1mages depicted 1o
combination with preprocedural image sets.

{6049] In some aspects, the method further comprises detecting a reststance to movement of
the therapy transducer and displaying an indicator of the resistance oo a user interface.
{80581 A method of fusing tmages is provided comprising: navigating a combined imaging
and treatment fransducer assembly 10 a location on a patient enabling visualization of a region
of interest; performing an ultrasound sweep using the imaging ransducer of the combined
imaging and treatment transducer assembly to capture a volume of ultrasound images;
marking a registration point in an ultrasound image from the ulirasound sweep; marking a
registration point in an image from a preprocedural image set; fusing the preprocedural image
set with the ultrasound tmages from the ultrasound sweep to form fused images; reviewing
fused images; accepling a fusion; an displaying on a2 user interface live ultrasound images
fused with the preprocedural image set.

{8051} In one aspect, the method includes verifving the combined imaging and therapy
transducer assembly s approximately centered over the region of interest in multiple planes.
{8052] In some aspecis, the method comprises marking a plurality of registration poiots in
images from the ultrascund sweep and & plurahity of registration points in the preprocedural
fmage set.

{80353} In one aspect, the meathod further comprises initiating a breath hold of the patient prior
io perforioing the ultrasound sweep.

{6054] In some aspects, the method comprises adjusting orientation and position of the
combined imaging and therapy transducer assembly to optimize visualization of a region of
interest with the imaging transducer,

{8035] In ancther aspect, the method comprises rotating the imaging transducer of the
combined imaging and therapy iransducer assembly 90 degrees to confirm visualization of
the region of interest.

{8056} In some aspects, the method comprises displaying the ulirasound images capiured

during the uitrasound sweep.
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{00571 In one aspect, the mathod comprises editing the ultrasound images captured during
the ulirasound sweep.

{338] In some aspects, the tmages remaining after editing of the images are only those
images depicting a region of interest.

{8059} In another aspect, the registration point placed in the ulirasound Umages corresponds
to the registration point in the preprocedural imnage set and are placed at an anatomical
fandmark appearing in both the ultrasound image and the preprocedural image set.

{6068] In some aspects, the method comprises determining whether sutficient anatomical
fandmarks have been identified in the vltrasound image and the preprocedural image set.
{8061} in ancther aspect, the system comprises placing at least one registration pointin a
plurality of ultrasound images, and at least one registration point in multiple images of the
preprocedural image set.

{80462} In some aspects, the method includes adjusting a position of the registration point in
the ultrasound image or a position of the registration point in the preprocedural image set.
j0063] In soms aspects, the method includes adjusting the registration of the images from the
ultrasound sweep with the preprocedural image set by dragging ot rotating at least one image
of the preprocedural image set relative 10 any image of the ultrasound sweep.

{8064] 1o other aspects, the method comprises verifving an shgoment of anatomy of the
patient in the live ultrasound images and the preprocedural image set.

{8065} In one aspect, the method includes rotating the imaging transducer of the combined
iraging and therapy transducer assembly 90 degrees to verify the aligoment.

{6066] In another aspect, the method includes adjusting the displayed live ulirasound images
fused with the preprocedural image set.

{80671 A system is also provided that is configured for use according 1o method claims
described above.

{6068] A method of planning a histotripsy therapy is provided comprising: visualizing a
target tregtment volurae with an ultrasound imaging system in a first plane; displaying a
target contour around the ireatment volume tn an ultrasound image generated by the
wltrasonnd imaging system; adjusting the target contour around the treatment volume in the
first plane; confirn that an acoustic pathway of a therapy transducer is substantially free of
cbstructions in the first plane; visualizing the target treatment volume with the ultrascund
fmaging systent o g secoud plane; displaying the target contour around the treatment volume

in a second ultrascund image generated by the ultrascund imaging system; adjusting the
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target comtour around the treatment volume in the second plane; and confirm that the acoustic
pathway of the therapy transducer i substantially free of obstructions in the second plane.
{369] In some aspects, the target contowr in the first plane and the target contour in the
second plane define a volume for treatment.

{80781 In another aspect, the method includes displaving a margin around the treatment
voluome.

16871 In some aspects, the method comprises defining a plurality of survey points of the
treatment volume.

{80721 In sore aspects, the survey poiuts are tocated at a center of the trestment volume and
at points along three orthogonal axes extending outward from the center of the treatment
volume where the axes intersect the margin.

{80373} In one aspect, the axes are X, Y, and 2.

{8074} In other aspects, the first plane is an YZ plane.

{8075} In somie aspects, the second plane is an XZ plane,

{0076] In ancther aspect, adjusting the targst contour in the first plane defings a diameter of
the trestment volume aloog the Y axis and a diareter of the treatment voluroe along the 2
8Xis.

180771 1o some aspects, the method comprises confirming the target contour in the first plane
ia centered in the Y £ plane and the target contour in the second plane is centerad in the XZ
plang.

{6878 In one aspect, the method comprises receiviong a selection of one of the survey points.
{0079 In some aspects, the method comprises robotically driving the therapy transducer to
the selected survey point,

{0086] In some aspects, the method further comprises detecting resistance to movement of
the therapy transducer while rooving to the selected survey point.

{6081} In some aspects, if a value of the detected resistance excseds a threshold an indicator
or the threshold s depicted.

{80821 In another aspect, the method includes detecting whether a value of resistance exceeds
a second threshold and stopping robotic movement of the therapy transducer.

{6033 In one aspect, the method further comprises adjusiing one of target contour or margin
of the treatment volume or focal point of the therapy transducer and driving to the survey
poing,

{8084} in some aspects, the method comprises receiving confirmation that all survey points

have been driven (o
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{0085] In another aspect, the method includes receiving via a user interface an indication of &
iocation of an intersection of a youscle layer and a fat layer.

{386} In some aspects, the wethod comprises receiving a veritication that the treatment
volume is within the target contour in the first plane and the target contour in the second
plane throughout a breathing cycle.

10087] In some aspects, a coupling mediom level in a coupling container in which a therapy

transducer is located is sufficient to enaure ultrasound coupling at all survey points.

BRIEF DESCRIPTION OF THE FIGURES
{0088} FIGS. 1A-IB depict 2 histotripsy system in accordance with the disclosure;
{8089} FIG. 2 depicts the treatment and imaging assembly of the histotripsy system in
accordance with the disclosure;
{6098} FIG. 3A i3 2 flowcharnt outlining a method of treatment in accordance with the
disclosure;
j00%E] FIG 38 is a flowchart outlining a method of inttializing the histotripsy system of FI(G,
1 in accordance with the disclosure;
{6092] FIGS. 4-13 depict a series of user-interface images following the steps of the
fipwehart of FIG. 3B in accordance with the disclosure:
{0093] FIG. 14 depicts a fowehant outlining a method of seiting up the histotripsy aysiem of
FIG 1 and a coupling chamber in accordance with the disclosure;
{60394] FIG. 15 is a user-interface detailing initial stepa of the method depicted in FIG. 14 in
accordance with the disclosure;
{8095} FIG. 16 depiets a coupling chamber and treatment and imaging assembly o
accordance with the disclosure;
[8096] FIGS, 17-22 depict a series of user-interface images following the steps of the
flowchart of FIG. 14 in accordance with the disclosure;
{8097} FIG. 235 depicts a flowcharnt cutlining a method for generating g fused image data set
for display in a user interface of the histotripsy sysiem of FHG. 1 tn accordance with the
disclosure;
{6098 FIGS. 24-32 depict a series of user-interface images following the steps of the
flowchart of FIG. 23 in accordance with the disclosure;
{8099} FIGS. 334 and 338 depict a flowchart cutlining a method of planning a hisiotripsy

procadure in accordance with the disclosure;
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{8108} FIGS. 34-40 depict a series of user-interface images following the steps of the
flowchart of FIGS. 334 and 338 in accordance with the disclosure;

{EI8E] FIG. 41 depicts a flowchart outlining 3 method of performing a histotripsy therapy
procedure in accordance with the disclosure;

{8102} FIGS. 42-50 depict a series of nser-interface images following the steps of the
flowchart of FIG. 41 1n accordance with the disclosure; and

{6103] FIG. 51 i3 a schematic view of g histotripsy systero in accordance with the disclosure.
{¢184] FIG. 52 is 2 Ul and workfiow specific to detecting sustained cavitation,

{8103] FIG. 53 is g Ul and workflow for inttiafing acquisition of av aberration correction
calibration.

[8198] FIGS. 34 and S5A-55B iHustrate workflows and Uls for guiding a user through the
scquisition of CBCT images of a target tissue,

{6187} FIG. 56 is g Ul that customizes treatment and setup workfiows based on the treatment

head type, imaging type, target organ, and/or room setup,

BETAILED DESCRIPTION
{¢198] This disclosure is directed to systems and methods for histotripsy and histotripsy
systems. In accordance with the disclosure, one aspect 18 directed to systems and methods of
confirming placement of a treatment bead assembly tncluding a focused ltrasound therapy
transducer {e.g., histotripsy therapy transducer} exterior to the patient and positioned in
alignment with a region of interest corprising target tissue and a planned treatment volurse,
In some embodiments, the system 18 configured with features to aid 1in localizing, targeting,
and verifying thai the target tissue within the planned treatment volume is visible under
uitrasound images prior to commencement of the therapy delivery phases of the procedure.
In other embodiments, tracked ultrasound fraging may be used to register secondary imaging
modalities (e.g, CT, MRY CBCT, contrast enhanced ultrasound, eic.} with the live ulirasound
images to further enrich the visualization of region of interest and target tissue. By these
mgthods, the sysiems deacribed heretn can be placed and configured such that energy
obstruction or absorption by tissues {e.g., bone or bowel gas) 13 minimized or avoided thus
reducing the energy required for inftiating or maintaining hisiotripsy therapy as well as
mitigating imury to prefocal and intervening tissue. In addition, forces applied to the patient
or to a therapy asserubly is measured, monitored, snd reacted to (if needed) to maintain
acceptable safety fevels throughout the duration of the procedure. These system features are

desigoed to ensure the safety of the patient, system and system compouents are mainfained.
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in addition, these system features ensure that the anatomy, organs and other soft tissues of
interest are not rooved or altered 1o an unacceptable way during the procedure. Further,
based on unigue and heterogensous patient specific freatiment scenariofs) given the varied
focation, size, and tissue pathway to targeted tissue locations, and patient specific variables
{body mass index, anatony, eiC.), an f sizw treatiment plan is developed for a user defined 3D
planned treatment volume ensuring complete therapy 1s delivered to the treatment volume,
including a user defined margin, and as delivered using g specific reatment patiern and
pathway as the system moves through the plan and delivers one or more histotripsy pulse
sequences al one of more treatment zones and defined focal locations.

HISTOTRIPSY

18199] Histotripsy comprises short, high amplitude, focused ultrasound pulses to generate a
dense, energetic, “bubble cloud)” capable of the targeted fractionaiion and destruction of
tissue. Histotripsy is capable of creating controlied tissue erosion when directed at a tissue
interface, inclnding tissue/thid interfaces, as well as well-demarcated tisane fractionation and
destruction, at sub-cellular levels, when it is targeted at bulk tissue. Unlike other forms of
ablation, including thermal and radiation-based modalities, histotripsy does not rely on heat
or ionizing {(high} ensrgy 1o treat tissue. Instead, histotripsy uses acoustic cavitation generated
at the focus to mechanically effect Hissue strocture, and in some cases liguefy, euspend,
sofnbilize and/or desiruct tissue into sub-cellular components.

181 14] Histotripsy can be applied in various forms, including: 1) Intrinsic-Threshold
Histotripay: Delivers pulses with at least a single negative/tensile phase sufficient to cause a
cluster of bubble nuclet intrinsic to the medinm fo undergo inertial cavitation, 23} Shock-
Scattering Histotripsy: Delivers pulses of about 3-20 cycles in duration. The amplitude of the
tensile phases of the pulses is sufficient 1o cause bubble nucled in the medium o undergo
inertial cavitation within the focal zone throughout the duration of the pulse. These nuclet
scatter the incident shockwaves, which invert and constructively interfere with the incident
wave 1o exceed the threshold for intrinsic nucleation, and 3) Boiling Histotripsy: Employs
pulses roughly 1-20 ms in duration. Absorption of the shocked pulse rapidly heats the
medium, thereby reducing the threshold for intrinsic nuclei. Onee this intrinsic threshold
coincides with the peak vegative pressure of the incident wave, boiling bubbles form at the
foous.

{8111} The large pressure generated st the focus causes a cloud of acoustic cavitation bubbles
to form above certain thresholds, which creatss localized stress and strain in the tissue and

mechanical breakdown without significant heat deposition. Af pressure levels where
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cavitation is not generated, minimal effect is ghserved on the tissue at the focus. This
cavitation effect s observed only at pressure levels significantly greater than those which
define the inertial cavitation threshold in water for simtlar pulse durations, on the order of 10
to 30 MPa peak negative pressure.

{8112} Histotripsy may be performed in muliiple ways and under ditferent parameters. It may
be performed totally non-invasively by acoustically coupling g focused ultrascund transducer
over the skin of a patient and fransmitting geoustic pulses transcutaneously through overlyiog
{and intervening) media and tissue to the focal zone {treatment zone and site). | may be
further targeted, planned, directed and observed under direct visualization, via ultrasound
imaging, given the bubble clouds generated by histotripsy may be visible as highly dynamic,
gchogenic regions on, for example, B Mode ultrasound images, allowing continuous
visualization through its use {and related procedures). Likewise, the treated and fractionated
tissue shows a dynamic change in echogenicity (typically a reduction}, which can be used to
evaluate, plan, observe and monitor treatment.

j0113] Generally, in histotripsy treatmenis, ultrasound pulses with 1 or more acoustic cycles
are applied, and the bubble cloud formation relies on the pressure release scattering of the
positive shock fronts (sometimes exceading 100 MPa, P+) from initially initiated, sparsely
distributed bubbles {or a single bubble), This i referred to as the “shock scattering
mgchanism’.

{8114} This mechanism depends on one {or a few sparsely distributed) bubble(s) initiated
with the initial negative half cyclefs) of the pulse at the focus of the transducer. A cloud of
microbubbles then forms due to the pressure release backscattering of the high peak positive
shock fronts from these sparsely initiated bubbles. These back-scattered high-amphinde
rarefactional waves exceed the intrinsic threshold thus producing a localized dense bubble
cloud. Fach of the following acoustic cycles then induces further caviiation by the
backscattering from the bubble cloud surface, which grows towards the transducer. As a
result, an elongated dense bubble cloud growing along the acoustic axis opposite the
ultrasound propagation direction is observed with the shock scattering mechanism. This
shock scattering process makes the bubble cloud generation not only dependent on the peak
negative pressure, but also the number of acoustic cyveles and the amplitudes of the positive
shocks. Without at least one intense shock front developed by nonlinear propagation, no
dense bubble clouds are generated when the peak negative half-cyeles are below the intrinsic

threshold.
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{0115] When ulirasound pulses less than 2 cycles are applied, shock scattering can be
minimized, and the generation of a dense bubble cloud depends on the negative half cycle(s)

of the applied vltrasound pulses excesding an “intrinsic threshold” of the mediuny, This is

referred to as the “intrinsic threshold mechanism”.

{8116} This threshold can be in the range of 26-30 MPa for soft tissues with high water
contert, such as tissues in the human body . In some embodiments, using this intrinsic
threshold roechanism, the spatial extent of the lesion may be well-defined and more
predictable. With peak negative pressures (P—) not significantly higher than this thrashold,
sub-wavelength reproducible lesions a3 small as balf of the —6 4B beam widith of a travsducer
may be generated.

I8117] With high-frequency Histotripsy pulses, the size of the smallest reproducible lesion
becomes smaller, which is beneficial in applications that require precise lesion generation.
However, high-frequency pulses are more suscepitble to attenuation and aberration, rendering
problematical treatments at a larger penetration depth (e g, ablation deep in the body) or
through a highly aberrative medium {e.g., transcranial procedures, or procedures in which the
pulses are transrottied through booeds)). Histotripsy may further also be applied as a low-
frequency “pump” pulse (typically <2 cycles and having a frequency between 100 kHz and 1
M=) can be apphied together with a high-frequency “probe” pulse (ypically <2 cycles and
having a frequency greater than 2 MHz, or ranging between 2 MHz and 10 Mz) wherein the
peak negative pressures of the low and high-frequency pulses constructively interfere 1o
exceed the intrinsic threshold in the target tissue or medium. The low-frequency pulse, which
1§ more resistant 1o attenuation and aberration, can raise the peak negative pressure P level
for a region of interest (RO, while the high-frequency pulse, which provides more precision,
can pin-point & targeted location within the RO1 and raise the peak negative pressure P
above the intrinsic threshold. This approach may be referred to as “dual frequency”, “dual
beam histotripsy” or “parametric histotripsy.”

{#118] Additional systems, methods and parameters to deliver optimized histotripsy, using
shock scattering, intrinsic threshold, and various parameters enabling frequency
compounding and bubble manipulation, are herein included as part of the system and
methods disclosed hereln, including additional means of controliing said histoiripsy effect as
pertains 1o steering and posifioning the focus, and concurrently managing tissue effects {e.gz,
prefocal thermal collateral damage) at the treatment site or within interveniog tissue. Further,
it 15 disclosed that the various sysiems and methods, which may include a plurality of

pararveters, such as but not Himited to, freguency, operating frequency, center frequency,
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pulse repetition frequency, pulses, bursts, number of pulses, cycles, length of pulses,
amplitude of pulses, pulse period, delays, burst repetition frequency, sets of the former, loops
of multiple sets, loops of multiple and/or different sets, sets of loops, and various
combinations or permutations of, etc., are included as a part of this disclosure, including
future envisioned embodiments of such. This further includes the ability to vary these
parameters, spatially and temporally, throughout treatments and treatment plans.

INTEGRATED IMAGING

{119] The disclosed system may comprise various imaging modalities to aliow users o
visuglize, monitor and collect/use feedback of the patient's anatomy, related regions of
interest and treatment/procedure sites, as well as surrounding and intervening tissues 1o
assess, plan and conduct procedures, and adjust treatment parameters as needed. Imaging
modalities may comprise various ulirasound, w-ray, U7, MR, PET, fluoroscopy, optical,
contrast or agent enhanced versions, and/or various combinations of. It is further disclosed
that varicus image processing and characterization technologies may also be utilized to afford
enhanced visualization and user decision making. These may be selectad or commanded
manuaily by the user or tn an avtomated fashion by the sysiem. The system ruay be
configured to allow side by side, toggling, overlays, 3D reconstruction, segmentation,
registration, mulii-modal image fusion, image fow, and/or any methodology affording the
user to identify, define and inform various aspects of using unaging during the procedure, as
displayed in the various system user interfaces and displays. Examples may include locating,
displaving and characterizing regions of interest, organ systerss, potential treatment sites
within, with on and/or surrounding organs or tissues, wdentifyving oritical structures such as
ducts, vessels, nerves, ureters, fissures, capsules, furmors, tissue irsuma/iniury/disease, other
organs, connective tissues, ete., and/or in context to one another, of one or more {e.g., tumor
draining lymphatics or vasculature, or tumor proximity to organ capsule or underlying other
organ}, as unlimited examples.

{6128} Systems may be configured 1o include onboard integrated imaging hardware,
software, sensors, probes and wetware, and/or may be configured 1o communicate and
interface with external imaging and image processing systems. The aforementioned
componenis may also be iniegrated into componenis wherein probes, imaging arrays, or the
fike, and electrically, mechanically or electromechanically integrated into therapy
transducers. This may afford, in part, the sbility to have geometrically aligned imaging and
therapy, with the therapy directly within the field of view, and in some cases in ling, with

fmaging. In some embodiments, this iotegration may comprise a fixed orientation of the
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imaging capability {e.g., imaging probe) in context to the therapy transducer. In other
embodiments, the imagiog solution may be able to move or adjust its position, including
modifving angle, extension {e.g., distance from therapy iransducer or patient), rotation {e.g.,
imaging plane in example of an vlirasound probe) and/or other parameters, including
moving/adjusting dynamically while actively tmagiog. The hmaging component ot probe may
be encoded 50 1ts orientation and position relative to another aspect of the system, such as the
therapy transducer, and/or roboticaliv-enabled positioning cormaponent may be determined.
Additionally, the imaging component of probe may be co-registered 1o the robotic system o
accurately locate/display the focus of the therapy system in the context of images from one or
q107e imaging components or probes.

{8121} In one embodiment, the system may comprise onboard ultrasound, further configured
to allow users to visualize, monitor and receive feedback for procedure sites through the
system displays and software, including allowing ultrasound imaging and characterization
{and various forms ofy, ultrasound guided planning and ulirasound guided treaiment, all in
real-fime. The system may be configured to allow users to manually, semi-automatically, o
fully automatically imnage the patient {e.g., by hand or using a robotically-enabled tmager) In
some embodiments, the robotic system can sweep the onboard nltrasound svstem {(2.g., linear
and/or angular sweeps) across a target volume 1o generate volumetric imaging data.

{8122} The user may be allowed to further select, annotate, mark, highlight, and/or contour,
various regions of interest or treatment sites, and defined treatment targets {on the image{s)),
of which may be used to command and direct the syetem where to image, test and/or treat,
through the system software and user interfaces and displays. In some arrangements, the user
may use a manual ultrasound probe {e.g , disgnostic hand-held probe) to conduct the
procedure. In ancther arrangement, the sysiem may use a robot and/or electromechanical
positioning system 1o conduct the procedure, as directed and/or automated by the system, or
conrversely, the system can enable combinations of manual and automated uses. The system
may also various settings or modes of viewing visualization features {e.g., marks, contours,
and/or other overlays) including toggling thern on and/or off| ste.

J0123] The systern may turther include the ability to conduct image registration, including
smaging and image data set regisiration to allow navigation and localization of the sysiem (o
the patient, including the trestment site {e.g, tumor, ontical struciure, bony anatomy,
anatomy and identifving features of, etc 3. In one aspect, the aystern allows the user to tmage
and identify a region of interest, for example the liver, using integrated ultrascund, and (o

select and mark a tumor {or swrogate marker of) comprised within the iver

-17 -



10

15

20

25

30

WO 2024/221001 PCT/US2024/025730

through/displayed in the system software, and wherein said system registers the image data to
a coordinate systern defined by the systemy, that further allows the system’s therapy and
robotics components to deliver synchronized acoustic cavitation/histotripsy o said marked
tumor. The system may comprise the ability to register various image sets, including those
previgusiy diasclosed, 10 one another, as well as to afford navigation and localization {eg., of
a therapy transducer to a €1 or MRVultrasound fusion image with the therapy transducer and
robotics componerds tracking to said image}.

{€6124] The system may alsc comprise the ability fo work in a variety of inferventional,
gudoscopic and surgical environments, including alone and with other systeros
{surgical/laparoscopic towers, vision systems, endoscope systems and towers, ulirasound
enabled endoscopic ultrascund (flexible and rigid), percutanecus/endoscopic/laparoscopic
and mimimaily invasive navigation sysiems (e.g, optical, electromagnetic, shape-sensing,
ultrascund-enabled, etc)), of also which may work with, or comprise various optical imaging
capabilities {g.g., fiber and or digiial}. The disclosed system may be configured to work with
these systems, in some embodiments working alongside them in concert, or in other
embodiments where all or some of the systers may be integrated tnto the above
systems&/plaiforms {e.g, acoustic cavitation/histotripsy-enabled endoscope systen or
faparoscoptc surgical robot). In many of these environuments, a therapy travadocer mav be
utilized at or around the time of use, for example, of an optically guided
endoscope/bronchoscope, or as another example, at the time a laparoscopic robot {e.g.,
Ituitive DBa Vincl mult and single port systems) is viewing/manipulating a tissue/treatment
site. Further, these embodiments and examples may include where said other
systems/platforms are used to deliver (ocally) fluid to enable the creation of 2 man-made
accustic window, where on under normal circumstances may not exist {e.g., fluidizing a
segment or lobe of the lusg in preparation for acoustic cavitation/hsiotripsy via non-invasive
transthoracic treatment {e.g., transducer externally placed on/arcund patient}). Components
disciosed herein may also comprise all or some of their component hardware packaged within
the other sysiem {e.g., cart, computing device, memory, &ic.).

J0125] The systern may also be configured, through various atorementioned parameters and
other parameters, to display real-time visualization of a bubble cloud in a spatial-temporal
manner, including the resulting tissue effect peri- or post-trestment from tissue 1o bubble
cloud interaction, wherein the system can dynanucally image and visualize, and display, the
bubble cloud, and any changes to it {2.g., decreasing of increasing echogenicity), which may

include intensity, shape, size, location, morpbology, persistence, etc. These features may
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aliow users to continuously track and follow the freatment in real-time in one integrated
procedure and interface/syatem, and confirm treatment safety and efficacy oo the 8y (versus
other tnterventional or surgical modalities, which etther require multiple procedurss fo
achieve the same, or where the treatment effect is not visible in real-time {e ¢, radiation
therapy ), or where it is not possible to achieve such (s.g, real-time visualization of focal
tissue during thermal ablation), or where the other procedure further reguire invasive
approaches {e.g, incisions or punctures) and Hterative Bnagiog in a scanner between
procedure steps {e.g., U1 or MRJ scanning}. The above components, modalities, features and
work-flows and methods of use may be implemented in an unlimited fashion through
enabling hardware, software, user interfaces and use environments, and future improvements,
enhancements and inventions in this area are considered as included in the scope of this
disclosure, as well as any of the resulting data and means of using satd data for analviics,
artificial intelligence or digital health applications and systems.

SOFTWARE

j0126] The system may comprise various software applications, features and components
which atlow the user to interact, control and use the system for a plethora of clinical
applications. The Software may communicate and work with one or mors of the components
including but not himited to therapy, integrated maging, robotics and other components,
anciliaries and accessories of the system,

18127] Overall, in no specific order of importance, the software may provide features and
support to initialize and set up the systers, service the systerm, comniusicate and
import/export/store data, modify/mantpulate/configure/control/command various seitings and
parameters by the user, mitigate safely and use-related risks, plan procedures, provide support
to varicus configurations of transducers, robotic arms and drive systems, function generators
and amplifier circuits/slaves, test and treatment ultrasound sequences, transducer steering and
positioning {electromechanical and electronic beam steering, sic. ), reatment patterns, support
for imaging and imaging probes, manual and electromechanical/robotically-enabling
movement of, imaging support for measuring/characterizing various dimensions within or
around procedure and treatment sites {2.g., depth from one anatomical location to another,
etc., pre~treatment assessments and protocois for measuring/characterizing in situ ireatment
site properties and conditions {e.g , acoustic cavitation/histotripsy thresholds and
heterogeneity of), targeting and target alignment, calibration, warking/annotatiog,
focalizing/navigating, registering, gutding, providing and guiding through work-flows,

procedure steps, executing freatment plans and protocols autonomousty, sutonomonsty and
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while under direct observation and viewing with real-time imaging as displayed through the
software, including various views and viswports for viewing, communication tools {video,
audio, sharing, etc.), troubleshooting, providing directions, warnings, alerts, and/or allowing
communication through various networking devices and protocols. | is turther envisioned
that the software user interfaces and supporting displays way comprise various buttons,
commands, icons, graphucs, text, eto.| that allow the user to interact with the system in a user-
friendly and effective manoer, and these may be presented 1o an unlimited number of
permutations, layvouts and designs, and displayed in similar or different manners or feaiure
sets for systems that may comprise more than one display (e g, touch screen monitor and
touch pad}, and/or may network to one or more external displays or systems {e.g., another
robot, navigation system, system fower, console, monttor, touch display, mobile device,
tablet, etc ).

{8128} The software, as a part of a representative system, including one or more computer
processors, may suppott the various aforementioned function generators (e.g, FPGA)Y,
amplifiers, power supplies and therapy transducers. The software may be configured to allow
users to select, deterroine and monior various perameiers and settings for acoustic
cavitation/histotripsy, and upon observing/receiving teedback on performance and conditions,
may ailow the user to stop/start/modify said parameters and settings,

{8129} The software may be configured to allow users to select from a Hist or menu of
muliiple transducers and support the auto-detection of said transducers upon connection to
the aystem {and verification of the appropriate sequence and parameter settings based on
selected application. In other embodiments, the software may update the targeting and
amplifier settings {e.g, channels) based oo the specific transducer selection. The software
may also provide transducer recommendations based on pre-treatment and planning inputs,
Conversely, the software may provide error messages or wamings o the user if said therapy
transducer, amplifier and/or function generator selections or parameters arg erroneous, vigld a
fault or fatlure. This may further comprise reporting the details and location of such.

{8138} in addition o above, the software may be configured o allow users to select treaiment
sequences and protocols from a list or menuy, and to store selected and/or previous selected
sequences and protocols as associaied with specific clinical uses or patient profiles. Related
profiies may comprise any associated patient, procedure, clinical and/or engineering data, and
mway be used to iuform, modify avd/or guide current or future treatments or
procedures/interventions, whether as decision support or an active part of & procedure itselt

{e.g., using serial data sets to build and guide vew treatmenis).
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{013%] As a part of planning or during the treatment, the software {and in working with other
components of the system) may allow the user to evaluate and test acoustic
cavitation/histotripay thresholds at various focations in a user-selected region of interest or
defined freatment area/volume, to determine the minimurn cavitation thresholds throughout
said region or area/volume, to ensure treabrent paraneters are optirnized 1o achieve, maintain
and dvnamically control acoustic cavitation/histotripsy. In one embodiment, the system
altows a user to wanually evaluate and test threshold parameters at various points. The
threshold points may include those at defined boundary, interior 1o the boundary and center
focations/positions, of the selected region of tnterest and treatment area/volume, and where
resulting threshold measurements may be reported/displayed to the user, as well as utilized to
update therapy parameters before treatment. In another embodiment, the svstem may be
configured to allow automated threshold measurements and updates, as enabled by the
robotics components, wherein the user may direct the robot, or the robot may be commanded
0 execute the moeasurements autonomously.

j0132] Software may also be contigured, by working with computer processors and one or
more function generators, arnphiflers and therapy transducers, to allow various permutstions
of delivering and positioning optimized acoustic cavitation/histotripsy in and through a
selected ares/volume. This may include, but not limited to, systermns configured with a
fixed/natural focus arrangement usiog purely electromechanical positioning configuration{s},
electronic beam steering {with or without electromechanical positioning), electronic beam
steering to a new selected fixed focus with further slectromechanical positioning, axial (2
axis) electronic beam steering with fateral (X and Y5 electromechanical positioning, high
speed axigl electronic beam steering with lateral electromechanical positioning, high speed
beam steering in 31 space, various combinations of including with dynamically varying one
of ore acoustic cavitation/histotripsy parameters based on the aforementioned ability to
update ireatment parameters based on threshold measurements {e.g., dynamically adjusting
amplitude across the treatment area/volume).

TREATMENT PATTERNS AMB PATHWAYS

18133} A variety of treatrent patterns and pathways may be utilized to position the bubble
cloud in one or more desired focal locations within a target tissue volume as part of a
treatinent plan. Patterns may comprise one or more focal locations of specified location in
2D and 313 space, including configurable pattern variables including, but not limited to, the
focation, spacing, and/or defined overlap {minimum and/or maximum) of focal locations.

This may further tnclude the groupings of focal locations into various desired shapes (e g,
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columns, ellipses, fayers, etc.}, wherein the shapes can be packed/placed into a farger volume.
For example, an ellipsoidal volume comprised of radial layers (of packed focal locations) or
in contrast, an ellipsoidal voheme comprised of rectilinear columns. Paiterns may comprise
unlimited features and variations when considering the size of the treatment volume, bubble
cloud configuration {size) and position {placement of the bubbie cloudfocal location na
treatment volume {centered, off-center, similar or varied center to center
alignroent/onentation, etc ).

{¢134] In terms of “pathways”, these may comprise various fechnigues for motioning and
moving the bubble cloud through the selecied or defined pattern. Tn sowe erobodiroents, this
may comprise moving to the next nearest potnt in the pattern. In other embodiments, it may
comprise moving 1o a preferred position in the plan that 1s at & distance from the current focal
focation {e.g., two or more focal focations away ). In some configurations, the pathway may
comprise moving to the farthest focal location. Pathways may be configurable based on, for
example, desired cooling profiles.

{0135] In soms embodiments and system contfigurations, this may include a lingar pattern
and pathway that iraverses a spherical treatment volume in a series of axigl slices (parallel to
the imaging plane), beginning with the center slice within the treatment volume and
progressing outward in the positive x-dimension {relative to the transducer arvay} unti] the
gutire +-half of the spherical treatment volure is treated. The treatment then moves to the
untreated slice adjacent to the center and treats the remaining half of the spherical volume in
an analogous manner, in this case progressing outward in the negative x~dimension. Within
each slice, treatment may start at the center point and moves outward in a spiraling fashion.
{8136] A “Top-Down” and “Bottom-Up” patterns and pathways differ from other rectilivear
patierns in that they do not traverse the treatment volume in axial slices; rather, the robotic
sysiern i3 configured to move the transducer array focus to progress through the treatment
volume in a series of ateral slices (1., stices perpendicular to the acoustic axis of the therapy
transducer). Within each slice, treatment starts at the center point and moves outward in a
spiraling fashion {identical to the manner in which a representative rectilinear pattern
traverses an axial slice). As the names imply, the “Top-Down” and “Bottom-Lp” patierns
progress through the lateral planes of the sphere from ihe upper-most (closest (o the
transducer) to the distal-most (farthest from the transducer) or distal-most to upper-most,
reapectively.

{8137} in ancther configuration, the paitern and pathway may comprise a targs! tissue

volume that s divided into a number of shoes, which are treated in alternating order starting

-22 -



10

15

20

25

30

WO 2024/221001 PCT/US2024/025730

from the middle of the volume (number below each slice indicates treatment order). Within
each stice columns are treated 1o an aliernating fashion {(number below each column iudicates
ireatment order). The columns themselves can be traversed in a top-down or a bottom-up
manner, and/or combination of, depending on the freatment type, fissue, tvpe, and tissue
focation.

10138] Cther patterns and pathways may reprosent variations of these patterns. In one
exarople, the spherical volume is stll traversed i a set of axial slices parallel to the imaging
plane, and the progression of treatment within each slice remains the same. Only the order in
which the axial slices are treated s varied n these two schemes. Specifically, o one
smbodinent, pattern and pathway treats the axial slices starting at one lateral extreme of the
volume {e. g, the slice farthest in the +x-dimension) and progresses through slices one ata
tme untit reaching the other lateral extreme of the volume (the slice farthest in the —x-
dimension). o another configuration, the pattern and pathway ncrements through slices in a
strategic order selected to maximize the spatial distribution/distance of successive treatment
shices. f the center axial slice of the sphere 1s defined as slice 0, the slice farthest in the +x-
dimension as 6, and the shce farthest in the —<~dimension as ~0, then o this example,
treatient progresses through the 13 slices comprising the 3 cm sphere in the following order:
0,425 ~1,6 3,5 1,63 4,72

{8139} in one “Spiral In-Unt” pattern and pathway example, treatment occurs by traversal
through the spherical volume in a series of radial layers, from the center of the sphere
outward. Within each laver, and when transiticoing between layers, the points are treated in
order of proximity (1.e., the next treatment point 1s the closest untreated point in the current
radial laver, or the closest poiut in the next radial faver when trausitioning between layers)

in some embodiments, the pattern can move in 2 spiral or circular movement throughout each
fgyer, When a given layer is completed, the pattern can fransition o the next layer, typically
the closest layer in the given propagation direction. The spiral patterns described herein can
treat from the distal most laver to the proximal most laver (respective to the ransducer) or vis
Versa.

10146] Combinations of pattern and pathway traversal are also included. In particular,
combinations of the “Spiral In-Cut” and “Boitor-up” are envisioned, wherein the distal-most
faver is treated first in & pattern spiraling generaily cutward, from an interior treatment point,
Transitioning between layers tu a distal to proximal fashion, while generally treating an
interior treatment point initially within each new layer, before progressing to the cutward

ireatment points.
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{0141 In other examples, the size of the cavitation or bubble cloud at a given focal location
can be increased or enhanced with rapid efectronic steering techniques that rapidly steer
between muliiple points at or intersecting with 4 given focal iocation. This fechnique can b
referred to herein as “bubble saber”™. The “bubbie saber” or column shape end effector can be
implemented by rapidly electronically stesring the bubble cloud focus in any direction {e.g.,
in the z-direction, 1n the x-y direction, in 3D space) through an enhanced volume of treatment
points and defined steening distance, and optionally repeating the rapid electronic steering
multiple times. In some embodiments, this configuration may enable the user (o manipulate
the bubble saber position via the robot and software to treat a defined trestment area. This
may include treating tissue for the application of creating a treatment plane (across an organ
and/or anatomic structure, .., a fissure, an organ segment boundary, and/or a desired
resection plane, ete ). In some cases, this may be enabled as a linear end-effecior (z-axis
only}. In other configurations, including those enabling 3D electronic steering, the end-
effector may include non-linear shapes {e.g., arc).

j0142] The “bubble saber” technique can also provide a large thermal benefit by
elecironically sieering the bubble cloud 1o a more proximal location than the geormetiic focus
to ablate shallower targets. The primary thermal benefit of the “bubble saber” technique
comes from the electronic steering itself (utilization of the towest possible effoctive
aumber). Another benefit of the “bubble saber” is the reduced impact of motion on local
dose, and the potential efficacy benefits of a more parailel treatment strategy (providing some
protection againat yntreated volumes of tissue moving o shifting to a previously treated area
as a result of treatment in surrounding areas and thereby escaping further treatinenty. In
some embodiments, the “bubble saber” may comprise g linear end-effector, inin some
configurations, it may compsise an arc or curved end-effector, based on the desired treatment
plan/plane.

{8143} In another embodiment, histotripsy therapy can be applied in a “radial spiral” pattern
that minimizes the distance between freatment columns while maintaining an “inside-out”
fesion development in tissue. Instead of columns of treatment points arranged in a cartesian
grid of locations, the treatment points in this technique are arranged in radial layers. These
iayers are then treated from inside out, with columns within each laver treated sequentially
around each ring in a spiral {or alternating from side to side if preserving the thermal benefit
of sequential treatment columng being are distant as possible is required). This pattern

provides a more consistent cloud overlap in three-dimensions and minimized the distance
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between successive treatment columns compared to & rectilingar treatment pattern, resulting
in a planned ablation volume that more closely matches ellipsoidal planning contours,

{144} The radial spiral technigue aliows the flexibifity to reduce treatment times by
removing the de facto cooling tirne when moving between spatially distant treatment
columns. Thougl this pattern does vot remsove the vesd for this cooling time, it allows the
Hexibility to include or exclude cooling time only as required by the anticipated thermal load,
i.e, the option to go faster if thermally tolerable. The radial spival may proceed in a clock-
wise or counter-clockwise direction.

{3145} A planned bubble cloud treatment treats g specified percentage of the target issue
velume, iy some examples, it is desirable for a chosen pattern to cover completely or nearly
the entire fissue volume. In some embodiments, the pattern can be implemented to cover $0-
1% of the target tiasue volume. o other examples, it may be desirable to treat only 50% or
fess of a given volume. The amount or percentage of treatment mayv depend on the tissue
type, tissue location, ¢ic. Focal location center points for each bubble clowd may be
distributed at discrete spacing in X and Y, with any points putside the tissue volume
boundary discarded. Potnt positions in Z may also be dynamically adjusted to match the
tissue volume boundary comour. The spacing between adjacent focal Iocations may be
adjusted to determine the amount, if any, of overlap between focal locations. Tn one example,
focal location center points for each bubble cloud may be distributed in radial lavers 1o X and
Y, with radii dynamically adjusted to match the target tissue volume boundaries. Focal
focation positions in Z may also dynamically adjusted to match the target tissue volume
boundary contours.

THRESHOLD TESTING

{0146] As described above, the systems described herein include the capability to evaluate
and test acoustic cavitation/histotripey thresholds at various locations 1o a user-selected
region of interest or defined treatment area/volume, 1o determine the minimuim cavitation
thresholds throughout said region or area/volume, 1o ensure treatment parameters are
optimized to achieve, waintain and dynamically control acoustic cavitation/hisiofripsy.
Dring treatment planning or during therapy, cavitation threshold test pulses can be
iransmitted into a plurality of locations of interest. The nuber of test locations of interest
can he chosen based on the size and/or shape of the treatment region. For example, ina
spherical treatruent region benefits from at least seven test locations to probe the exiremes of

the spherical volume, these may include the center of the treatment area or {reatment volums
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anid axes end points where each of the X. Y. and 2 axes intersect the boundary of the
ireatment ares ot treatment volume,

{4147} During therapy, the cavitation threshoid at each of the locations of interest can be
evaluated with a test series of pulses at an imtial driving voltage and pulse repetition
frequency (PR} 1o determine if cavitation bas formed before incrementing the driving
voltage or 1o the next PRF. PRY may be defined as the number of pulses delivered every
second by the systems deseribed heretn. PRF can be adjusted during therapy depending on
the cavitation threshold, the tissus type, depth, ete. The formation {or not) of cavitation can
be observed in real-time with imaging such as ulirasound baging. In general, the drving
voltage requirad 10 initiate & vigorous bubble cloud in tissue decreases as the PRF increases.
The cavitation threshold in the tissue can also vary as a treatment procedure progresses. Thus,
testing various points of interest within a freatruent volume for treatiment can be a useful tool
to evaluate the cavitation threshold(s) and adjust the PRF or driving voltage of the therapy
pulses to optimize treatment at each of the tested locations. The treatment protocol tiself can
then be adiusted based on the test pulses to utilize variable driving voltages or PRF based on
the test results to ensure the optimal amount of energy is delivered into each location of the
tissus for histotripsy therapy. Additionally, the depth at each of the test locations can be
measured or determined {either manually or automatically with the svstem} to provide
additional information to the system for determining optimal treatment parameters.

{8148} In some embodiments, the test locations can be used to determine a maximum amount
of energy that may be applied withowt generating undesired damage to the test focation or
surround or intervening tissues. For example, while determining the cavitation thresholds at
gach of the test focations, the drive voliage or PRF of the system can be increased uoti]
cavitation is observed under real-fime tmaging and/or other feedback mechanisms. In some
embodiments, the drive voltage or PRF cao be increased unti undesirable damage to the test
focation or cavitation or thermal damage to other locations cutside of the test location ars
observed. This can be used to determine the maxamum amount of energy that can be applied
for a given tesi location.

1014%] Based on the test protocol and tested cavitation thresholds, the appropriate driving
vodiage for each point in the treatment grid can be chosen. With the required voltage ai the
center and six extremes of the target volume serving 8s inputs, the voltages for the remaining
points comprising the treatment volurne can be inferpolated. The driving voltage can then be
adjusted automatically by the software as the therapy progresses through the automated

treatment volume. In this way each poiot is ablated using an amplitude sufficient to maintain
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an efficacicous bubble cloud, but not overly 8o in order to minimize the thermal deposition in
the acoustic path.

{4138} For example, 2 method of delivering histotripsy therapy to tissue can comprise
delivering histotripsy pulses into tissue at a plurality of target test locations and imaging the
test location o real-time to evaluate whether cavitation has formed at the test locations. I
cavitation has not formed at the test locations, the driving voltage or the PRF of the
histotripsy pulses can be adjusied, and histotripsy pulses with the adjusted parameters can be
delivered into the tissue at the test incations. Real-time imaging can again be used t¢ evaluate
whether cavitation has forroed at each test Tocation. This process can be repeated until the
cavitation threshold at each test location is determined, and a high-density map can be created
based on various algorithms to extrapolate thresholds across the targeted region of
intergst/treatment volume, specific to the acoustic pathway and target depth. For example, if
cavitation thresholds are known at g first test location and a second test location, then the
cavitation threshold at & third test [ocation can be extrapolaied based on the cavitation
thresholds of the first and second test locations. This extrapolation can be further based on the
tissue type, target tissue depth, and acoustic pathway of the third test location,

TREATMENT PULSE SEQUENCES AMD THERMAL MANAGEMENT

{B151] A given Histotripsy therapy or treatment session can be defived in terms of a set
aumber of pulses N that are to be delivered over a set total treatment time T, Thus, the total
number of pulses N delivered over a total treatment time T (in seconds} is egual to the total
ireatment time T multiplied by the PR¥ of the system. For example, a system operating at a
constant 200 Hz PRF for a total treatment time of 10 minutes (600 secondsy will have a total
rurnber of pulses N equal to 120,000, The systems and methods deseribed heretn can include
PRE's of 400 Hr or greater to generate acoustic cavitation, including PRF's ranging from 400
0 900 Hz. As an example, if a PRF of 200 Hz s emploved, therapy may be applied over 10
minutes.

{81582] Systems and methods are provided herein that implement Histotripsy pulse sequences
with frequent short cooling periods that advantageously improve the thermal profile
generated by histotripsy treatment, with the lmiting case of N pulses equally distributed over
the treatment time T yvielding the minimum temperaturs rise. These pulse sequences can
further be characterized in terms of the amount of time in which therapy 18 actively delivered
o tasue refative (o the amount of cooling time in which no therapy pulses are delivered to
tissue. For example, a system delivering therapy pulses at 3 400 Hz PRF for 5 minutes,

followed by a 5 minute cooling time 1o which no therapy pulses are delivered (for a total
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treatment time of 10 minutes) would have a ratio of therapy {5 minutes) to cooling {5
minutes) of 111 PRF can be adjusted to any frequency between 200 aud 900 He, and as
frequency ptf PRF i3 increased, greater and more frequent cessations of the application of
energy can be employed. For example, at 400 Hz PRE, the therapy can be applied for 2.3
minutes followed by 2.5 minutes of cooling until 2 total of 10 minutes of therapy is achigved.
{0153] In general, when the therapy PRF 1« doubled, and cooling steps are imposed the extent
of the temperature rise 1s dependent on the distribution of cooling steps. A single long cooling
step may result in the greatest temperature rise observed with this strategy. Conversely,
shorter/more frequent cooling steps more closely approsimate the case of equally distributed
pulses and result in the lowest temperature rise observed with this strategy. Further, within a
given total treatment time window, a higher therapy to cooling time ratio{e.g., 3.1} s
generally advantageous to a lower therapy o cooling time ratio (e.g, 1:3). Hssentially, fora
set number of histotripsy pulses delivered within g given time window, a lower PRF 18
thermally beneficial.

{0154] Further details and examples relating to duration of therapy, PRF, therapy time,
colling time, and other factors are deseribed o detail v comronly assigned WO
2021/258007, filed June 18, 2021, entitled "HISTOTRIPSY ACQUSTIC AND PATIENT
COUPLING SYSTEMS AND METHODS,” the entive contents of which is incorporated
herein by reference.

IB155] When Histotripsy is used to ablate a target volume larger than the cavitation bubble
clouds created by the system, the cavitation focus of the Histotripsy therapy aystem is moved
{mechanically or electronically} within the target volume to ablate the endire target volume.
In the context of this disclosure, mechanical movement can comprise movement of the
physical position of the treatment head and/or therapy focus with the robotic positioning am.
Electronic movement of the focus, instead, 13 achieved with electronic-beam steering of the
focus with the transducer array. In some embodiments, the focus can be slectronically beam-
steering without moving the physical position of the transducer array. In some embodiments,
mgchanical movement is combined with elecironic beame-steering. This discloaure deascribes
methods and workflows to and technigues to achieve a Histotripsy therapy.

THE HISTOTRIPRY SYSTEM

{0156] FIG. 1A depicts g robotically driven Histotripsy system 10 in accordance with the
disclosure, specifically a robotically driven Histotripsy systern configured for planniog and
automated treatment of patient tissues. The Histotripsy system 10 includes a cart 12 in which

is housed a bistotripey signal generator and a control computing device {vot shown). A
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robotic arm 14 extends from the cart 12 and a treatment head 20 inchuding a therapy
transducer 18 and an imaging probe 22 (FIG. 2} is connected at distal end of the robotic anp
14, The robotic arm 14 includes an arm interface 16 (FIG 2) enabling connection of the
treatment head 20 to the robotic arm 14, A user interface display 24 mounted on the cart 12
i3 configured in connection with the control computing device (not shown) to present one or
more user-intertaces (UT) and enable the workflows described herein in connection with
FIGS. 3A-18 and 17-30 further below. An ultrasound imaging system 26 is connected 1o the
treatment head 20 and particularly an imaging probe 22 (FIG 2) for display of ultrasound
images during all or portions of the procedure a3 described herein below. The user tuterface
display 24 includes a varigty of input points including physical controds such as knobs or
buttons 28 for adiusting the planned treatment volume, contours, target, margin, and focus
depth iy X, Y, and £ directions as described herein below, an emergency stop button 30, &
voltage knob 32 tor adjusting, initiating and terminating application of voltage to the therapy
transducer 18, a trackpad 34 for waking selections and manipulating aspecis of the user
interfaces, and a space mouse 36 for driving the robotic arm 14 and the treatment head 20
using the robotic drive mechanisn of the robotic arm controller. The Ul display 24, may bea
touch screen device capable of receiving user input into the various Ul screens displaved in
the Ul display 24 and the workflows desenbed theretn. Tt should be voted that user input can
inciude direct input or manipuiation though a touch sereen enabled UT or user input can
inciude physical manipulation of the knobs 28 and space mouse 36 which interacts with the
U or combinations of those types of inputs. 1t should be understood that other forms of user
input may also be acceptable and are within the scope of this disclosure including but not
finuted to mobile devices such as tablets, smart phones, smart watches, smart glasses/goggles,
virtual reality (VR enabled devices or systems.

{8157] FIG. 1B is another view of the Histoiripsy system 10 jucluding cart 12, robotic arm
14, and treatiment head 20. FIG. 1B also shows the uitrasound tmaging svstem 26, which can
be electrically coupled to the cart 12 to provide ultrasound images to the cart and associated
controliers/processors, As shown, the eart 12 can inchude a user interface or display 24, and
the ultrasound imaging system 24 can also include & user interface or display 27

{6158} FIG. 1B also shows a fluidics cart 29 configured to fill a coupling system/container
with an acoustic coupling medium for coupling the therapy ransducer/ireatment head to the
patient. The coupling container is vot shown in FIG. 1B for case of Hustration.

{8159} The Histotripsy system 10 is configured for use with separate iimaging systems, such

as ultrasound, MRY, cone-beam CT, ete., to provide real-time and/or perioperative imaging
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during histotripsy therapy. As iliustrated in FIGS. 1A-18, the Histotripsy system 10 may be
configured for use with a separate ultrasound imaging system 26, This separate ulirasound
fmaging sysiem 26 provides real-time visualization and may be used at any point during
patient set-up, localization, planning, or post-procedure, as needed. The separate ultrasound
imaging system 26 includes a freehand ultrasound and is also convected to the integrated
uitrasound fmaging probe configured within the treatment head 26, In particular, the
histotripsy systern 10 i3 positioned on g frst side of the patient{e g., right side of the patient
or left side of the patient}, and the separate ulirascund imaging system 26 is positioned on 3
second, opposite side of the patient {e.g, left side of the patient or right side of the patient) as
shown in FIG. 1B, B may be preferable 1o have the histotripsy svstem 10 and the separate
ultrasound imaging sysiem 26 disposed on opposite sides of the patient for better surgical
workflow,

{8168] FIG. ? depicts an enhanced view of a treatment head 20 including the therapy
transducer 18, The treatment head 20 15 configured o interface/connect Lo robotic arm
interface 10 at the distal end of the robotic arm 14 and 1o allow rapid exchange on and oft to
further evable a plurslity of treatment heads (and therapy configurations) io be utitized
on/with the Histotripsy system 10, For example, it is envisioned that a different shaped or
sized treatment head 20 may be utilized when targeting treatment volumes and depths within
the brain compared to, for example, abdominal locations such as liver or kidney. In particular,
if a patient was being treated at various locations and depths within the body, a guick
connect/disconnect may enable faster procedure times in the operating room. As noted above,
the treatment head 20 includes the therapy transducer 18 and a separate ultrasound imaging
probe 22, The imaging probe 22 is connected directly to the vlirasound imagiog sysiers 26
on the Ul display 24 asseciated with the ultrascund imaging system 26, Additionaily, the
sitrasound imaging sysiern 26 i3 counecied to the control computing device withiu the cart 12
such that the cutputs from the imaging probe 22 can alsoe be viewed on the user interface
display 24. The imaging probe 22 is configured to translate {extend) bevond the therapy
transducer 18 by rotation of dial 33, In FIG. 2, the imaging probe 22 s depicted in s
retracted position. An orientation and rotation tab 40 operatively connects 1o the imaging
probe and enables 90 (degrees of } rotation of the imaging probe 22 relative to the therapy
transducer 18, Handles 42 allow for grasping and manual and/or robotically assisted
movement of the treatroent head 20 Freedrive buttons 44 are located on the top side of the
handies 42. The freedrive buttons 44, when at least one is depressed by a user, substantially

disconnects the resistance offered by the rootors and gearing mechanisms of the robotic arm
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14 but maintains sufficient resistance such that the robotic arm 14 does not collapse when the
freedrive butions 44 are depressed.  In this manner the bandles 42 and free drive butions 44
enable load compensated positioning of the treatment head 20 and the robotic arm 14,

{8161} FIG. 3A depicts g broad overview of the steps emploved in performing a Histotripsy
treatment workflow 30, The workflow is primarily guided by a software application that runs
on the control computing device. In an exemplary iroplementation, the workflow starts with
initalization at step 52, where the software perforros self-tests to ensure critical aspects of the
Histotripay system 10 are accessible and contigured appropriately for the session. Once
tnttialized, a user must fog-in at step 54 At siep 56 a systerns set-up is undertaken as
described in greater detail in connection with FIGS. 4.6, below. After a system sel-up a
systern check is undertaken at step 58, detatled below with reference to FIGS. 7TA-10C.
Following the system check a patient registraiion is undertaken at siep 60 and described in
greater detail below in connection with FIGS 11-12. Patient registration generates a new or
opens an exisiing a patient record, as shown in FIGL 13, at step 61, A freatment session
comprised of localization, planning and treatment, may be started from the opened or new
patient record. Next comes a localization process at step 63, that eraploys patient preparation
at step 64 and treatment head 20 buovancy calculation or resistance detection at siep 66 as
detailed with reference to FIGS. 14-22 If following the resistance detection calibration at
step 66 a skip fusion option 70 s selecied (o g., button 503 a3 shown on FIG. 24) the
warkflow progresses immediately 1o a treatment planuing step 80, If fusion is desired then
the workflow progresses to capiuring a robotic ulirasound sweep of the patient and
particularty the target arca at step 72, described 1n detail with reference to FIGS, 24-27.
Following the oltrasound sweep an toitial registration is perforred at step 74 (PG 28) by
identifying fandmarks in the nlirasound images and a pre- or peri-procedural image data sst,
which may bave been selected during the patient registration step at 60, above, an initial
regisiration is formed fusing the ultrasound images from the robotic sweep with those of the
pre- of peri-procedural images. The inttial registration is reviewed and adjusted at step 76
and described tn connection with FIGS, 28-32 and ooce accepted, the Hve ultrasound images
are fused with the pre- or pert-procedural images at step 78, Now at step 80, described in
connection FIGS. 34-44, the Hive fused images or just the live ultrasound images are used to
identify the anatomy to receive treatment, this includes treatment contour and a margin
around the treatment contour as well as ensuring that the acoustic field 712 defined by field
lineg 724 may be used to avoid or take into account treating through bone, gaseous portions

of the bowel, or other portions of the anatomy likely to sbsorb Histotripsy pulses and Hroit
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the efficacy of any portion of the reatment. The planning step alse requires navigating 1o
extreme regions of the volume to be treated to ensure that the robotic anm 14 and treatment
head 20 ean be navigated to the necessary locations on the patient’s body without breaching a
resistance to movement threshold. In addition, planning involves navigating to the highest
focation{distal-most (o patient) in the treatment volume to ensure that sufficient coupling
medium 18 present to complete the treatment. Further, as a part of planning, the user is also
required to mark the location of the muscle/fat layer above the target anatomy, which is used
as an input 1o the automated treatment algorithm. Once the plan is complete the workfiow
progresses to a treatment step 82, Treatment 82 includes a step 84 where the focal point 726
i3 calibrated to the bubble cloud location and then the voltage required to generated the
bubble cloud at each of & number of survey points 739 are established to ensure that when the
robotic arm 14 and therapy transducer 18 navigate to a location on the body that application
of Histotripsy energy results in a bubble cloud 1108 at the focal point 726 as described in
connection with respect to FIGS. 42-50. In addition, there is confirmation that the focal poini
726 and bubble cloud are at a location proximate o the treatment contour 728 and the margin
732 for cach of the survey poinis and a ceuter point of a volume defined by those survey
points 739, Once acceptable, automated treatment is undertaken at step 36 where a series of
focal locations are individually treated with Histotripsy pulses described in convection with
FIHGN 46-50. The volume to be treated {s formed of a phurality of such focal focations, that
may be arranged in an overlapping manner. The robotic arm 14 robotically moves the
therapy transducer 18 along the exterior of the patient {ensuring no resistance threshold is
breached) until all of the planned focal locations receive Histotripsy pulses. Onee all focal
fpcations have received Histotripsy pulses, the treatment can be reviewed using ultrasound
imaging probe 22 either manually using the freedrive butions 44 or electronically using the
space mouse 36 io drive o robotic arm 14 Followiug review, the treatment session ends at
step 88, or reverts to siep 61 so that 3 new treatment session can be initiated. As noted above,
thig is g high-level description of the process, and further details are provided below in
context with their relevant figures.

i0162] Having described the aspects of the workflow 50 at a high level, each of these aspects
will be described in greater detail starting with FIG. 3B, FIG 3B is a flow chant outlining
method 100 for imitialization and set-up of the histotripsy system 10 in accordance with the
disclosure. At step 102 following powering on of the lusiotripsy system 10, the software is
initialized, which may optionally require input of log-in credentials to the computing device

housed in the cart 12, Ovce ntialized, the software conducts a connection check at step 104,
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the results of which are displaved on the user interface 200 in call cut box 202 (Fi(5. 4} As
can be seen in FIG. 4, the connection check fooks to determine whether the robotic arm 14,
the control pansl {e.g., display 24 and input devices 28-30), a therapy generator {not shown
but housed in the cart 12}, the separate ultrasound system 26, and the treatment head 20 are

connecied to the computing device {not shown but boused tn the cart 123 The connection

check also seeks to determine if the robotic arm 14 15 1n the “ready position”. Hany of
uitrasound system 26, control panel, therapy generator, ot robotic arm 14 are not connected,
the user connects these features as needed at step 106 and the connection check will update
the status as appropriate. With respect 10 the treatment head 20, a record of the last
calibration is displayed in cali cut box 204, where a button 206 aliows for the initiation of &
catibration, and a second button 208 enables a change of the wreatment head 20,

{6163] Regardless of whether the treatment head 20 1s attached, the user is directed to press
and hold the ready position button 210 (FIG. 4), which signals the robotic arm 14 to drive to
the ready position at step 108 Once the robotic arm 14 i3 in the ready position a next bution
212 becomes available and when selected, the user interface 200 changes to display a system
set up sereen on the UT 200, as seen i FIG. SA. The systers set-up screen provides
instructions at step 110 for attaching the treatment head 20 {if needad), connecting an /0
cable 45 from the treatment head 20 to the robotic arm 14 that provides information regarding
position and orientation of the imaging probe 22 {(if nesded), and checking the therapy
transducer 18 for cracks or other defects.

{4164} The sclected treaiment head (and associated identification data) may include
embedded configuration information {and files) 1o be relayed or as inputs into the histotripsy
system via hardware/software interfaces. In particular, a memory board instde transducer ZIF
connector comnrunicates with a ZIF board inside the generator. (ther cables and forms of
wireless communication roay be used to share information between the various system
components. information can be passed betwesn the transducer and the generator. System
information which may be passed between the treatment head/therapy transducer and the rest
of the system {¢.g., generator) may include therapy transducer specification details including
but not mited to model number, senal nuraber, number of transducer elements, focal
depih/iength, thermal offset coefficients, element timing calibrations; indications of use
{anatomical location, organ, disease, eie. ), work-flow details including software pages to
recall, use case details (e g, ultrasound guided versus CBCT guided, ete ), payload, different
therapy sequences, bubble cloud location, imaging plane calibration matrix, bubble cioud

expected size, expected voltage to attain bubble cloud 0 water performance and total run
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time; and/or service refated data including system check calibration data{if it has been
calibrated in 24 hours/ past calibration data), date of mfy., and bours until service due.
Conunection of the treatment head may also includs connection of a ZIF cable to the
cart/generator and other VO connectors to one or more robotic arm configurations, and/or
imaging systems {ultrasound, X-ray, etc.},

I0165] Once complete, and following selection of a next button 214, the U1 200 depicis the
screen seen in FHG. SB where the user 18 required 1o select the senial number of the connected
treatment head from the drop-down list 213, Once a seral number is selected, the day and
time of the last valid calibration, which is part of the sysiers check, is displayed and the next
button 215 becomes available. This information is also available iy the treatment head menu
217 located in the upper right corner of the screen. Following selection of next button 215,
the 11 200 showa the screen seen in FIG. 6, where confirmation ia sought that the ultrasound
imaging system 26 is outputiing a signal to the computing device on the cart 12 so that the
signal from the imaging probe 22 ts displayed on the U1 200 at step 112, Text in panel 216
can be employed to insiruct the user to confirm that the imaging setiing of the ultrasound
Huaging sysiern 26 i3 optimized for nse in the Histotripsy system 10,

{4166} Following selection of the set-up complete button 21¥, the workfiow moves into the
system check phase {e g, siep 38 of FIG. 3) and the U 200 displays the screen depicted in
Fity. 7A. The Histotripsy system 10, and particularly the treatment head 20 requires
catibration once per 24-hour period, however, often muitiple procedures are planned within a
given day, and the treatment head 20 ruay already have undergone calibration and be attached
to the robotic arm 14, as indicated by the call out box 202, If a svstem check was performed
within the last 24 bours, the result 15 still valid and there is an option to “skip systern check”
and move directly o patient registration phase {e.g., step 60 of FI{3 3}, In some
environments, system check may be performed at the beginning of cach day, prior o any
histoiripsy therapy procedurs. System check may also be employed when the focation of the
bistotripsy system is physically moved to a new or different location, for example, moved
from one surgical suite into a different surgical suite.

18167} If a system check must be performed, step 114 15 undertaken, where instructions are
displaved in the U1 200 o fully extend the imaging probe 22 and 1o rotate the fruaging probe
22 to the +X position. The actual position and onentation of the imaging probe 22 relative to
the therapy transducer 18 19 caloulated continuously using signals sent via the YO cable that
can be interpreted by the software. Once the imaging probe 22 1s moved to the required

positions, as depicied by bmaging probe orientation and position indicators 219, and the
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confirm button 220 is selected. When button 220 is selected, the software compares the
actual signal for the position and orientation 1o a range of expected signals and the workflow
will advance the Ul 200 to the screen depicted in FIG. 78 if the actual signal is within the
expected range. The workflow then requires the rotation of the imaging probe 22 back to the
-¥ position and retraction into the therapy transducer 18, which may be referred o herein as a
“home position”. Again, when a confirm bution 221 18 selected, the software compares the
actual signal for the position and otientation 1o a range of expected signals and the workflow
advances if the actual signal is within the expected range.

{3168} Following selection of the confirm button 221 in the UL 200 of FIG. 7B, the workflow
progresses to the UL 200 depicted in FIG. 8, where instructions are provided i panel 216 0
fill g Huidics container with ultrasound medium and to submerge the treatment head 20 into
the fluidics container up to a minimum i line at siep 116, As the treatiment head 20 i
submerged 1n ultrasound mediure, ultrasound images will appear on the Ul 200 as shown in
FIG. 9. The tfluidics container may optionally circulate the ultrasound mediom to
remove/reduce gas and temperature adjust prior to submerging the treatment head.

{8169] As shown in FIG. 9 aresistance indicator 222 13 depicted at the bottom of the UL 200
and as a border, this indicates the resisiance 10 movement experienced by the treatment head
20 as it is forced nto the oltrasound medium, however, at this point of the process, the
reaistance has not been calibrated to account for the buovancy of the freatment head tseif
Dretails of that calibration process, which ocours prior o treatment are detailed below. The
resistance indicator 222 is a safety feature for the navigation of the treatment head 20, the
accurate placement of treatment within the patient, and other aspects of the disclosure.
Resistance indicator 222 may be Hustrated in the Ul as a color indicator, such a vellow,
orange of red, corresponding to a pre-set value which may be read at “low”, “madium” or
“high” resistance. Other resistance indicators are within the scope of this disclosure and may
be present to the user on the Ul or elsewhere on the console or cart. Alternatively, resistance
indicators may be audible, physical sensations, or other visual indicators to the user.

{8178} Following selection of 3 next button 224 in FIG. 9, the method 100 starts 2 calibration
process tor the therapy transducer 18, This calibration process is intended to align an
indicator 10 a location of the therapy focus {e.g., the center of a bubble cloud) formed by the
therapy transdocer 18, As depicted in FIG 10A, instructions are provided 1o activate therapy
output at step 118 by selecting button 226, and then to depressing the voltage knob 32, Then
therapy output is increased by furning the voltage knob 32 until a bubble cloud 228 is

visualized. The bubble cloud 228 may be visualized when the voliage koob is approvimately
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between 18-24% for degassed water (e.¢., ultrasound coupling medium). The track pad 34 is
used o mark the center of the bubble cloud 228 with wndicator 230 at step 120, This
visualization may be accompanied by the user detecting an audible signal in a given range
{e.g, frequency or volume) which is indicative of formation of a bubble cloud. Ascanbe
seen by comparing FIGE. 9 and 10A-10C, the voltage indicator 232 is Yluminated and been
increased to read 21% and 22%. Once the bubble cloud 228 is marked with indicator 230,
values of an offset distasce, in particular, the distance the indicator 230 had to be moved 1o
be centered in the bubble cloud 22¢, are presented in the Ul 200 in panel 216 as shown in
FiG. 10B. The voliage koob 32 may be depressed again to deactivate therapy output at step
121, Ias shown FEG 10C, ali values are within an acceptable range and the therapy output
is deactivated, the accept bution 238 may be selected at step 122 the set-up and calibration
workflows are complete, otherwise the method may continue to step 124 where the ireatment
fiead 20 1s removed from the ultrasound medium and then back to step 110 where the therapy
transducer 18 is inspected, and the method repeats. Alternatively, the method 100 may return
to step 118 with the reactivation of the voitage knob 32 and a renewsad attempt to mark the
center of the bubble clond 228 within the offset Lmits. As will be appreciated, if the
calibration has been completed within the last 24 hours, one or more of the set-up and
calibration steps yay be eliminated without departing from the scope of the disclosure.

PATIENT REGISTRATION AND PATIENT RECORD

{8171} Following set-up and system check the UL 200 progresses 1o the soreen depicted in
FIGS. 11 and 12, allowing the user (o select oue or more image records for a patient. These
image files, which may be ultrasound, magnetic resonance (MRI), computed tomographic
{CTy, cone bears CT (CBCTY, and/or positron erpiasion towography-CT (PET-CT) images
can be imported from an electronic medical record (EMR ) database, PACS system, 3 USB
drive, cloud-based information or storage systern, of roay be stored on g memory associated
with the computing device in the cart 12, In some embodiments, for example for a procedure
being conducted with a fixed room or mobile CBCT imaging systern, the imaging system
may serve as a DICOM node for the histotripsy system enabling transfer of mages and data
directly between both systems for use of pre, peri and post-procedure images. In some
systems, these images/data may be utilized to enable multi-modal imaging localization and
targeting, or conversely, peri-procedural identification of treatment locations or therapy tissue
effectls), and/or post-treatrnent verification of treatment effectiveness. By navigating the Ul
200 and inserting a patient 1D or name in FIG. 11, image files may be depicted, as shown in

FIG 12, These image files may then be utilized during the histotripsy procedure and
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displayed and/or used in a fusion process described herein such that they can assist in guiding
the application of therapy to the patient by the therapy transducer 18, as outlined below
Hven tf no tusion is undertaken, the previousty acquired images may be depicted i one or
more sectors of the Uls described herein 1o assist in guiding the user to an appropriate
focation or the application of an appropriate therapy. As shown in FIG 11, this imporiation
process can be skipped entirely. In this case, the user 18 given the option to enter now patient
details to create & new padieut record of open an existing patient record. In some
embodiments and system contigurations, the image files displaved on the system may
comprise various features including but not limited 1o, organ, tissue and/or disease
segmentation, pre-planned treatment plan overlays, markings for simulated treatment head
poses, and/or other computer vision enabled features to atd in the planning phases of a
procedure.

{8172} Following selection of an image file and a next button 240 or selection of the skip
impott button 242 the UL 300 (FIG 13) s displaved on the user interface display 24, fan
image file has been selected, the reference images are displayed in a viewer as shown in FIG.
13 by fields 302 and 304, the reference images may be adiusted to display different imaging
orientations of planes (2.g., axial, sagittal, coronal, and other projections) which are selected
by buttons 305, The file name for the reference tmages selected and other nforpation s
displayed in a separate panel 306, The file name represents the patient record file under
which any records of the therapy applied to the patient will be stored for later review and
asseasment. Further, Hve ultrasound images can be displayed in field 308 by selection of
button 31¢. To start or add a treatment session, g button 312 can be selected.

LOCALIFE

{8173} FI(G. 14 shows a method 400 detailing the steps undertaken prepare the patient and the
equipment of the Histotripsy system 10 for a treatment session and starts at step 402 by
selection of the add a session button 312 in FIG. 13, Following selection of the add session
button the Ul 300 updates panel 306 to present instructions as shown in FIG. 15, Among
these instructions is an instruction o utilize the ultrasound imaging systen 20 (e.g, frechand}
anid 1ts ultrasound imaging probe to capture ultrasound images which are displayed in field
308 at step 406, The irages captured by an ultrasound imaging probe (frechand) are separaie
from the ultrasound imaging probe 22 incorporated into the treatment head 20 are displayed
in hoth & display associated with the ultrasound tmaging system 26 and in the Ul display 24,
in field 308, Imaging at step 404 and 400 ensures that treatment site, which may have been

identified in pre-procedural images, is still of tnterest and has not changed or aliered between
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the time of an initial diagnostic scan of the patient and the date of the procedure. The
instructions further divect the user at step 408 to optionally mark alocation on the patient
{with a marker, sticker, or other idestifying mark) at which an ultrasound probe of the
ultrasound tmaging system 20 s placed, or location at which the lesion or tumor of tuterest is
interior to the patient body wall cavity so that the treatment area (e g., lesion or tumor} can be
visualized in the ultrasound images. To assist in locating and imaging of the lesion so the
patient can be marked the user can reference the mages displayed in fields 302 and 304,

This marking additionally represents a point at which the treatment head 20 and/or coupling
assembly 46 will be initially placed such that the iroaging probe 22 can be used to visualize
the treatment area. Thus, the positioned marked should check that an optimal path for the
application of histotripsy therapy has been intially 1dentified. It may be advantageous to
reduce the application of ultrasound energy through hard tissues, areas of bowel gas, or other
features that can affect the application of ultrasound energy to the treatment area. Once
visualization is complete, selection of the next buiton 314, advances the workflow and
depicts the U 300 as shown in FIG 17

{8174} FIG 16 depicts a treatment head 20 as it wall be deploved for planning a therapy and
applying therapy o a patient. The treatment head 20 is inserted into a coupling medium that
i3 contained in a coupling asserbly 46, the coupling mediu enables acoustic couphug of the
therapy tranaducer 18 fo the patient. The coupling asserbly 46 includes 2 conformal and
flexible barrier film or membrane 48 that allows the coupling medium comained in the
coupling assernbly 46 while conforming to the shape and anatomy of the patient, and
ensuring a suitable nltrasound coupling between the therapy transducer 18 {and the imaging
probe 223, 1o the patient. A bed rail clamyp (not showo) is secured to a side of a treatment bed
and also supports the coupling assembly 46, As will be appreciated, when filled with
between 12 and 25 Hiers of coupling medium, the coupling assernbly will become quite
heavy and require support 1o minimize the tmpact on the patient while still enabling sufficient
coupling.

{8175] As shown in FIG 17, the panel 306 is updated to provide instructions on assembly of
the bed rail clamp and coupling assembly 46 and placement on the patient. The instructions
also provide guidance on filling the coupling assembly 46 with coupling wedium asd io
remove any air pockets berween the film or membrane 48 and the patient. For example, in
particular, the patient should be removed of any body hair in the intervening external tissue
{e.g., abdominal area) such that air pockets adjacent hair follicles are mininized. Nelection of

the next button 316 advances the workflow to FIGS. 18 and 19, where buttons 318 and 320
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alter the image displaved in fields 302 1o depict an image 322 of the Histotripsy system 10 in
one of two different patient orientations or room set-ups at step 412, This selection of
ortentation s emploved to provide orientation information that is employed by the robotic
arm 14 and the software for driving the robotic arm 14 to effectuate image capture with the
imaging probe 22 and application of therapy with the therapy transducer 18 Oue aspect of
this orientation is defining which is the Y+ and Y- direction, as can be seen by comparison of
FIGS. 1R and 19, Ounce one of the buttons 313 or 324 15 selected defining the orlentation of
the Histetripsy system 10, and other set-up aspects such as locking the cart 12 or the hed or
setting the bed height, the vext button 324 can be selected. Altematively, patient orientation
may be selected later in the localizing phase of the histotripsy set-up.

{8176} Selection of the next button 324 advances the method 400 to a calibration phase 414
as depicted in FIG. 20, At step 416 a level treatruent head button 326 can be selectad,
wherebv the robotic arm 14 will drive the treatment head 20 such that it is in a level position
{e.g., parallel with the surface of the coupling medivm within the coupling assembly 46},
Following levelling of the treatment head 20, the next button 328 can be selected and the
workflow sdvances to FIG. 21, where the UI 300 is updated such that pavel 306 divects the
movement of the treatment head unti just the distal portion {distal o user) of the treatment
fiead 20 touches the surface of the coupling medium contained 1o the coupling assembly 46 as
shown io the instruciion image in panel 300 of FIG. 21, The treatment head 20 may be
moved using, for example, the space mouse 36 at step 418, During this step, the system 10
may automatically disable rotation of the robotic arm 14 so that the treatment head 20
remains level relative to the surface of the coupling medium. Ouncee the treatment head 20 15
positioned such that the distal portion or edge is just in contact with the coupling medium at
step 418, the next button 330 can be selected and the workflow advances to FIz. 22

{8177] Selecting the next bution 330 at the end of step 418 sets the reference point for the
software application to calculate the buovancy of the treatment head 20, Throughout the rest
of the procedure, the buoyancy s subiracted from the force measured by the robotic arm in
order {0 accurately determine real forces applied to the treabment head 20, As shown in FIG
22, the Ul 300 updates panel 306 to direct the submergence of the treatment head 20 to at
feast a point at which the surface of the coupling medium is above 3 minimum fill line {which
13 marked) on the treatment head 20 at step 420, As can be seen in FIG. 22, as the treatment
fiead 20 is submerged in the coupling mediom, Hve altrasound iroages from the ultrasound
probe 22 are displayed in field 308, During the driving of the treatment head 20, at step 422,

the buovancy of the treatment head 20 is detected and subtracted from measured forces
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applied to the treatment head 20 {g.g., by the robotic arm 14} to calculate the real force being
apphied o the treatroent head 20, In contrast to FIG. 9, no resistance indicator iluminates
when the treatment bead 15 forced into the ultrasound wedium because the buovancy force
from moving the reatment head into the coupling medium is being subtracted out of the
measured force. At step 424, the buoyancy value is stored in memory associated with the
computing device. The method 400 concludes tollowing buoyaney calibration with the
selection of the “accept” buiton 332,

{¢178] The buoyancy of the treatment head 20 is used to determine force applied to the
treatroent head 20 a3 a result of contact with the patient through the film or membrane 48 As
will be appreciated, by driving the robotic arm 14, force can be applied by the treatment head
20 on the patient. The buoyancy 13 a force that generally opposes the movement of the
ireatment head towards the patient and must be accounted for when calculating the force
applied to the patient by the robotic arm.  As will be appreciated, application of force on the
patient can move or shift the soft tissues of the patient, and potentially result in movement of
the treatment volume, esion or tumor being treated feading to image fusion issues as
described below. Though the ultrasound probe 22 may not necessarily covtact the membrane
48 and impart force on the patient, in some instances such contact, and application of force is
necessary to ensure that the application of therapy from the therapy transducer 18 reaches the
-Z distal-most {(from the treatment head 20} portions of the lesion or tumor. As noted above,
a resistance mdicator 222 as depicted in FIG. 9 provides a visusl signal of the resistance to
movement experienced by the robotic arm, and in some tnstances can limit further movement
of the transducer head or interrupt application of therapy when certain thresholds are
experienced. Indeed, the measured values, and related calibration values and/or methods,
may be further utilized during the procedurs 1o ensure the system accounts for and can react
to, various force scenarios, some of which may require pausing, terminating and/or
reinitiating various steps of the procedure and/or therapy.

FUSION

{817%] FIG. 23 {s a flowchart deseribing a method 600 of forming a fused image combiniog
wltrasonnd and pre- or peri-procedural tmages tor use in planning and undertaking g treatment
of a patient. Following completion of wethod 400, once the buoyancy is detected and veal
force calibration is complete (See FIG. 22), an ulirasonic 3D volume can be captured of a
region of interest in which the target to be treated s visualized. That captured 31 volume can
be then fused with pre- or -peri-procedural images {e.g., MRL, CT, CBCT, Xoray images,

and/or any other appropriate wedica! imaging), and subsequently the location of the live (213)
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ultragound image can be spatially determined relative 1o the pre- or -peri-procedural image
volume, To begin the fusion process a user-inderface (U1 500, as shown in FIG. 24, i3
depicted in the display 24 of the Histotripsy systern 10, Note that a skip fusion button 503
may be selected before or at any point during the fusion process to skip the process described
hergin below entirely and proceed (0 a planning phase, described below, without undertaking
a fusion process.

{6189} Following the instructions on the UL 300, at siep 602 the imaging probe 22 is
extended from the treatment head 20 such that it extends bevond the therapy transducer 18
and the user can drive the robotic arm 14 and treatment head 20 to locate a target area or
region of interest using for example the space mouse 36. During the process, live ultrasound
smages 302 are acquired and displayed in a panel 504 of the UL 300, Reference images
selected during the session (see FIGS. 12 and 13} are displaved in panels 506 and 508, and
the views displaved in the panels 504, 506, or 50¥ can be adjusted using buttons 309, At step
604 the treatment head 20 is placed to optirsize visualization of the target. At siep 606, the
treatment head 20 and imaging probe 22 are moved 1o place the region of interest and
particularty the fesion, if visible, in the center of the ulirasound image (as its Gieplayed on the
L} At step 608, the tmaging probe 22 is rotated to verify the region of interest in multiple
planes {e.g., sagitial and axial) using the orientation tab 40 to ensure that the visnalization of
the region of intersst and partienlarly the lesion ts approximately centered in the ultrasound
images in multiple planes.

{H181] At step 610 the imaging probe is moved to the Y position, as depicted in imaging
probe position indicators 303, Onee the imaging probe 22 15 50 positioned, & breath hold may
be initiated on the patient to minimize movement of the patient caused by respiration at step
612 and an ulirasound sweep is initiated af step 614 by selection of button 507, The breath
hold may be continued for the duration of the ultrasound sweep, and in some embodiments,
the ultrasound sweep time is less than the breath hold. Puring the nlirasound sweep, as
shown in FI(G. 25, the treatment head 20, driven by the robotic arm 14, 15 moved along the X
axis, about 30 degrees in -X and about 30 degrees in the +X divections from the starting
focation. In other embodiments, dependent on the imaging probe, patient size and/or
orientation, the ultrasound sweep could be as little as 15 degrees in both -X and +X directions
or is much as 45 degrees in both -X and +¥ directions. A progress indicator $12 on the U
500 shows the progress of the sweep, as noted above, movement of the treatrent head 20
during the sweep is along the X-axis, Ultrasound images are captured at any point or at

multiple points along the sweep at step 616, Further, more thao ove ultrasound image may be
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associated with a specific point along the sweep, however, data 1s typically recorded/saved
for only one sweep. The sweep may be configured to metion in a specific direction {e.g, an
arc of rotation of a specified distance or degree, etc ). In oue configuration, the sweep moves
first to the -X angle and then towards the +3( angle which is typically from the direction of
the patient’s feet toward the patient’s head, however, this is dependent upon the orieniation of
the patient relative to the system that was specified in step 412, This direction may he
changed in differcut erobodiroents. Upon corapletion of the sweep at step 613, the robotic
arm 16 and treatment head 20 stop motion and ultrasound imaging is stopped, as is the breath
hold, During the sweep, if movement of the robotic arm 14 and the treatment head 20
exceeds a threshold force, the sweep will automatically stop motion and move in the opposite
direction. For example, if the treatment head 20 came into contact with ancther part of the
sysiem, for example, a portion of the coupling assembly 46, while moving in the -X angle the
threshold force will be triggered and the motion of the treatrent head 20 will be stopped and
redirected in the oppostte direction (towards the +X angle). Likewise, during the sweep the
user has the ability to tnput a command to stop motion in the current direction via the stop
sweep button S10. For example, if the user wants the sweep motion to stop before reaching
the -X angle they can select the stop sweep button 510 which will stop motion will in the -X
direction and then start motion in the +X direction. The system may display real-time force
monitoring feedback in the svstem Ul including force notifications via text, color coded force
states, graphics and overlays, and/or other features. In some embodimenis, the system U1
may notify/display for users the location of the location of the source feedback (e g,
transducer housing corner, transiated ultrasound imaging probe, etc.).

{B182] At step 620 areview tmages panel 514 15 depicied on the U 5300 (FIG. 20). The
review images window 514 allows a user to review all of the images from the sweep by
plaving them as a video. The goal of the reviewing of the sweep 15 1o ensure that the region
of interest (including any anatomical landmarks and structures), and particularly the lesion or
target tor the histotripsy was fully captured in the sweep. As shown in FIG. 26 the review
images window 514 also alfows portion of the uitrasound sweep to be trimmed or clipped.
This may be appropriate in instances where the sweep included images that did not include
the region of interest or user would like those images removed for various reasons. The
trimning of the recording of the ultrasound images is an optional step 622, The review
images window 514 also alfows for the sweep 1o be repeated at step 624, by cancelling the
sweep, or selecting the “back” button the user can repeat the sweep which returns the method

i step 602, While panel 504 shows the ultrasound images o their standard plasar view, a
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second panel 516 shows the ultrasound images that were collated inte a 30 volume from a
side view orthogonal to the divection of the sweep. The collation into a 3D volume may be
achieved by associating each captured image {or frame) with a robotic position and time

stamp o form the volume. As shown in FIG. 26 the sweep comprises 507 images

capiured
during the swesp. By selecting one of the irim buttons 518 and dragging them along the
recording line 526, the nlrasound images associated with that point in the sweep are
displaved 1o the panel 504 as shown in FIG, 26, In this manner, a user can adjust the trim
buttons 518 to reduce the number of ultrascund images of the sweep. The movement of the
trim buttons S18 along the recording Hne 520 provides au indication of the portion of the
sweep that the user would like to trim or remove from the sweep. The goal of imming the
sweep is to remove any ultrasound images that do not contain clear data such as images taken
over bowel, Inng or blocking anatomy such as rib, which could impede the image based
fusion algorithm from optimally matching the ulirasound image data to the pre- or peri-
procedural images. As such, in some gxamples, sweeps may be taken over and/or in between
ribs to allow fusion using a franscostal and/or intracostal approach. As can be seen in Fi(s
26, moving of the trim bution S18 advances to the 105™ irnage of the 507 captured images.,
Once the triny buttons 518 have been utilized and unnecessary ultrasound images {e.g.,
tmages 1-104) have been eliminated, the save recoding button 327 can be selecied al step 626
to save the selected ultrasound images. As will be appreciated, the trim buttons 313 need not
always be emploved, and the save recording bution 522 may be selected without any
riroming. Further, trtimuming can be performed or displayed with other U screen indicators,
suich as a progress bar, ellipse, or other visual indicators or pop-up buttons not tlustrated.
{8183] Ifthe fusion step is not skipped, and once the recording ts saved at step 626, the next
button 523 is selected and the workflow progress to the Ul 500 depicted in FIG. 27 In FIG
27, registration of the ulirasound images 0o the pre-procedural reference tmages 13
undertaken. Panel 504 depicts the ulirascund image volumes in their standard orlentation,
and panel 323 shows those same ultrasound image(s) volume but in a sagittal view. Panel
506 depicts the axial view of the reference or pre-procedure image volumes, and panel 508
depicts a sagittal view of the same pre-procedure image volume. Shiders 324 allow for a user
io change the image within the volume being displayed in each the panes. Though described
here using the shiders on the Ul 500, those of skill in the ant will understand that the display
24 may be a touchsereen or the trackpad 34, or other toput device roay be used to effectuate
the scroll or manipulation of images hersin (2D and 3D}, in accordance with the disclosure

at step 628, the ultrasound image volume 1o panel 304 and the pre-procedure image volume
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in panel 506 can be scrolied through to identity landmarks or structures {endogenous and/or
exogenous} which appear in both the ultrasound 1mages and the pre-procedure tmages. These
may include vessels, ducts, nerves, organ surfaces, organ/tissue structures, layers and/or
components, and/or if exogenous, may include various forms of fiductal markers or devices
visible under multiple forms of imaging. The user may scan through the varions DICOM and
uitrasound frmages either on the touchscreen or trackpad, to locate anatomical landmarks.
Additionally, the nser may zoom 1o or out of the image screens 1o assist 1o locating the
fandmarks. One or more of the screens may automatically update/zoom in or cut when the
user zooms in or out of other views/images.  Once such a poind is identified n each the
“Registration Point A” button 526 can be selected, and a registration point 52€ can be placed
at the appropriate location on the ultrasound 1mage in panel 504 at step 630 and in the pre-
procedure tmage panel 500 at step 632, The user can optionally also scroll through the
sagittal images in panels 508 and 525 to confirm the landrnark prior to or after placing the
registration points 528 in the images in panels 304 and 506 If the placement of the
registration point 528 is adjusted in one of the sagittal plans views 525 or 508, the position of
the registration point S28 will be updated 1n the axigl views showo in pavels 504 and 506, B
sutticient landmarks for registration have not bean placed at step 634, the method may return
to step 628 with selection of the “Registration Poiot B” button 530, and another regisiration
point 528 can be placed in the ultrasound and pre-procedural image volume. This process of
identitying lendmarks and placing registration points 528 may be repeated 2,3, 4, 5,6, or
more times. In some instances, where a fine adjustment of position of the marker is desived,
cardinal arrows {not shown} pointing in four orthogonal directions from the registration point
528 may appear in one or mwore of the panels 504, 346, S08, and 525 enabling fine adjustment
of the position of registration point 5328, In certain embodiments, it may be preferable to
place the regisiration poinis in the same plane {e.g., axial, sagitial, coronal}) In some
embodinments, the U1 may display the imaging planes with the overlay of the treatment
head/therapy acoustic field lines/volume and transducer z-axis {coaxially aligned with the
ultrasound imaging probe}, o allow contextual viewing o the real-tire patient setup,
including with varnous forms of 31 patient models as well as 4D models including motion
modeling of the organ, target and/or turnor 1n context to the treatment plan.

{0184} As will be appreciated, to improve the nigid and/or detormable registration of the
ultrasound and pre-procedural images, i may be desirable 1o place markers as close to the
tumor of Iesion as possible. This could include the center of the lesion or target, if visible in

the ultrasound, or at a boundary of the lesion or tumor, however, other locations away from
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the igsion may also be employed. In one embodiment these locations are within about 5 om
of the Jesion or tumor. This proximity asasts tn corpensating for any deformation of the soft
fissues of the patient caused by the placement of the coupling assembly {and medium) on the
patient’s chest. The volume of the coupling medium is generally between about 10 and 20
fiters of fluid, and the weight of any portion of this fluid may compress the soft tiasues
causing them to shaft from the positions they were in during the capture of the pre-procedure
suages. By finding landoarks in proximity to the lesion or tumor, ultimately the target for
therapy, the regisiration in this area is enhanced, and the effects of compression the coupling
wedium reduced. In some examples, peri-procedural imaging (MRE, CT, CBCT, ete ) may
be acquired with patient coupling in place to allow for accounting of any body deformation
due to coupling ttself. In other examples, the patient baseling pre-procedural imaging may be
acaquired in the appropriate set up position for treatment. For example, iftreatment is to be
conducted in the lateral decubitis position, pre/peri-procedural images may be acquired in this
position.

{0185] If at step 634 sufficient landmarks or structures have been identified, the fuse button
332 can be selecied, and the application stored on the mermory in the computing device on the
cart 12 fuses the pre-or peri-procedure tmages with the ultrasound images to displays the
aial view in panel 504 aud the sagittal view o panel 306 in FIG. 28

{8186} To perform a fusion of images a variety of different methods may be employed as is
known in the art. An exemplary fusion process can inchude a process which involves steps
such as firsi, groasly orienting the uitrasound and pre-procedural or peri~-procedural image
volumes based on the system-to- patient orientations, such as that set at 412, above. Nexi, the
fusion process may seek to align the marked registration points in both the ulirasound images
and the pre- procedural or peri-procedural images to be spatially within 10 om of each other.
Next, 2 deformation model can be applied 0o the pre-procedural or peri-procedural image
volume to account for compression due to the coupling medium being placed on the patient.
The vlirasound volume does not require the deformation model because the images acquired
via the slirasound sweep already reflect the deformation from the coupling medium. Finally,
an image-based algorithm is engaged which secks to maich structures between the two image
vodumes. The result is a registration and ultimately a fusion of the ultrasound images from
the ultrascund sweep and the pre-procedural or peri-procedural images as depicted in FIG.

28, In other examples, an automatic registration algorithro may be utilized as a first fusion

step and turther refined/updated with landmarks and/or structures as a secondary siep.
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{0187] The sliders 524 allow a user to scrol! through the fused images in both panels 504 and
306 and view the fused images (step 638} to determine whether the fusion is sufficiently
close to enabile plasning of a therapy volume and treatment plan {described below).

{B188] If adjustments may be required {yes at siep 640) there are two opfions, first a back
button 534 may be selected, returning the method (o step 628 (o move or place new markers
328 as deseribed above. Upon selecting the fuse button 532 (FI(. 27} after adjusting
regisirafion poinis g new fusion s generated. Alternatively, i smaller changes are veeded, an
adjust registration points button 535 may be selected 1o FIG. 28 which returns 1o 3 screen
equivalent to FIG. 27, however, following adjustroents when the fuse button 532 s selected
the fusion algorithm starts from the previcus fusion result and modifies it based on the
updated registration points.

{4189} If registration point adjusiments are not sutficient to result in an accepiable fusion,
advanced adjustrnents {yes at step 641} are available through the Advanced Settings bution
536 (FI{3. 28) When the Advanced Settings button 336 is selected the workflow progresses
to FIG. 29 and step 642, which provides two opticns for manual alignment of the reference
suages (the pre-procedural or peri-procedural 1mages) so that they align with the ultrasound
images. By selecting the drag button 338 the pre-procedural or peri-procedural images in any
plane selected can be dragged to fuprove the alignment with the ulirasound fmages.
Nimilarly, button 540 allows the user to roiate the reference images {i.e , the pre-procedural or
peri-procedural } images to improve the alignment of the fused fmages. To further assist in
this alignment, a blending mode field 542 is provided. The blending mode field 542 includes
a slider 543 for adjusting the opacity of the reference or pre-procedure images, as well as a
toggle 544 for turning on and off the display of the ultrasound ireages and the registration
points 528, As will be appreciated, turning on and off the display ultrasound umages wil
allow for closer inspection of the pre and/or peri-procedure tmages, similarly changing the
opacity of the pre-procedure images can assist in reducing obscuring features of one image
data set as it is fused with the other. The toggle 344 allowing the toggling off the display of
the registration points 528 allows for the images 10 be adjusted without necessarily
considering the locations of the registration points on the images. As will be apprecigted, the
slider 543 and toggle 544 can be used in various combinations as the user observes the
changes to the UL 500 in an effort to adjust the alignment of the ultrasound and the pre-
procedure images. The blending, rotations, and dragging of images may be repeatedly
adjusted and assessed, including re-marking of the registration points until the user has

obtained an acceptable fusion
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{0196] FIG. 30 shows an additional aspect of the blending mode figld 542 available when
display of registration poiuts 528 are toggled on, a registration point divergence Hmit 545,
This limit, which mwray be selected by the user, allows for a certain level of divergence tn the
focation of the registration points marked in the two image data sets after fusion. The smaller
the divergence, the closer the registration points 528 must appear in the final fusion of the
images, and the greater the divergence, the tfurther apart they may appear and still provide an
accepiable fusion of the sages. The divergence lout is most helpful when user is either
very confident or not very confident in the placement of the registration points. In one
aspect, by default, a mid-range (10mm) divergence hmit 15 set. I the chinician is very
confident of the fusion, they might seek to improve the fusion by tightening the divergence
Himit. If the clinician is not confident of the fusion, and not confident that same
fandmarks/anatomical locations are actually marked in both image sets, they night seek to
improve their fusion by loosening the divergence hmit

{8191} Once all desired manual alignments are completed and the desired divergence set the
fuse button 532 may be selecied and the application again tises the pre-procedural or peri-
procedure tmages with the ultrasound images, taking into account the adjustment made, and
then returns 1o step 638 for review of the fusion where the axial view in panel 504 and the
sagittal view in pavel 306 are displayed as shown in per FIG. 28

{8192} If the fusion s acceptable {not at steps 040 and 641}, the live fusion can be
undertaken by selecting the next button 537 (FIG. 28). At step 46 the pre-procedural or
peri-procedural images are fused with the Hive ultrasound images from the ultrasound probe
22 and displaved in panels 304 and 506 at step 646 and shown in FIG. 31

[8193] The images that appear in FIGE, 28-30 are static fused images, that is they are static
fusions of the ultrascund images from the sweep and the pre-procedurs images. Because
these tmages were captured using the robotic anu 14, the position of the treatruent head 20,
and particularly the ultrascund probe 22 at which each image was captured in known and
stored in the memory of the computing device. By registering these static images, and
adjusting the registration points 528, the hisiotripsy system 10 is able {0 subseguently fuse
Hive streaming ultrasound images the position at which they are captured with the pre-
procedure images as depicied in FIGL 31

{3194] Onee hive fusion 1s available as 1n FIG. 31, the user can verify that the anatomy is
aligned throughout the region of interest {e.g., a fesion or tumor or area of unwanted tissue).
This can be done by using the space mouse 30 0 move/position the robotic arm 14 with the

reatment head 20 and imaging probe over the region of interest and observing the fusion

-47 -



10

15

20

25

30

WO 2024/221001 PCT/US2024/025730

through this area at step 648, Any movement of the treatment head 20 and therewith the
therapy transducer 18 and the tmaging probe 22, whether robotically or manually, is
accurately represented tn conjunction with a change in the view of the pre-procedural images.
As part of this verntfication the imaging probe 22 may be rotated at siep 650 to confirm
avatomy alignment in multiple planes, As shown in FIG 31 with reference (o panel 506 the
outhine 546 of the orginal ultrasound sweep 1mage volume is projected on the sagittal view.
This enables the user to observe whether the imaging plane that is being displayed in panel
504 is within the range of input data used to gensrate the fusion to the pre-procedural images.
The fusion is expected to remain most accurate as long as the live ultrasound remains withio
the range of input data. The live fusion images can be moved, rotated, as well as zoomed or
panned o and cut of to confirm the alignment of the anatomy. At step 652, if the anatomy is
aligned in the region of interest around the tumor or lesion, then the accept button 548 can be
selected and the fusion process ends, and images displaved in the Ul 500 or subsequent Ul's
in the workflow {described below) will show the live fused fwoages. As can be seen in FI
31, the registration points 528 may no longer be shown in the live fused images. If the fusion
is not acceptable 1o the user the back button 534 may be selecied which returms the method to
step 638 for renewed fine adjustment, or a repeat sweep button 550 may be selected which
return the method to step 602 to restart the fusion process.

{8195] A nunrber of reasons may result in the fusion being unacceptable. First the ultrasound
sweep images were acquired during a breath hold with the lungs generally inflated, which can
cause some movement of the anatoroy within the patient. In covntrast the Hve ultrasound
images are acquired during normal tidal breathing. Secondly, the registration points may not
have been correctly identified o the separate imaging data, or they ruay bave been selected
too far from the tumor or lesion. Further, the divergence limit may have been selected to
iarge, resultiog in poteutial musmatches of images. Any or all of these along with other bases
may be the cause of an unaccepiable fusion requiring a renewed adjustment or even a re-
sweep of the ultrasound probe 22

{8126] FIG. 32 depicts a further feature with drop down 552 which list of fusion results
available for review at step 638, The drop down 532 allows the clintcian 1o troubleshoot their
fusion result by comparing results with different inputs {example: adiusting registration
poings) o gives them an option to seiect an earlier result with which to proceed to live tusion
review. o this manuver, the clinician can make multiple atteropts to perfect the slignment and

compare the results until achieving an accepiable fusion.
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{81971 In other embodiments, the DICOM data comprising the pre-procedure imaging may
also be modified in various wanpers, ingluding various segmentations {organs, structures,
upwanted tissue volumes, etc), pre-plans comprising simuiated contours and placement of,
and/or other visualization features that may be used to inform targeting and localization and
treatment plaoning in subsequent work-flow steps. In some examples, treatment plans may
be displayed over the pre-plans, including the display of the contours {described in greater
detail below) with may be distinet in their features from the pre-plan {e.g., represented ag a
different line type, thickness and color than the “contours”™ ).

PLANNING

{8198} Following completion of the set-up method 400, the workflow described in this
disclosure and optionally the fusion process of method 600, the workflow proceeds to a
planning stage. At this stage, the clinician can plan one or more hisiolripsy therapies fora
given patient. The workflow also allows for the clinician to recall and display prior treatment
therapies and/or treatment plans so that additional overlapping or non-overlapping therapies
can be planned.  The Ul 700 switches the indicators 702 from highlighting the “Localize” tab
i highlighting the “Plan” tab, after plavuing is completed the “Treat” tab will be highlighted.
These tabs aliow for a user to understand where in the workflow the user 15 af any point
during the procedure. The planving stage is described i connection with method 8§00
described by the flow chart in FIGN 33A and 338 and UL 700 depicted tn FIGS. 34-40. FIG.
34 depicts a Ul 700 for presentation on the display 24 used in the planning of a histotripsy
procedure. Unlike most procedures, this planning occurs o site with patient in position on
the patient surface {e.g., interventional or operating table), thus there 1s no express need 1o
register pre-procedure tmages with the live ultrasound tmages {e.g, the procedure way be
purely ultrascund guided). However, as described above, fusinn of the pre-procedurs or peri-
procedural CT, MRI, PET, and/or other image data sets enables display of these images 1o
context with real-time live ultrasound images.

{6199} Ul 700 includes a number of buttons 704 that allow for different aspects of the
planning process that follows to be undertaken. These buttons 704 nclude a “Contour
Diameter” button, “Margin Size” button, and a “Focus” button. In certain embodiments,
these buttons 704 may display as “Contour Diameter”, “Margin Diametes” and “Foeal
Steering”. 1 should be understood that Contour Diameter means the comtour diameter of the
fesion or tumor of interest, which in some embodiments may be up to and incloding 3 om.
The Margin Size or Margin Diameter provides an additional .5 cm arcund each side of the

contour, which for the diarseter contour may be about lom intotal. In certain embodiments,
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various combinations of the contour diameter and margin size/diameter may be 4 cm in total.
Selection of one of these buttons allows various parameters of the procedure 1o be planved or
adjusted as described heretnbelow. It should be further noted that the various displays on the
U, including but not limited to contours, margius, focal peints, and/or indicator/field lines
may be selectively displayved or removed from Ul display during specific timepoints in the
user workflow, which may enable better visualization of the lesion of interest during planning
o treatient,

{0288] In FIG3 34, and Ul 700 the bive ultrasound images 706 are displayed in a fused fashion
on a corresponding slice 708 of a peri-procedural or pre-procedure image (e g, CF, MR, or
another image) in field 710, based on the fusion method 600, described above. In field 710
the images deptet an ultrasound view which corresponds in this example to an axial view of
the patient. A related sagittal view of the ultrasound image 706 fused with a peri- or pre-
procedure image is depicted in Field 712, In field 712, an indicator 714 the outline of the
ultrasound aweep that was used to generate the fusion, with the purpose of indicating whether
the image view overlaps with the original fusion data which indicates the fusion s more
reliable. Field 716 depicts a 3D model 718 formed from pre-procedural or peri-procedural
images (e.z., a CT or MRI tmage data set} fised with a live sltrasound image 720. The 30
mwodel 718 15 vegistered with the ultrasound image 720 and displayed as a fusion 3D model
with the live ultrasound tmage 720, The live ulirasound image 720 is displayed in the
anatomically correct location o the 30 model 718, Asthe trestment head 20 and particularly
the ulirasound probe 22 s moved above the patient, the ultrasound image 720 and s position
within the 3D model 1s updated accordingly. The 3D model 718 also depicts an gcoustic
pathway volume 722, which 13 the volume through which the therspeutic ultrasound enutted
from the therapy transducer 18 is to pass before arriving at the focal point where the therapy
occurs, Two-dimensional representations of the acoustic pathway volume 722 are displayed
in fields 710 and 712 as field lines 724 which terminate at a focal point 726 densted by a
cross or other indicated. The field lines allow the user to understand/visualize potential
obstruction and fusther allow users o minimize {or avoid it if possible) those obsiructions.
However, i should be understood that in many cases a target tissue volume may not be
completely free from obsiructions. By default, the focal point 726 is placed at the further
point in the -2 direction {deepest within the body of the patient or turthest from the surface of

~
7
¢

the patient’s skin) relative to the target 728 and the margin 732 covtours. The positioning of
the crosshairs 726 at this location, following steps described below allows the user to confirm

a deepest poind of therapy is clear of potential obstructions and/or the despest point of therapy
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required will receive a histotripsy freatment. As will be appreciated, in the absence of a
fusion, no fused images are displayed o Field 710, but rather all the planving steps as
described herein below occur on the live ultrasound images, optionally with either pre~
srocedural or peri-procedural images being displayed in Field 712 1o assist the user if they
were imported during patient registration,

18281} Upon exiting the localized portions of the worktlow (e g, method 400 foliowed
optionally by method 604 thus either with or without fusion) U 700 is displayed and an
initial target contour 728, is antomatically displayed. The target contour 728 is the initial
representation of the shape of 8 tumor or lesion 1o be treated. In one embodiment, the default
target comtour 728 has initial dimensions of 20 mny along each of the X Y, and £ axes, as
noted by indicators 730, As described below, the value denoted in the indicators 730 can be
adiusted by knobs 28, and thus the target contour 728 can be adjusied to more closely maich
the target contour 728 to the actual shape and size of the tumor or lesion to be treated. In
addition using the space mouse 36 and X, Y and 7 knobs 28 functicnality the location of the
target comtour 728 can be moved o a more appropriate {ocation if determined by user. A
margin indicator 732 18 alse depicted around the target contour 728 and depicts a volume of
tissue around the target contour 728 that will also receive therapy to ensure that the lesion or
tumor is entively treated. As will be described in detail below, the size of the margin
wndicator 732 defines a boundary arcund the target contour 728 that s a set value {e.g., 2,4, 6
s b that may also be adjusted by the user or system to increase or decrease the margin
around the tumor or lesion being treated.

{0202] The method 800 starts with step 802, where the treatrment head 20 18 positioned using
gither the freeduive buttons 44 or a space mouse 36 operably connected to the robotic arm 14
such that the imaging probe 22 is located at the general area of the mark optionally placed on
the patient in connection at step 408 of wethod 400, As noted sbove, the vlirasound probe 22
is capturing ultrasound images for display in field 71C, and the treatment head 20 ts moved
such that the tumor or lesion to be treated can be observed in the live ulirasound images 700,
Additionally or aliernatively, the tumor or lesion 1o be treated may be identified using
surround/adjacent anatonical landmarks. For example, this may be particularly useful when
direct visualization is at least partially obscured or limited. This may require movement of the
treatment head 20 around the mark to ensure that an acoustic pathway volume 722 and field
fines 724 are subsiantially free from obstructions or blockage (e g, vibs, cartilage, bowel, G

gas, etc) that can impact the energy requirements to effectuate therapy of the lesion or tumor.
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{0263] The Ul 700 1s configured to allow a user to create and display a plannad treatment
volume. As noted above, planned treatment volume ncludes a target contour 728, around the

oy o

oy or lesion and a margin contour 732, around the target contour 728, Both margin

~
‘
/

contour 732 and target contour 728 are contigurable by the user. Further a default
configiration, as shown in FIG 34 may vary in size and shape based on application or organ
area of intended use {e.g, Hver, kidney, thyroid, hreast, etc ). Further both the target contour
728 and woargin contour 732 may have sysiern froposed Houts (e.g, meivimum or maximum
SiZe OF eCoeniricity, &ic. ).

{8204] A planned treatiment volume may be displaved to users through the U 700 ju various
ways, including but not lunited to 2D views of fields 710 and 712 or the 3D model of figid
716, and using real-time or Hve streaming imaging data, or previously coliected pre-
procedure tmages (U7, MR, etc ), or peri-procedural imaging acquired during the procedure
{cone bearmn CT, intraoperative U7, ete ) that are fused to the real-time imaging data. The
planned treatment volume may be displaved as graphical features or computer-generated
overiays or models, which may further display kev plan features or therapy transducer related
festures analogous to the acoustic field Hues including a geometric focus or focal points 726,
default therapy focus based on predicted aberration/attenuation, and such features may
change position or location dynamically based ou motion of the robot or position of the
imaging probe 22, Further details of generation of the treatment volume and displaying the
treatment volume on the 11 700 are outlined in conjunction with method 800 below.

{6285] Upon eniry into the UE 700, {e.g., following accepiing the fusion at step 652} the
application automatically selects the contour diameter button 704 for Hlumination and 1t is in
with respect to the target contour 728 that initial planving is undenaken. The user may
optionally selgct the margin size or the focus steering buttons, described in greater detail
below. Accordingly at step 804 the user ensures the contour diameter button 13 ighlighted.
At step 806 the treatment head 20, with the imaging probe 22 viewing in the Y2 plane {e.g.,
the axial plane of the patient), 1s moved by driving the robotic arm 14 using the space mouse
36 or freedrive feature unti] the target contour 72% is centered ou the target tumor or lesion in
the YZ plane. Note while moving the treatment head, resistance to movement experienced by
the robotic arm 14 is observed and displaved at all times and movement is slowed if
resistance excecds predefined thresholds, as described further below. Onee the target contour
728 iz approvimately centered over the tumor or lesion the Y and 7 the dimensions of the

default target contour 728 are adjusted using knobs 28, to change the dimensions of the target
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contour 728 in each of ¥ and 2 dimensions, the adjustment of which is depicted graphically
in indicators 730

{6206} Along with cosuring that the targst contour 728 is centered on the fumor or lesion,
while moving the robotic arm 14 and imaging probe 22, the acoustic field lines 724 are
displayved on the U] 700, During this movement, the user can use the field lines 724 as a
guide to factlitate mintimal intersections with blocking structures {e.g., bone or other tissues)
that can negatively impact the performance of the therapy by iucreasing the energy needed io
achigve therapy. Alternately, the field lines 724 can be used to confirm the histotripsy
treatrent window with knowledge of any intervening structures. In order to reduce
intersection with blocking structures, the treatment arm menu 733 may be opened and motion
tvpe of the robotic arm 14 may be limited to rotation only. Then space mouse 36 13 used o
rotate the position of the treatment head 20, while the target confour position 728 19
maintained over the tumor or lesion. Target contour position 728 may also be maintained
over/adiacent anatomical landmarks as directed by the nser when direct visualization may be
obscured. Confirmation that the acoustic pathway is free from obstruction at step 808 can be
performed siroultancousty with step 806, Alternately, confirmation that the acoustic pathway
is preferable including obstructions can be performed here as well. In particular, the 3-D
volumetric view itlustrated i at least field 716 may provide acoustic pathway information (o
the user,

IB247] At step 810, the imaging probe 22 is rotated 90 degrees as shown with reference to
position indictor 219 in FIG. 35, to view the X7 imagiog plane {e g, sagitial plane of the
patient), and the treatment head 20, and particudarly the imaging probe 22 are moved until the
target contour 728 i3 centered on the target tomor or lesion in the X7 plane. In other words,
target comtours 728 are assessed in more than one plane. Those of skill in the art will
recognize that this centering will take into sccount moversent of the tumor or lesion through
the breathing cycle of the patient, which are generally visible in the sagittal plane. The mmor
or lesion is tntended to rematn withing the contour through movement of the breathing cycle.
The X and Z dimensions of the target contour 728 are adjusted using knoba 28, to change the
dimensions of the target contour 728 in the ¥ and 2 dimensions. Again, ensuring the field
fines 724 are fres from obsiructions or field lines indicate the preferred treatment window is
undertaken at stop 812, which can be performed simultanecusly with step 810

{8208] Following steps 310 avd §12, the imaging probe is rotated back 90 degrees to view
the Y7 imaging plane {e.g. axial plane of the patient) at step 813 1o confirm the target contour

728 remain centered on the target tumor or feston and the acoustic field contains the minimal
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amount of blocking structures. If necessary, the process is repeated from step 806 through
step 812 until the contours are centered on the tursor or lesion and the acoustic field s
optimized io both or more than ooe imaging plases.

{6209] Next, using one of the knobs 28, as depicted in indicator 730 the margin size can be
adjusted at step 314, As shown in FIG 36 the margio is set at 3.4 rom, however, this value
can be increased or decreased as needed to ensure a margin of sufficient volume is defined.
However, the margin, which defines geverally healthy tissue that will be sacrificed to ensure
complete treatment is usually reduced to as small as size as appropriate so that as much
healthy tissue as possible is spared from the therapy.

{8218} Arstep 810, following selection of the focus button 704 in FiG. 37, the focal point
726, depicted as crosshairs can be adjusted by moving a cross 734 up or down the focal axis
735 using one of the knobs 28 as and shown by indicator 730, depicted in FIG 37, Foeal
steering is adjusted using one of the knobs 28, as depicted in indicator 730 at step 816 in
order {0 reach the required depth. As shown in FIG. 34, the default focal point 726 is placed
at the furthest point in the -Z direction (deepest within the body of the patient or furthest from
the patient’s skin} relative to the target contour 728 and the margin contour 732, Adjustment
of the focal point 726 may be required if the planned treatment volume cannot encompass the
distal edge of the target tumor. The planned treatroent volure may vot be able to evcompass
the disial edge of the target tumor if moving the treatment head further would bapinge on the
patient’s abdomen. Following adjustment of the focus, steps to adjust the location and size
target contour 728 and margin contour 732 may be repeated. In some ersbodiments, the user
may opt to change treatment heads in order to obtain a different focal depth. A treatment
hiead having more transducer elerpeuts may provide therapy deeper within the patient. o the
alternative, if the targeted lesion or mumior is located inv a shallow or less deep portion of the
body, the user may select to down-size to a treatment head with less transducer elements to
reduce energy application to the tissue.

{68211} Once the user is satisfied that the target contour 728 and margin contour 732
substantially conform to the tmor or lesion over the entivety of the tumor or lesion and that
the field lines 724 define a volume that 1 substantially free from obstructions over the
entitely of the tumor or lesion{or the preferred acoustic window has been achieved including
obstructions), the user may select the a next button 738 to initiate a plan verification step at
siep §18 and the UI 700 as shown to FIG 38 is displaved.  As the workflow advances to the
plan verification, the application saves the location of the target contour 728 and the target

margin 732 (i e, the planned treatment volurse) in roemory, which ts sometimes called
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‘locking’ the plan to the target tumor or lesion ipcation. Once the plan is locked, movement
of the robotic arm 14 with the treatment bead 20 1s decoupled from the plan’s location such
that as the robotic anm is moved the contowrs displayed on the ultrasound image will bea
cross-section of the planned treatment volume caleulated by the application based on the
current focation of the robotic arm relative to the location of the saved location of the planned
treatment volume. As will be appreciated, the robotic arm 14, drtven by the mouse 36, adjusts
the position of the sitrasound probe 22 so that a user can observe the entrety of the tursor or
fesion and ensure that in the entirety of the tumor or fesion is within the target contour 728,
This movement of the imaging probe 22 also belps confm that tumor or lesion is within the
target comtour 728 during the respiration cycle. If at any point in moving the imaging probe
22 the wmor or lesion is outside of the target contour, the contour can be adjusted using the
Enobs 28,

{6212} In some examples, the user may be allowed to “lock” the contours and treatment plan
in 31% space as displayed on the Ul and further allowed to robotically survey arcund the plan
to inspect adjacent anatomical spaces/iocations and/or organs and structures. This step may
be used to help assess plan position for procedures using fusion wherein the vlirasound
visualization of the tumor itself is challenging, but the tissue imaging is adequate. In this
example, the user may use anatorvical landmarks or structures 1o the DICOM data (e.g., MRI
or O or CBUT) to verify the tumor and plan location. In other examples, the user may
simply use this feature to assess plan parameters and placement in the streaming ultrasound.
I some examples, wherein senaitive organs (pancreas) and/or siractures (bowel) may be
close to the plan, this may enable users o assess the treatment site in greater detail and
perspective. In some configurations, with the plan focked, the system may comprise return 1o
plan, or survey point featurss {and graphics and £/ inputs} to aliow the system to
autornatically position the plan back o the center point {and/or other plan location) per the
users discretion/desire.

{6213] Once the systermn includes a locked plan, that locked plan may be stored or linked with
a specitic treatment protocol {and tumor) or a specific patient.  If additional treabments are
required or preferred, the locked plan may be accessible in the tuture such that once the
patient is positionsd for treatment, the histotripsy system 10 may be configured to recall the
focked treatment plan such that the robot arm may be avtomatically driven within 3D space
and the therapy transducer positioned and aligned with a center point {or an alternative
identified point) within the locked plan. By aligning with a locked plan, the patient set-up

including localization and specific steps of the planving steps may be omitted. In some cases,
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the Ul may be configured 1o also show markings of previous user selected plarn {ocations,
including where the user bas assessed the potential placersent of the treatroent plan, including
the display of potential crosshair locations {e.g., as a plan center point}, of a representative
potential treatment plan. In one exarple, the system software may aliow the user to assess
multiple plan locations, wherein allowing the user to mark those locations, enabling the
systern software 1o store the position and pose of the robot, allowing the user to returmn to
previous plan locations as desired. In another example, this fusctionality may be configured
to allow assessing and positioning multiple treatment plans in context 10 one another in 3D
space, including allowing the user to overlap treatment plans and/or space ther apart, as
defined by the user.

18214] An interactive, representative graphic of the target contours 740 is shown on the Ul
700 in FIG. 38, adjacent to the buttons 703, that allows the center point and extrerns poinis of
the plan along the X\ Y, and Z axes {e.g -X, +X, Y, +Y, -2, +Z) which may be called “plan
or survey points” 739 to be selected. In one embodiment, this functionality may be
configured to allow users to command the robot to automatically survey various points in the
olan wncduding, as an example, the plan exirerses and/or center poind, based on the user
selected plan or survey point. In one example, at step 820, a user may select one of the
survey points 739 1o the target contour graphic 740 at step 820, The actual survey point
focations associated with the target contour graphic 740 are defined by the target contour 728
which was generated at steps 806-812. In one aspect of the disclosure, at a miniraurm the -2
survey point 739 must be selected, and the move to point button 742 depreased at step 822
moving the treatment head 20 such that the focal point 726 of the therapy transducer 18
arrives at the -7 posttion of the target contour 728 set in the previous steps. The -Z position
i5 the highest point {8.g., vertically from the horizontally taving patient) in the target contour
728 that will be treated by the therapy transducer 18 in subsequent aspects of the workflow.
As noted on the Ul in field 744, verification that the ultrasound medium is adequate (1.2, the
therapy transducer 18 remains submerged and free of air bubbles) ensures that during a
subseqguent treatment phase, good ultrasonic coupling of the therapy transducer 1€ and the
patient is achieved at all times. A visual inspection of the therapy transducer 18 may confirm
the therapy transducer is free or air bubbles and remains subrerged. Further, in some
embodiments, colored indicators on the Ul may provide information gbout the spatial
focation of the ireatment bead. At step 824, while rwoving the therapy travsducer 1340 a
survey point 739 of the target contour graphic 740, a resistance 1o movement experienced by

the robotic arm is observed at all times. If the resistance to movement is greater than a
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thrashold, at step 826, an indicator may be displayed on the Ul 700 (e.g., a color boundary
yellow, orange, ot red see FIG 9) and the movement of the therapy transducer 18 and
ireatinent bead 20 is slowed. The resistance continues to be monitored to determine if the
resistance exceeds a second threshold at step 828 If the resistance exceeds the second
threshold the movement of the robotic arm 14 and the treatment head 20 may be slowed,
paused and/or stopped at step 830 and mitigation measures may be displayed at step 832
Further, the Ul may display the origin and/or interaction causing the force feedback (e.g,
focation on treatment head interacting with the patient and/or coupling frame, gtc. ). As will
be appreciated, more thresholds way be emploved without departing from the scope of the
disclosure. For example, a first threshold may result in a reduction of spesd to 50% normal
driving speed, a second to 25% or normal driving speed, and a third threshold stopping of the
drive of the robotic army 14 I, however, at step B28 the reaisiance remains below the second
threshold, and the user has not terminated the movement of the treatment head 20, the method
continues 1o step 834 where 2 delermination is made whether the survey point 739 has been
reached. H not, the method returns 1o step 26 for continued slowed movement, howsver, if
the survey point 739 has beew reached, the method proceeds to step 836, which may also be
arrived at if during step 822 the resistance 10 movement never exceeds the first threshold, At
siep 836 an inguity is made whether additional survey points 739 veed to be driven to. [yes,
the method returns to step €20, however, if sufficient or all of the survey points have been
driven to then the user may select the next button 746,

{E215] At aony point during plan verification, {e.g., following display of mitigation measures}

~
I

a user may select one of the buttons 704 and adjust the target contour 728, the margin contour
732 or the focus 726 at step 8§33 {as those features were described above) and then re-cuter
plan verification, as described above, without navigating away from the UI 70 depicted in
FIG 38 The user may feel the need to adjust the plan based, for example, observing that 2
portion of the tumor or {esion is not within the treatment velume or because the resistance to
movement experienced by the treatment head 20 is too great for their procedure. As
disclosed previcusly, these steps may comprise using and/or returning to a previoushy saved
position/pose 1o assess alternative approaches.

{6216} In addition, as shown in FIG 38 as plan location bution 736 is now available. When
plan location button 736 is selected, the knobs 28 may be used to adjust the plan location in
the X, Y, and 2 axes and the contour position is immediately updated accordingly on the
uitrasound image in the form of one of more image overlays. This is an alternative to using

the back buiton o return o step 804 and begio adjusting the plan location. [u the case the
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user would like to change the angle or position of the treatment head 1o further optimize the
acoustic field, they must select the back bution and return 1o step 804, In some embodiments,
the aystern software may allow the user to fock on a target location, and survey around the
selected point to assess the most optiral or user preferred acoustic window to the user
selected target. In some examples, this may allow users 1o assess tradeof decisions where an
approach may include bowel and rib obstruction, and to select a preferred approach around
and/or through these structures. In some representative exaroples wherein a user may be able
to use this feature 1o avoid bowel but still treat through one or more ribs. In ancther example,
this festure may also be used to assess potential physical collisions with the patient and/or
coupling setup, in addition to assessing the acoustic pathway.

{8217} As can be expected, moving the treatment head 20 such that the focal point 726 is at
the +2 survey potnt 739 is likely to ruest the most resistance, thus in accordance with one
aspect of the disclosure at least the +7 and -2 survey points are driven o using steps §20-836.
In ancther aspect all of the survey points 739 are driven to ensure that during a trealment
phase, resistance exceading the second threshold is never experienced. Further, other
protocols for limiting moton when breaching one ot maore thresholds may be employed as
described elsewhere herein.

{8218] Following selection of the vext button 746, the UL 700 depicts the tmage of FIG 39
As shown in FIG. 39, at step 338 the user s asked to place a marker 748 in the ultrasound
smage 706 displaved in field 710 at the intersectinon between the body and another location, in
this case the muscle layer and the suboutansous fat fayer of the patient and/or the plan
focation. Following placement of the marker 748 the user may select the next hutton 750 and
the UL 700 displays the image of F1G. 400 At step 840 the target contour 728 margio 732 are
confirmed as aligned with the wmor or fesion throughout the breathing cycle, and in multiple
planes by rotation of the imaging probe 22 to display Hve oltrasound with the target contour
728, the margin 732, and the field lines and the position of the tumor or lesion observed
refative to these plans and planes {e g, axial and sagittal, eic), to ensure the lesion i
positioned in context to the contours per user preference and treatment intent. In one
example, this includes ensuring the tumor and/or targeted tissue is fully enveloped in the
contiours io ensure complete tumor/ftissue destruction. In a different example, 3 user may
desire the treatment plan to partally treat the tumor/targeted tissue, including potentially and
intentionally feaving remaining tumor and/or non-tumor tissue adiacent o the treatment. The
work-flow may continue to include the reatment head 20 1o be driven fo the -2 point in the

plan to again confinn the coupling medium level within the coupling assembly 44 g
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sufficient such that at the -7 position the treatment head remains sufticiently submerged in
the coupling medivm. Onee the treatoent bead 20 has reached the -2 point the accept bution
754 becomes available. Optionally the treatment bead 20 may again be driven to any of the
other survey or plan points 739 by selection of the survey point 739 and the move to target
button 742, For example, this may serve to both gnsure no force or resistance tesues will be
encountered in terms of physical oollisions or tnteractions with the patient or coupling
assembly {e.g., verifying that the focal point 726 can be mansuvered to the +7 position). The
step of placing a marker at the intersection between the muscle laver and the subcutaneous fat
fayer of the patient may be repeated i), for example, the treatment head 20 changes position.
{0219} If at any point the target contour 728 or margin 732 are found not to align with the
tumor or lesion through the breathing cycle, as observed on the real-time ultrasound and/or
using other imaging data, the adjust plan button 752 may be selected and the method retum to
step 804 where the target contour 728 18 redefined. However, it the plan is verified at steps
340 and &42, the accept plan button 754 may be selected o move to treatment.

RESISTANCE DETECTION

{8228] Atvarious points during the localization, planning, or treatment phases of a
procedure, the robotic arm 14 and the treatment head 20 may encounter resistance 1o motion
and/or increased force feedback. Due to said resistance, forces and potential collisions, the
system may be configured to store/record the pose and position of the robotic arm and
treatment plan and/or target location, to allow users to locate and/or return to the respective
pose, positions and locations should the system encounter resistance and/or force requising
the treatment head 1o be positioned away from the patient. Fusther, part this resistance to
motion, af feast generally in the -7 divection, s the buovancy of the treatroent head 20, which
may be accounted for and/or continuously calculated and removed from the resistance
measurement, as described in of metbod 400, During motion and movement of the robotic
arm 14 and the treatment head 20, the Histotripsy system 10 monitors the resistance {forces
acting on the treatment head opposite the direction of motion) caused by physical interactions
of the treatment head and the coupling assembly 46 or the patient. As the treatment bead 20
is moved to cach survey point, or otherwise moved about the patient, understanding
resistance and foree interactions ensure the therapy transducer 18 can deliver Histotripsy o
all portion of the target contour 728 and the margin 732 without injury or damage the
equipment or patient. Further, as noted elsewhere pressure applied to the patient, via the
treatment head 20 can alsc cause the soft tissues of the patient to potentially move, shift or

distort/deform. This distortion and/or deformation, may be problermatic when utilizing the
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fusion application {described above} or the 312 fusion models 718 resulting in a potentially
induced tmage-to-body divergence. Thus, in creating the 3 fusion weodel, and subseguent
treatment plan, the force or preasure applied 1o the patient by the by the treatment head 20
must be kept at and/or below a defined threshold to ensure that target contour 728 and margin
732 accurately reflect the tumor or lsston fo be ireated and that the areas of the patient to
receive therapy are not distorted which can result in incomplete therapy, or applicanion of
therapy to fissues outside target contour 728 or margin 732, In some system embodiments,
the fusion model may include various additional sensor inputs 1o aliow tracking movement,
distortion and/or deformation, and further enable a dynamic deformable registration moded
updated 10 account for such issues.

{8221} In accordance with the disclosure, indicators of the magnitude of pressure or foree
being applied to (or applied against) the patient or resisiance 10 movement of the treatment
hiead 20, mav be displayed on the Ul as resistance indicator 222 (See e.g., UL 200 in FIGS 2
and 103 Asshown, the UT 200 is surrounded by a different colored border or resistance
indicator 222, The color of that resistance indicator, 2.z, vellow for low resistance, orange
for medium resistance and red for resistance i excess of a threshold, can change as the
robotic anm 14 and the treatment head 20 are moved above and/or arcund the patient. Thus,
the resistance indicator 1s an indicator of the magnitude of the force the robotic arm 14 roust
apply to drive the treatment bead 20 to a Llocation on the patient to overcome the resistance to
that motion of the trestment head imparted by the patient’s bedy. In some aspects of the
disclosure, based on pre-defined thresholds or limits, the histotripsy system 10 may enable or
disabie certain aspects of both the treatmment head positioning interface controls {e.g., use of
freedrive buttons 44) of the robotic arm and/or the system user futerface console, including
but not limited to the space mouse 36, Further the Histotripsy system 10 may have
specifically designed responses and actions upon reaching the respective resistance or force
thresholds/timits. This may inclade/have simitar or distinct behaviors based on the origin of
the forces {e.g | telescoped treatment head imaging probe versus a coupling collision, etc )
Though above with respect to method 300 only two such responses were deseribed,
specifically slowing the drive of the robotic arm 14 and treatment head 20 or stopping the
drive, these responses are not so limited and may include slowing, pausing, reversing,
movement of the robotic arm 14 and treatment head 20, or may be configured not to modify
any Histotripsy system-directed automated motion or movement of the robotic arm {e.g

automated movement (o plan points, ec.).
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{02221 In one example, a system is configured such that when detected resistance detected is
fow, automated movements of the robotic arrn 14 and the treatioent head 24 are not limited,
but user dirgcted movements using the freedrive butions 44 or space mouse 30 may have their
speed reduced in the direction of the resistance. When & medium resistance 18 detected, the
manual movement speed may be further reduced in the ditection of the resistasce and
automated movements are again not slowed. When a resistance Hmit is reached, manual
moverment in the ditection of the resistance s prevented and automated yoovernents are
allowed to continue unless a thresheld (e, S0-newtons of resistance} is reached at which
point g sofl emergency stop 1s initiated and av appropriate corrective ackion message is
displayed on the UL These limits to movement apply during the entire procedure and take
into account pressure appited to the treatment head 20 caused by respiration of the patient and
well as the heoyancy of the treatment head 20, In this manner, with the buoyaney acconnied
for and effectively negated, & srue value of the force being applied to the treatment head 20 or
the resisiance caused by the patient’s anatomy can be assessed and acted on accordingly.
TREATMENT

186223] Ooce in treatment phase of the work-flow, systers may be configured with several
features and steps to enable a bubble cloud detection, visualization, calibration (locating
bubble cloud to 2 or 3D space v the imaging to account for any focal shift), aberration
correciion and threshold determination and setting. These features and steps may be
smplemented in various ways in effort to best enable usability and user experience. In some
exampies and configurations, the sysiers may guide the user through various steps to iniijate
therapy to determine one or more of the listed features {e.g., locate the cloud for calibration,
gt} T other configurations, the system may antomate the steps and require the user 1o
verify/acknowledge the steps {values established by the systeny). In addition, various Ul
graphics or overlaye may be used to display these features, as well ag associated user-guided
text to support the vanous steps.

rany
I

{6224} In one system configuration, once the target contour 728 and margin 732 have been
established and i bas been verified that the coupling medium is sufficient and the treatment
head 20 may be driven to gach of survey points 739 without exceeding the threshold
resistance or force values and following selection of the accept button 754 in Ul 700 of FIG.
40, the patient muay be treated. FIG 42A depicts g UL 1100 employed to treat a patient with
au uitrasound froage 1102 displaved and overlayed with the treatment contour 728, the
margin 732, the field lines 724, and the focal point 726, The U1 1100 shows the indicators

¥

702 have the “Treat” indicator tlominated. To conduct a therapy method 1000, and before
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engaging in application of continued therapy via the therapy transducer 18, the location of the
bubble cloud in the patient {in vive) moust be calibrated and the voltage settings for driving the
therapy transducer 1€ must be set.

[8225] The method 1000 starts with an s vivo calibration process, intended to align the focal
point indicator 726 1o the location of the therapy focus, where the bubble cloud occurs. Note
this i vive calibration step 15 required in addition to the calibration deseribed in method 100
because of the inherent variation in intervening tissues between treatment bead 20 and the
tumor which may slightiv deflect the focus in different ways. The calibration in method 1000
gusures that the bubble cloud will initially ccour near the focal point 726, bowever the final
offset must be uniquely determvined for gach patient or tumor location by calibrating cloud
ipcation to the center of the planned treatraent volume. To start, the system automatically
moves the ireatment head 20 such that the focal point 726 is at the center of the planned
treatment volume at step 1002 as shown in FIG. 424, As depicted in FIG. 424 instructions
are provided to enable voltage knob 32 at siep 1003 by selecting bulion 1103, and then
depressing the voltage knob 32, Then therapy cutput is increased until a bubble cloud 1104
(FIG 428} is visualized and/or audible signal heard by turping the voliage koob 32, If the
bubble cloud is visualized to offser from the focal point 726, the trackpad 34 is used 10 mark
the actual location of the center of the bubble cloud at step 1004 with the crosshairs 726
This visualization may be accompanied by the user detecting an audible signal in a given
range which is indicative of formation of a bubble cloud. Then the voltage knob 32 may be
depressed again to deactivate therapy output at step 1005. Once the bubble cloud location is
marked (e.g., with crosshairs 726), the values of the distance the indicator is offset from the
center of the planned treatment volume are displayed in field 1106 and the robotic arm 14
automatically and mechanically moves the displayed distances such that the bubble cloud
occurs at the center of the planned treatment volume. In the case of large offsets in the Z-
axis, a notification may be displayed to warn the user of potential impact to the acceptability
of coupling medium level and resistance thresholds. If the user is concerned that the
calibration offset may jeopardize the acceptability of these items, they may use the back
button 1107 to return to step 840 of method 800, and from there to make adjustments as
necessary to the planned treatment volume. Optionally, as referenced herein, the system may
direct the user to again to mark the intersection between the muscle layer and the
subcutaneous fat layer of the patient. Once therapy output has been deactivated, the accept

button 1108 may be selected. Alternatively, the method 1000 may return to step 1003 with
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the reactivation of the voltage knob 32 and a renewed attempt to mark the center of the
bubble cloud or verify the cloud appears at the center of the planned treatment volume.
{8226} After in vive calibration, the voltage seitings necessary to generate a bubble cloud at
each survey point is evaluated in an order set by the application. As shown tn FIG. 42C the
firat of the survey points 739 (here the -& survey point} is specified by the application and the
robotic arm 14 navigates the treatment head 20 at step 1006 to position the therapy focal
point af the specified survey point where, based on having completed the in vivo calibration it
is believed that the focal point 726 of the therapy transducer 18 will align with the location
relative to the treatment contour 728 or the margin 732, depending on settings, that is
represented by the selected survey point 739, At step 1007, the enable voltage button 1103 15
selected. At step 1008 voltage koob 32 is engaged and the drive voltage for the therapy
transducer 18 as depicted in tndicator 1109 is increased until a bubble cloud 1104 forms in
the ultrasound image 1102 At step 1010 the user visually {or audibly) confirms that the
center of the bubble cloud appears at the focal point 720 (depicied as crosshairs) at the
intersection of the field lines 724 as shown in FI(3. 43 A, where the treatment head 20 has
already been vavigated to the -7 and survey point 739 and is now at the center survey poiut
739, For each survey point 739 the voliage percentage, which is increased by rotating the
voltage knob 32, {0 achieve g bubble cloud 1104, as depicted in the voliage indicator 1109, s
recorded. This process continues through all the survey points 739, FIG. 438 shows the
recorded voltage perceniage required to achieve a suitable bubble cloud at the +Y survey
point. In one aspect of the disclosure the iast position to which the robotic arm 14 and
treatment head 20 are navigated is the +2 position, however, any position may be selected
without departing from the scope of the disclosure, Alternatively, the spplication may bave &
specific order in which the positions are navigated to and through which complete
interrogation of the treatment volume s undertaken prior o therapy starting.

{0227} Once a voltage on the indicator 1109 has been increased by rotating the voltage kush
32 such that an acceptable bubble cloud 1104 has been generated at step 1010, which may be
accompanied by recognizing a distinet audible tone, generated by the therapy transducer 18
anid there has been visual confirmation at step 1012 that the bubble cloud 1104 1s centered on
the focal point 726 and that the voltage is acceptable at step 1013, the move to next button
1110 may be selected at step 1016, 1 the user is unsure of the voltage selected, the enable
voltage button 1103 may again be selected at optional step 1014 and the voltage changed.
This process 1s repeated unti! ali of the survey points 739 including a center point are

navigated to and a voliage applied to the tiesue until an accepiable bubble cloud 1104 s
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generated and the voltages recorded as shown in FIG. 44, In one embodiment, 7 survey poinis
739 are included, which may be +7,-2,+Y,-Y, +X, -X and the centerpoint of the treatmeng
volume., These 7 survey points represent outermaost boundaries or extremes for the treatment
volume, which is ilustrated as a sphere. I the treatment volume comprises other geometric
shapes, it should be understood that a set or specified number or survey points as test pulses
may be required which include the cutermost extremes of the treatment volume. The voltages
for each survey point 739 and the center point are stored 1o mermory. These recorded voltage
values are used 1o interpelate a voltage vahue to be used at each survey point in the freatment
volume, as described above, As will be described in greater detail below, the treatment
velume is comprised of a plurality of individual treatment zones, each one of which
neighbors one or more treatment zones. By interpolating the needed voltages for formation
of & bubble cloud 1004, adequate voltage can be applied at all points within the volume
without requiring testing of the formation of a bubble cloud 1104 for each treatment zone.
This system process is also referred o hereinabove as threshold testing,

j0228] Once all of the survey points 739 and the center of the volume defined by the survey
poinis 739 have been vavigated to and a voltage recorded for each location, the accept bution
1111 becomes available and when selected the U1 1100 updates to that shown in FIG. 45
where details of the treatment volurse 1113 are outhined. These tuclude the dimensions along
sach axis, the total volume, a minimun depth of plan, a maximum depth of plan, and a center
point depth of plan. Further, an estimated treatment time for the treatinent volume 15 also
provided/displayed to the user. The estimated treatment time 15 calculated by the histotripsy
system based on parameters including but not limited to treatment volume, voltage, cooling
timeds), focal location overlap, After review, g next button 1114 is selected at step 1020 and
treatment begins. As shown in FIG. 46, the ultrascund images 1102 may be replaced by a
Hve fused tmage 11153 {e.g., Hive ulirasound fused with pre-or peri-procedural images), if
fusion has been emploved and desired by the user. If not, then treatment proceeds on just the
five ultrasound images. Treatment begins at the +7 survey point, which is deepest within the
patient. The panel 1110 tncludes a volumetric progress indicator 1118, The volumetric
progress indicator 1118 shows the entire volume to be treated 1120 {e.g, a volume defined by
the margin 732} as well as the individual treatment zones/focal locations 1122,

{0229] Each focal location 15 & volume of tissue which receives histoiripsy pulses from the
therapy transducer 13 for a given duration. The energy or histolripsy pulses from the therapy
transducer 18 causes the cells to burst due to cavitation of the tissue when the focal point is at

the focal location 1122 which is evidenced by the bubble cloud 1108, rendering the cells
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acellular debris that will be reabsorbed by the body. By monitoring the amount of energy
directed at a given focal location 1122, and by cycling the energy application on and off at
specific durations {as deseribed herein above), a noo-thermal ablation of the volume to be
overfap in volume to ensure that complete freatment of the tissue.

10238] At step 1022 an inquiry 18 made whether all focal locanons have received treatment, if
not the method progresses o step 1024, where the robotic garo 14 and therapy transducer 18
advance in a siepwise fashion, and in the example provided here a spiral form starting the +7
survey point 739 advancing to each successive focal location 1122 As noted above a variety
of different treatment patterns may be emploved without departing trom the scope of the
disclosure. In this way steps 1020 through 1024 are repeated unii! all focal locations 1122
have received freatment, resulting in the entire volume to be treated 1120 having received
treatment. The movement of the robotic arm 14 and therapy transducer 18 is controlled by an
application stored on the computing device such that for each successive focal location 1122
the therapy transducer 18 is positioned at a location on the patient where-by the focal point
726 is centered in the focal location 1122 and the bubble cloud 1104 will be geverated for
that specific focal location 1122, The duration of the application of energy, and period of no
euergy application before movement to the next focal location 1122 are also countrolled by the
application, as described herein above,

13231] FIG. 46 shows g perspective view of the volume to be treated 1120 FIG 47 shows a
top view of the volume to be treated 1120 while FIG. 48 shows a profile view of the volume
to be treated. The displaved view of the volume to be treated can be changed by selection of
one of the view selector buitons 1124, FIG. 42A shows a perspective view of the progress of
the treatment as energy 1s applied to successive focal locations 1122, FIGS. 498-49¢, depict
the continuation of the progress of the treatiment a3 sequential focal locations 1122 are treated
until each focal focation 1122 of the entire volume to be treated 1120 is receives its therapy.
Note that for FIGS. 49B-( the live fused image 1115 18 not displayed, as application of
therapy would appear if the image fusion process, deseribed above, is skipped.

10232] When all focal locations 1122 have received treatmaent a ves at step 1022, the UL 1160
advances to the display seen in FIG. 58 At this point, the user is directed at step 1020 10
deactivate the voltage knob 32, After deactivation of the voltage knob 32, the user 1s directed
at siep 1028 to utilize robotic arm 14 to move the ultrasound probe 22, and (o visualize the
entire volume to be treated in uitrasound images. This may be accomplished using the

freehand buttons 44 and manually moving the treatment head 20 or by using the space mouse
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36, The user may optionally add comments in the comment field 1126, at step 1030 or
simply select the end treatment session button 1130 at step 1132 and remvove the treatment
head 20 from the coupling medium at step 1132,

{6233} The treatrnent s now complete, but a record of the steps undertaken, the ultrasound
images acquired during the procedure, as well as the fusion achieved are stored in memory
for future analysis

186234 If future treatments are plavned, the system may be configured such that reatment
parameters may be recalled including, but not limited to robotic arm pose, posiiion and
treatment head and therapy transducer focus tocation, bubble cloud offset, voltage
thresholds/requiremients, target depth and plan/treatment location and parameters. These
parameters may be useful, for example, when additional reatments are performed within the
same tumot of leston and/or a one or more additional treatment plans are intended
overlapping and/or in proximity to the first planftreatment.

{8235] As an example, when an adjacent treatment may be performed, the Histotripsy system
can be configured to recall recent treatment/plan parameters and be automatically positioned
{ireatment head and robotic arm pose) at the start, endpoint or in any treatment point {focal
focation or time-based) therebetween.

{8236} In another example, the histotripsy system is configured to allow the users to
recall/move-to the robot pose used in the previous treatment(s). This will position the
treatment head in the same position as before assuming the patient and therapy cart didn’t
move after the prior treatment(s). The user would need to recall the specifics of the previous
treatment plan(s) (XYZ diameter and margin) though, and then decide how to size and
position the subsequent treatment plan(s). As previously disclosed, in some configurations,
the system may store this information for recall.

[0237] In yet another example, the histotripsy system may be configured to display the
previous treatment(s) plan contours and plan overlays. Having the previous treatment plan
contours shown on the screen along with recall/move-to functionality (Option 1) will give the
user a visual aid to plan for overlapping their next treatment. This option again relies on the
user to determine the best next treatment plan considering overlap of the previous treatment
plan(s) as well as tumor coverage considerations.

[0238] In an alternate example, the histotripsy system may be configured to plan all
overlapping treatments prior to first therapy delivery. If the user can identify and mark

tumors to be treated in 3D space, then the histotripsy system may create and display a
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recommended multi-treatment plan for the user to review. In some versions of this example,
pre and peri-procedural CBCT may be used to enable this capability.

[0239] In another embodiment, shown in FIG. 52, the UI 1100 may include graphics 5201
denoting the detection of cavitation for the user, in addition to “seeing or hearing” the bubble
cloud. This may be presented to the user in various ways and locations on the display or UL
In one example, the Ul may display a cloud or cavitation status 5202 which can include
words such as “cavitation detected” or “cloud detected” to convey the cloud or cavitation
status to the user. In a different example, the graphics may show an indicator 5203 for
cavitation detection (“cloud”) and display a colored indicator for different statuses of
cavitation including when the cavitation is “detected” or “sustained”. In the example of FIG.
52, the indicator 5203 is color coded to show “sustained” cavitation with matches the color
coding of cavitation status 5202 on the graphics of the UI. The indicator 5203 can comprise,
for example, an oval or round shape configured to outline or highlight the extent of the
cavitation, and can be presented alongside the treatment contonr 728 and the margin 732, In
some embodiments, the color coding and/or indicator can be different for “detected”
cavitation vs. “sustained” cavitation. In another example, the indicator may show real-time
feedback (total and/or by transducer channel if displaying a graphic of transducer face and
pulsing channels). In these examples, the system and Ul may enable this feature for users
across all work-flow steps (system check through treatment) and/or in alternative
configurations, may selectively disable cavitation detection in the use case that it’s preferred
for users to visually detect the cloud (as an example, during bubble cloud calibration).

[0240] Further as a part of cavitation detection described above, in FIG. 53 the UI 1100 may
also comprise work-flow steps, screens and/or graphics for guiding the user through one or
more steps to acquire receive (e.g., detection) data to enable aberration correction. At
workflow step 5301 shown on UI 1100, sustained bubble cloud cavitation has been detected
by the system (and shown to the user with UI 1100 in FIG. 52). Breath Held, Start
Acquisition button 5302 can be enabled by the user to start enable aberration correction. This
process can adjust transmission of the ultrasound waveforms based on obstructions or varying
speeds of sounds in tissue to ensure that the cavitation is positioned at the desired position
within the anatomy (e.g., within the treatment volume).

[0241] Upon completion of treatment, various forms of procedure and treatment reports may
be provided. Reports may comprise various forms of data, including patient and treatment
contextual information (disease type, size, stage, location, etc.), plan parameters (size,

location, target and margin contour dimensions, plan depth, plan position in context to target
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tissue/tumor, etc.), energy settings (thresholds and/or voltage settings across plan points,
average voltage, etc.), treatment details (time, etc.). This may further comprise screenshots
from the UI, video recordings of the UI or procedure. The information/data may also include
any that may have been included and/or utilized for pre-procedure simulation and/or the
patient registration process described earlier. The various reports may be exportable to
electronic health records or databases, and/or to local networks, media and/or other devices.
[0242] In some examples, referring to FIG. 56, the system and UI 1100 may be configured to
be modular and enable users to select one or more work-flows based the procedure
application, indication and/or anatomical location 5501 (e.g., abdominal, liver, kidney,
pancreas, spleen, upper or lower GI, cardiothoracic, lung, breast, thyroid, head and neck,
neuro/cranial, spine, etc.), based on desired imaging 5502 (e.g., ultrasound only, fusion,
CBCT, etc.), based on room setup 5503, and/or based on which treatment head 5504 is
selected, and/or allow skipping specific work-flow steps if they’ve already been completed
within an allowed time period (e.g., system check).

SCHEMATIC ARCHITECTURE

{8243} Reference ts now made to FIG. 31, which is a schematic diagram of a Histotripsy
systenm 1200 configured for use with the methods of the disclosurs including the methods 400
and 6040, System 1200 may include a workstation 1201 {a computing device). The
workstation 1001, as described above may be housed in the cart 12 and is connected to an
uitrasonic imaging device 1015 (e g, the imaging probe 22 and an ultrasonic treatment
device (e.g., therapy transducer 18}, In some ersbodiments, the sysien may be connected o
an X-ray based imaging system, inclhuding a cone beam U7, Workstation 1001 may include a
memory 1202, a processor 1204, g dieplay 1206 (e g, display 24 depicting U 200, 500, 700,
1100} and an input device 1210, Processor or hardware processor 1204 may include one or
more hardware processors. Workstation 1201 may optionally tnclode an inpot/output module
1212 and a network interface 1208, In some embodiments, this may include streaming and/or
connectivity to enable remote access o the system for query, retrieval, and/or receival of log
or configuration files for service/support and/or for maintaining software or embedded
solutions for the systern and/or one or more subsysterms {generator, robotic arm and control
systery, etc. ). Memory 1202 may siore an application 1218 and image data 1214 Application
1218 may include instructions executable by processor 1204 for executing the methods of the
disclosure including the methods 50, 100, 400, 600, and 10040,

{82441 Application 1218 may further include 3 user interface 1216 {e.g., UL 200, 300, 700,

11403, Inage data may include the pre-procedure C7 avd MRI scauns or other iroages,
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ultragound image data, and 2D and 35 reconstructions derived from the ulirasound image
data, tncluding roulti-modal computer vision and fasion models. In some embodiments,
inchiding when comnected {0 a cone beam CT), the Ul may inchude graphics and tnstructions
for guiding the user through how to set up, import, register, and navigate to the desired target.
Processor 1204 may be coupled with memory 1202, display 1206, input device 121€, output
module 1212, network interface 1208 and ulirasound tmaging device 1215, Workstation 1201
may be a stadionary computing device, such as g personal computer, or a portable coroputing
device such as a tablet computer. Workstation 1201 may embed a plurality of computer
devices.

{8245} For example, FIG. 54 shows a UL 1100 including a workflow for positioning a CBCT
machine 5301 arcund a patient to obtain CT images of the patient and/or target tissue. The
U ean inchude workflow stepafuser inputs 3302-5303 which can include positioning the
treatment head of the histotripsy system away from the CBCT bore (3302}, acquining CBCT
scan{s) of the patient {5303}, importing the scans and identifying the target tissue {5304~

5305).
{8246] In FIG. SSA, workflow steps 5401-3402 guide the user to identify the center of g
target Iesion in each view of the imported C1 images with a target center as shown in
workflow step 5403, The target center 3405 is shown on each of the CT images 5406 ag
positioned by the user. Thee user can opticnally add anatomical landmarks o the images as
shown in worktlow step 5404,

{6247] In FI{. SSB, workflow steps 5407-5408 guide the user to move the treatrent head o
align with the target center identitied in the previous Ul diagram. The user can hold "move
to pont” of “roove to center” bution 5409 to align the treatment head 1o the target center.
Optionally, the user can manipulate the space mouse {or hardware input/joystick/mouse} to
free drive the treatment head for positioning if i 1s required to avoid obstractions or
coliistons {e.g., with the patient or coupling container}.

{6248] Memory 1202 may include any non-transitory computer-readable storage media for
storing data and/or software including instructions that are executable by processor 1204 and
which control the operation of workstation 1201 and, in some embodiments, may also control
the operation of ultrasound imaging device 1215 and the ultrasound treatment device 1217 In
an embodiment, memory 1202 may include one or more storage devices such as solid-state
siorage devices, e.g., flash moemory chips. Altervatively, or tn addition to the one or more

solid-state storage devices, memory 1202 may include one or more mass siorage devices
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connecied o the processor 1204 through a mass storage controtler {not shown ) and a
compunications bus (not shown},

{88249} Although the description of computer-readable media contained berein refers to solid-
state storage, it should be appreciated by those skilled in the art that computer-readable
storage media can be any available media that can be accessed by the processor 1204, That is,
computer readable storage media may inclode non-transitory, volatile, and non-volatile,
rernovable, and nov-removable media implerented o any wethod or technology for storage
of information such as computer-readable instructions, data structures, program myodules or
other data. For example, computer-readable storage media may include RAM, ROM,
EPROM, EEPROM, flash memory or other solid-state memory technology, CD-ROM, BYD,
Blu-Ray or other optical storage, magnetic cassettes, magnetic tape, magnetic disk storage or
other magnetic storage devices, or any other medium which may be used 1o store the desired
information, and which may be accessed by workstation 1201

{8258] Application 1218 may, when exscuted by processor 1204, cause display 1206 to
present user interface 1216 User interface 1216 may be configured to present to the user a
variety screens including any of FIGR 4-13, 15, 17-22, 24-32, 34-40, and 42-50,

{0251] Network intertace 1208 may be configured to connect 1o a network such as a local
arca vetwork (LAN) consisting of a wired network and/or a wireless network, a wide area
aetwork (W AN}, a wireless mobile network, a Binetooth network, and/or the Internet
Network interface 1208 may be used to connect between workstation 1201 and imaging
device 1215 or the treatment device 1217, Network interface 1208 may be also used to
receive image data 1214, Input device 1210 may be any device by which a user may interact
with workstation 1201, such as, for example, a mouse, keyboard, foot pedal, touch screen,
and/or voice interface. Output module 1212 may includs any connectivity port or bus, such
as, for example, parallel poris, serial ports, umversal serial busses (USB), or any other similar
connectivity port known 1o those skilled in the art. From the foregoing and with reference to
the various figures, those skilled in the art will appreciate that certain modifications can be
made to the disclosure without departing from the scope of the disclosure.

[0252] While detailed embodiments are disclosed herein, the disclosed embodiments are
merely examples of the disclosure, which may be embodied in various forms and aspects.
Therefore, specific structural and funcuonal details disclosed herein are not to be interpreted
as limiting, but roerely as a basis for the claims and as a representative basis for teaching one

skilled in the art to varicusly employ the disclosure in virtually any appropriately detailed
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structure. Those skiiled in the art will envision other moditications within the scope and spirit

of the claims appended hereio,
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CLAIRS

We claim:
L. A histoiripsy system comprising

an ultrasound imaging system;

5 an ultrasound therapy transducer coupled to the ulirasound imaging system;
a robotic arm configured to position the ultrasound imaging system and the

ultrasound therapy transducer with respect to @ patient and a treatment location;

a display operably connected to the ultrasound imaging system;
a memory, storing thereon instructions that when executed by a processor

10 operably connected to the memory:

receive real-time ultrasound images from the ulirasound imaging
syateny;

present the live ultrasound images on a user interface in the display;

identify a target;

15 receive via the user interface an toput to alter a shape of a target
contour arpund a treatment volume in the Hive ultrasound images;

present a target contour line representative of the target contour on the
ultrasound images in the user interface;

receive via the user tnterface an 1nput of 4 size of a rwargin sround the

20 target area,

present & margin coutour line representative of the roargin contour on
the ultrasound images in the user interface;

determine survey points at locations where X, Y, and 2 axes bisect the
margin line in an X2 plane and a Y2 plane;

25 receive an input to drive the ulirasound therapy transducer to a location
where a focal location of the ultrasound therapy transducer is at one of the
survey points; and

determine whether resistance (o rovement of the ulttasound therapy
transducer exceeds a threshold.

30

bt

The histotripsy systern of claim |, wherein receipt via the user interface of an input to
alter the shape of the treatment contour around 3 treatment volume ocours in live
ultrasound images 1n the X2 plane and tn the Y7 plane.

3. The histotripay system of claim |, wherein the input to drive the ulirasound therapy
wransducer is received via the user interface in the display.
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4.

A

~d

»

9.

10.

13.

14

The histotripsy system of claim 1, wherein the input to drive the ultrasound therapy
transducer is recetved for each survey point.

The histotripsy systern of claim 4, wheretn upon determination that the resisiances 1o
movement of the ultrasound therapy transducer in driving to reach all of the survey
points doss not exceed a threshold, a planned therapy {s accepted and stoved in the
MEmory.

The histoiripsy sysiern of claim 4, whereln upon defermination thai the resisiance to
movement of the ultrasound therapy transducer in driving 1o reach any of the survey
points exceeds a threshold, the tnstructions stored in memory and executed by the
processor cause the user interface (o present mitigation instruciions.

The histotripsy systern of claim 1, further comprising presenting a representation of
the contour line and the survey points in 8 separate fleld in the user interface.

The tustoiripsy system of claim 7, wherein the input to drive the therapy transducer is
received via the representation of the contour line and survey points in the separaie
field in the user interface.

The histotripsy sysiern of claim 7, further comprising an indicator depicted on the
survey point of the representation in the separate field on the user interface, whersin
the indicator is depicted upon movement of the therapy transducer to a locstion at
which the focal potot coincides with the survey point,

The histotripsy systern of claim |, wherein the instructions when executed by the
processor receive in input of a location of an intersection of a muscle layer and a fat

layer in the live ultrasound images.

1. The histotnipsy system of claim 1, wherein the insiructions when executed by the

processor cause activation of knobs which when manipulated adjust a parameter

displayed in au indicator on the user interface.

. The histoiripsy system of claim 11, wherein the knobs adjust the contour along the X,

Y, and 2 axes.

The histotripsy system of ¢laim 11, wherein the knobs adjust the size of the margin
arcund the contour,

The histoiripsy sysiem of claim 11, wherein the knobs adjusi the focal tocation of the

therapy transducer.

- & method of planping & histotripsy procedure corprising:

displaving live ultrasound images on a user interface;
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18

19

0.

2%

moving an ultrascund assembly to a mark on a patient from which a treatment
area within the patient can be observed in the live ultrasound tmages;

presenting a contour Hne around a ireatment volure in the live ultrasound
images on the user interface;

adjusting the contour line in the live ultrasound jmages;

identifving survey points where X, Y, and 2 axes intersect the contour line in
X7 plane and the Y7 plane;

displaying a margin around the contour Hpe;

displaving a focsl point of a therapy trausducer, wherein the therapy
wransducer is a component of the ultrasound assembly;

driving the ultrasound assembly such that the focal point of the therapy
tranaducer coincides with at least one of survey poinis; and

detecting a resistance to movement of the ultrasound asserbly as i moves to

reach the at feast one survey point.

. The mathod of claim 15, further comprising comparing the resistance io movement 10

g threshold,

. The method of claim 15, further comprising altering a shape of the contour line

around a treatroent area 1u the live ulirasound images 1o the X2 plane and io the YZ
plane.
The method of claim 15, wherein the ultrascund assembly is robotically driven to
each survey point,
The method of claim 18, wherein upon determination that the resistance to movement
of the therspy transducer in driving 1o reach cach of the survey points does not exceed
a threshold, a planned therapy is accepted and stored in a memory.
The method of claim 19, further comprising recetving in wndication of s location of an
intersection of a muscle layer and 2 £t layer in the Hive ultrasound images.
A method of histotripsy treatment comprising:

navigating a therapy transducer to align a focal point with a center of a
planned treatment volume;

activating histotripsy pulses;

increasing a voltage associated with histotripsy pulses until bubble
cloud/acoustic cavitation forms;

marking a center of the bubble cloud;
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22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

navigating the therapy transducer to a plurality of survey points about the
planned treatment volume, wherein at each survey point the voltage associated with
histotripsy pulses is activated and increased until a bubble cloud forms/is created; and

initiating an automatic treatment plan, wherein the therapy transducer is
robotically driven to a plurality of focal locations within the planned treatment

volume and the histotripsy pulses is applied at each focal location.

The method of claim 21, further comprising interpolating an ultrasonic energy
required for each focal location based on the voltage applied at each of the survey
points and the center of the planned treatment volume.

The method of claim 22, wherein the therapy transducer is driven to each focal
location in a sequential pattern until all focal locations within the planned treatment
volume has received an individualized histotripsy pulses.

The method of claim 21, wherein the bubble cloud formed at each survey point is
confirmed to coincide with the focal point of the therapy transducer.

The method of claim 21, further comprising, following completion of the automatic
treatment plan, deactivating a voltage knob associated with a source of the therapeutic
energy.

The method of claim 21, further comprising confirming that all focal locations have
received histotripsy pulses.

The method of claim 26, further comprising visualizing the planned treatment volume
after completing the treatment plan to confirm complete treatment.

The method of claim 27, wherein the visualization is performed with an ultrasound
imaging probe.

The method of claim 21, wherein a first survey point of the plurality of survey points
to which the therapy transducer is navigated is a -Z survey point.

The method of claim 21, further comprising calculating an offset of the center of the

bubble cloud and a focal point of the therapy transducer.

. The method of claim 30, further comprising utilizing the offset to calibrate placement

of the therapy transducer to arrive at each survey point.
The method of claim 21, further comprising displaying on a user interface the
automated treatment plan, wherein the automated treatment plan defines one or more

of a volume to be treated a depth of plan, and a margin.

=75 -



10

15

20

25

30

WO 2024/221001 PCT/US2024/025730

33.

34.

35.

36.

37.

38.

39.

41

The method of claim 21, wherein a user interface displays an indication of treatment
each focal location of the planned treatment volume following application of
histotripsy pulses to the focal location.

The method of claim 33, wherein the user interface displays an indication of which
focal locations in the planned treatment volume is currently receiving histotripsy
pulses.

The method of claim 21, further comprising a user interface displaying an ultrasound
image acquired by an ultrasound imaging transducer, the ultrasound image depicting
at least a portion of the planned treatment volume.

The method of claim 35, wherein upon application of the histotripsy pulses the bubble
cloud is viewable in the ultrasound image.

The method of claim 35, further comprising depicting one or more of a focal point,
the planned treatment volume, a margin, or an acoustic field of the therapy transducer
on the ultrasound image.

The method of claim 35, wherein ultrasound imaging continues throughout the
automatic treatment plan such that visualization of histotripsy pulses to each focal
location is visualized.

The method of claim 38, wherein the ultrasound images are fused ultrasound images

depicted in combination with preprocedural image sets.

. The method of claim 21, further comprising detecting a resistance to movement of the

therapy transducer and displaying an indicator of the resistance on a user interface.
A method of fusing images comprising

navigating a combined imaging avd treatment transducer assembly to a
iocation on a patient enabling visualization of a region of interest;

performiug an ultrasound sweep using the imagiog transducer of the combived
imaging and treatment transducer assembly to capture a volume of ultrasound images;

marking a registration point in an ultrasound image from the ultrasound
sweep;

marking a registration point in an image from a preprocedural image set;

fusing the preprocedural image set with the ulirasound images from the
ultrasound sweep to form fused images;

reviewing fused images;

accepling a fusion, and
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44,

48,

48,

49,

oy
o

LA
3

displaving on a user interface live ultrasound images fused with the

preprocedural rnage set.

2. The method of claim 41, further comprising verifying the combined imaging and

therapy transducer assembly is approximately centered over the region of interest in

multiple planes.

. The method of claim 41, further comprising marking a phlurality of registration points

in images from the ultrasound sweep and a plurality of registration poinis in the
preprocedural imags set.
The method of ¢laim 41, further comprising initiating a breath hold of the patient

prior to performing the ultrasound sweep.

. The method of claim 41, further comprising adjusting orientation and position of the

combined imaging and therapy transducer assembly to oplimize visualization of a
region of wnterest with the imaging transducer.

The method of claim 43, further comprising rotating the imaging transducer of the
combined imaging and therapy transducer assembly 90 degress o confirm

visualization of the region of tuterest.

. The method of claim 41, further comprising displaying the ultrascund imagss

captured during the ultrasound sweep.

The method of claim 41, further comprising editing the nltrascound images captured
during the ultrasound sweep.

The method of claim 48, whergin the images rematning after editing of the images are

oniy those images depicting a region of interest.

The method of claire 41, wherein the registration point placed in the ultrasound

images corresponds to the registration point in the preprocedural image set and are
placed at an anatomical landmark appearing in both the ulivasound image and the

preprocedural image set.

1. The method of claim 50, further comprising determining whether sufficient

anatomical landmarks have been tdentified in the ultrasound image and the

preprocedural image set.

. The method of claim 51, further comprising placing at least oue registration point in a

plurality of ultrasound images, and at Ieast one registration point in multiple images of

the preprocedural image set.
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53.

oy
N

39

60.

The mathod of claim 41, further comprising adiusting a position of the registration
point in the ulirasound fmage or a position of the registration point in the

preprocedural imags set.

4. The method of claim 41, further comprising adjusting the registration of the images

from the ulirasound sweep with the preprocedural image set by dragging or rotating at
{east one image of the preprocedural tmage set refative to an 1mage of the ulirasound

SWEEp,

. The method of claim 41, further comprising verifying an alignment of anatomy of the

patient in the live ultrasound images and the preprocedural image set,

50. The method of claim 35, further comprising rotating the imaging transducer of the

combined imaging and therapy transducer assembly 90 degrees to verify the

alignment,

. The method of claim 41, further comprising adjusting the displayed live ulirasound

images fused with the preprocedural image set.

. A system configured for use according to claim 41

. A method of planning a histotripsy therapy comprising:

visualizing a target treatment volume with an ultrasound imaging system in a
first plane;

displaying a target contour around the treatment volume in an ultrasound
image generated by the ultrasound imaging system;

adjusting the target contour around the treatment volume in the first plane;

confirm that an acoustic pathway of a therapy transducer is substantially free
of obstructions in the first plane;

visualizing the target treatment volume with the ultrasound imaging system in
a second plane;

displaying the target contour around the treatment volume in a second
ultrasound image generated by the ultrasound imaging system;

adjusting the target contour around the treatment volume in the second plane;
and

confirm that the acoustic pathway of the therapy transducer is substantially
free of obstructions in the second plane.
The method of claim 59, wherein the target contour in the first plane and the target

contour in the second plane define a volume for treatment.
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61.

62.

63

64.
65.
60.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

The method of claim 60, further comprising displaying a margin around the treatment
volume.
The method of claim 61, further comprising defining a plurality of survey points of

the treatment volume.

. The method of claim 62, wherein the survey points are located at a center of the

treatment volume and at points along three orthogonal axes extending outward from
the center of the treatment volume where the axes intersect the margin.

The method of claim 63, wherein the axes are X, Y, and Z.

The method of claim 64, wherein the first plane is an YZ plane.

The method of claim 65, wherein the second plane is an XZ plane.

The method of claim 66, wherein adjusting the target contour in the first plane defines
a diameter of the treatment volume along the Y axis and a diameter of the treatment
volume along the Z axis.

The method of claim 67, further comprising confirming the target contour in the first
plane is centered in the YZ plane and the target contour in the second plane is
centered in the XZ plane.

The method of claim 62, further comprising receiving a selection of one of the survey
points.

The method of claim 69, further comprising robotically driving the therapy transducer
to the selected survey point.

The method of claim 70, further comprising detecting resistance to movement of the
therapy transducer while moving to the selected survey point.

The method of claim 71, wherein if a value of the detected resistance exceeds a
threshold an indicator or the threshold is depicted.

The method of claim 72, further comprising detecting whether a value of resistance
exceeds a second threshold and stopping robotic movement of the therapy transducer.
The method of claim 73, further comprising adjusting one of target contour or margin
of the treatment volume or focal point of the therapy transducer and driving to the
survey point.

The method of claim 71, further comprising receiving confirmation that all survey
points have been driven to.

The method of claim 75, further comprising receiving via a user interface an

indication of a location of an intersection of a muscle layer and a fat layer.
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77. The method of claim 75, further comprising receiving a verification that the treatment
volume is within the target contour in the first plane and the target contour in the
second plane throughout a breathing cycle.

78. The method of claim 75, wherein a coupling medium level in a coupling container in
which a therapy transducer is located is sufficient to ensure ultrasound coupling at all

survey points.
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