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FIG. 6

ate, based on first ultrasound data generated by the ultrasound probe, registration
data that registers virtual locations on the bone of the patient as depicted in the
reference data with corresponding physical locations on the bone of the patient;
generate virtual guidance based on the reference data, the registration data, and
the physical location of the ultrasound probe, wherein the virtual guidance pro-
vides guidance to a clinician regarding how the ultrasound probe is positioned
relative to a target position at which the ultrasound probe is able to generate sec-
ond, ultrasound data that provides information regarding a soft tissue structure of
the patient; and cause a MR visualization device to output the virtual guidance
to the clinician.
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MIXED REALITY GUIDANCE OF ULTRASOUND PROBE

[B001] This application claims the benetit of U.S. Provisional Paient Apphcation
63/273.008, filed October 28, 2021, the entire content of which is mcomorated by

reference.

BACKGROUND
18002] Planning and performing a sergery, diagnosing a condition, or performing other
types of medical tasks may involve acquiring information regarding the anatomy of a
patient. The information regarding the anatomy of the pationt may mclude information
regarding the bones of the patient, such as the sizes, shapes, and positions of the bones of
the patient.  Additionally, the wnformation regarding the anatomy of the patient may also
mclude information regardimg various soft tissue structures of the paticnt, such as the
locations and qualities of muscles, tendons, hgaments, cartilage, retinacula, blood vessels,
and so on. Acquiring high-quality mformation regarding both the bones of the patient

and the soft tissue structures of the patient may mvolve different skill sets.

SUMBMARY
[30603] This disclosure describes technigues i which mixed reality (MR} guidance is
used to help a clinician position an ulirasound probe to acquire information regarding the
soft tigsue structures mvolved in a surgery, such as an orthopedic surgery. As described
here, a computing system may obtain reference data that depicts at least one bone of the
patient. Example types of reference data may include one or more computed tomography
{(CT) images, magnetic resonance unaging (MRIY images, nuclear magnetic resonance
{NMR} images, and so on. Addiionally, the computing svstem may use the reference
data to generate virtual guidance. The virtual guidance provides guidance to a chnician
regarding how the ultrasound probe is positioned relative to a target position at which the
ultrasound probe s able 1o generate second ultrasound data that provides mformation
regardimg a sofi fissue structure of the patient. For example, the virtual guidance may
instruct the clinician how to move the ulirasound probe so that the ultrasound probe s in
a target position to generate ultrasound data that provides information regarding a soft
tissue structure of the patient. The computling system may cause a head-mounted MR

visualization device to output the virtual guidance to the chnician,
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10604] n one cxample, this disclosure describes a method comprising: obtaining
reference data depicting a bone of a patent; determining a physical location of an
pltrasound probe; generating, based on first alirasound data generated by the ultrasound
probe, registration data that registers virtual locations on the boue of the paticnt as
depicted in the reterence data with corresponding physical locations on the bouoe of the
patient; generating virtual guidance based on the reference data, the registration data, and
the physical location of the eltrascund probe. wherein the virtual guidance provides
guidance fo a chimician regarding how the ultrasound probe is positioned relative to a
target posttion at which the ultrasound probe 1s able to gencrate second ultrasound data
that provides mformation regarding a soft tissuc stracture of the patient; and cansing a
head-mounted Mixed Reality (MR} visualization device to cutput the virtual guidance to
the clinician.

[80605] In another example, this disclosure describes a system comprising: a memory
configured to store reference data depicting a bong of a patient; processing circuitry
configured to: determine a physical location of an ultrasound probe; generate, based on
first ultrasound data generated by the uitrasound probe, registration data that registers
virtual locations on the bone of the patient as depicied m the reference data with
corresponding physical locations on the bone of the pationt; gencrate virtual guidance
based on the reference data, the registration data, and the physical location of the
ultrasound probe, wherein the virtual gundance provides gmdance to a chnician regarding
how the ultrasound probe 1s positioned relative to a target position at which the altrasound
probe is able to generate second ultrasound data that provides information regarding a
soft tissue structure of the patient; and cause a head-mounted Mixed Reality (MR}
visualization devige to output the virtual gindance to the clinician.

18606] The details of various examples of the disclosure are set forth in the accompanying
drawings and the description below. Various features, objects, and advantages will be

apparent from the description, drawings, and clamms.

BRIEY DESCRIFTION OF BRAWINGS

{6607 FIG. 1 18 a conceptual diagram illustrating an example system in which one or
more technigues of this disclosure may be performed.
{0608] FIG. 2 is a conceoptual diagram illustrating an example computing sysicm in

accordance with one or more fechnigues of this disclosure.
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16009] FIG. 3 is a flowchart Ulustrating an exampie operation of a system 1 accordance
with gne or more technigues of this disclosure.

18018} FIG. 4 1s a flowchart illostrating an example operation of the system for generating
registration data, in accordance with onc or more techoiques of this disclosure.

{3011] FIG. 5 15 a conceptual diagram dlustrating matching curves in accordance with
one or more technigues of this disclosure.

18612] FIG. 6 13 a conceptual diagram illustrating example virtual guidance during an
ultrasound examination of a shoulder of a patient, i accordance with one or more

techmques of this disclosure.

BETAILED DESCRIPTION

[8613] A climician, such as a surgeon, may need to acquire informaton about the bones
and soft tissue of a patient before, during, or after performing a medical task, such as a
surgery. For example, when planning a shoulder replacemernt surgery, the surgeon may
need to acguire nformation about the scapula, humerus, and rotator cuff muscles.
Computed Tomography (CT} images, and 3-dimensional {313 models gencrated based
on CT images, provide accurate depictions of the patient’s bones. However, because CT
images are generated using x-rays that easily pass through most soft tissue structures, CT
pnages are froquently anable to provide high-quality information about the patient’s soft
tissue structures. On the other hand, ultrasound images are able to provide high-quality
mformation about soft tissue structures but provide less accurate information about bones
than CT mmages.

{6614 A clinician may need specialized training to gain the ability o posttion an
ultrasound probe to obtain high-quality ultrasound images. For instance, # may be
difficult for an untrained clinician to position an ultrasound probe to gather uscful
mformation about a specific muscle or tendon. Thus, the need for a tramned ultrasound
technician may increase the costs and delays associated with performing a surgery.
Robotic probe positioning systems have been developed to position ultrasound probes.
However, access to such robotic probe positioning systerns may be limited and expensive.
Moreover, robotic probe posttioning systems may be obtrusive and interfers with a
surgeon during a surgery.

{06613} This disclosure describes techniques that may improve the process of using an

altrasound probe to gather information for a medical task.  As descnbed herem, a
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computing svstem maay obtain reference data depicting a bone of a patient. The reference
data may include one or more CT images {¢.g., a plurality of CT images) of the bone, a
3-dimensional (3D} model of the bone, or ancther tvpe of medical image depicting the
bone of the paticut. Furthermore, the computing system may determine a physical
location of an ultrasound probe. The computing svstem may generate, based on first
ultrasound data generated by the ultrascund probe, registration data that registers virtual
locations on the bone of the patient as depicted 1o the reference data with corresponding
physical locations on the bone of the patient.  Additionally, the computing system may
generate virtual guidance based on the reference data, the registration data, and the
physical location of the ultrasound probe. The virtual gaidance may provide guidance to
a clinician regarding how the ultrasound probe is positioned relative to a target position
at which the ulirasound probe is able to generate second ultrasound data that provides
mformation regarding a soft tissue stractare of the patient. For example, the virtual
guidance may insiruct the chinician how to move the ultrasound probe so that the
ultrasound probe 1s at a target position to generate second ultrasound data that provides
mformation regarding a soft tissue structure of the patient. The computing svstem may
also cause a head-mounted Mixed Reality (MR) visuabzation device to output the virtual
guidance to the chnician. In this way, the clinician may be able to both see the patient
and see the virtual guidance. The use of vutual guidance m this way may help the
chinician obtain information about the soft tissue structure.

[8616] Moreover, i some examples, the computing svstem may generate a virtual model
{e.g. a 2-dimensional (20} or 3D model} of the soft tissue structure based on data
generated by the ultrasound probe. The MR visualization device may output the virtual
model of the soft tissue structure so that the virtual model of the soft tissue structure
appears to the clinician to be superimposed on the patient at an actual location of the soft
tissue structure. The MR visualization device may also cutput virtual models of one or
more bones of the patient 5o that the virtual bones of the patient appear to the clinician to
be supertmposed on the patient at actual locations of the bones of the patient. In this way,
the clinician may be able to casily comprebend the locations of hidden soft tissue
structures and bones of the patient. In some examples, the computing systom may output
the virtual model of the soft tissue structure and virtual models of the bones causing the
virtual model! of the soft tissue structure and the virtual models of the bones for display
on a monttor. In such exampies, the clinician may use these virtual models for vanous

purposes, such as presurgical planning.
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16017) FIG. 1 1s a conceptual diagram tllustrating an example system 100 in which oune
or more technigues of this disclosure may be performed. In the example of FIG. 1, system
100 includes one or more computing devices 102, a MR visualization device 104, an
pltrasound probe 106, and a medical imaging system 108, A clinician 110 is using
ultrasound probe 106 to perform an exanunation on a patient 112 who is posttioned on a
table 114, Chnician 110 may be a surgeon, mirsg, technician, medic, physician, or other
type of medical professional or person. Chinician 110 and patient 112 do not form part of
system 100, MR visualization device 104 may use markers 116A, 116B (collectively,
“markers 116”7} to determine a position of patient 112, Although the example of FIG. 1
shows clinician 10 performing the ultrasound examination on a shoulder of patient 112,
the technigues of this disclosure may be applicable with respect to other parts of the body
of patient 112, such as a foot, ankle, knee, hip, elbow, spine, wust, hand, chest, and so
on.

{0618] In general, cliucian 110 performs the ulirasound examination by positioning

-

ultrasound probe 106 on the skin of patient 112, Ultrasound probe 106 generates
altrasonic waves and detects returning ultrasonic waves. The returming ultrasonic waves
may include reflections of the ultrasonic waves generated by ultrascund probe 1066
Ultrasound probe 136 may generate data based on the detected returning ultrasonic waves.
The data generated by ultrasound probe 106 may be processed to generate ultrasound
mmages, ¢.g., by ultrasound probe 106, computing devices 102, or another device or
system. o some examples, ultrasound probe 106 1s a linear array ultrasound probe that
detects returning ultrasound waves along a single plane onented orthogonal to the
direction of travel of the ultrasonic waves. A lingar array ultrasound probe may generate
2D ultrasound images. In some examples, ultrasound probe 106 may be configured to
perform 3D ultrasound, e.g., by rotating a linear array of ultrasound transducers.

[3619] MR visualization device 104 may use various visualization technigucs to display
MR visualizations to chinician 110, A MR visuahization may comprise one or more virtual
objects that are viewable by a user at the same time as real-world objects. Thus, what
chnician 110 sees is a nmixture of real and virtual objects.

{0628] MR visualization device 104 may comprise various types of devices for presenting
MR visualizations. Forinstance, in some examples, MR visualization device 104 may be
a Microsoft HOLOLENS™ headset, such as the HOLOLENS 2 headset, available from
Microsoft Corporation, of Redmond, Washington, USA, or a similar device, such as, for
example, a similar MR wisualizaion device that includes wavegmdes.  The

5
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HOLOLENS™ device can be used to present 3D virtual objects via holographic lenses,
or waveguides, while permitting a user o view actual objects in a real-world scene, 1e.,
i a real-world environment, through the holographic lenses. In some examples, MR
visualization device 104 may be a holographic projector, head-mounted smartphone,
special-purpose MR visualization device, or another type of device for presenting MR
visualizations. In some examples, MR visualization device 104 includes a head-mounied
unit and a backpack unit that performs at icast some of the processing functionality of
MR visualization device 104, In other examples, all functionality of MR visualization
device 104 is performed by hardware residing in a head-mounted uwnit. Piscussion in this
disclosure of actions performed by svstem 100 may be performed by one or more
computing devices 102 of system 100, MR visualization device 104, or a combination of
the one or more computing devices and MR visualization device 104

18021] Processing circuitry performing computing tasks of system 100 may be distributed
among one or more of computing devices 162, MR visualization device 104, ultrasound
probe 106, and/or other computing devices. Furthermore, in some examples, sysiem 100
may nclude multiple MR visualization devices. Computing devices 102 may mclude
server computers, personal computers, smartphones, tablet computers, laptop computers,
and other types of computing devices. Computing devices 102 may communicate with
MR visualization device 104 via ong or more wired or wircless communication inks. In
the example of FIG. 1, a lightning bolt 118 represents a wireless communication link
between computing devices 102 and MR visvalization device 104

10622} In accordance with one or more techruques of this disclosure, sysiem 100 may
obtain reference data depicting one or more bones of patient 112, Medical imaging
system 108 may generate the reference data. Medical imaging system 108 may generate
the reference data prior o the ultrasound cxamination. o some examples, medical
imaging systern 108 generates computed tomography (CT) data.  In other examples,
medical mmaging system 108 may generate magnetic resonance imaging (MRI) data or
other tvpes of medical images.

10623] Farthermore, system 100 may determine a spatial relationship between ultrasound
probe 106 and the bone. fu other words, system 100 may determine where ultrasound
probe 106 is in relation o the actual bone of patient 112, System 100 may determine this
spatial relationship based on the reference data and ulirasound data generated by
ultrasound probe 106, Ultrasound probe 106 generates the ultrasound data durmg use of

ultrasound probe 106 on patient 112, The ultrasound data may mclude an oltrasound
6



WO 2023/076308 PCT/US2022/047772

mmage or system 100 may generate an ultrasound image based on the ultrasound data
generated by ultrasound probe 106,

[8624] As part of determining the spatial relationship between ultrasound probe 106 and
the bone, systent 100 may determine a current physical location of ultrasound probe 106,
The current physical location of ultrasound probe 106 mav be expressed m terms of
goordinates i a real-world coordinate system. The real-world coordinate system may
gxpress positions within a physical environment of patient 112, In some cxamples,
system 100 uses data from one or more sensors (¢.g., depth sensors, visible light sensors,
cte.) meluded m MR visualization device 104 to determune the current physical location
of ultrasound probe 106, In some examples, system 100 may use data from one or more
other sensors in an examinaiion room to determune the current physical location of
ultrasound probe 106, In some exampies, one or more markers attached to ultrasound
probe 106 help system 100 determine the current physical location of ultrasound probe
106,

16623} In some cxamples, to determine the spatial relationship between ultrasound probe
106 and the bone, system 100 may obtain one or more ultrasound tmages based on the
altrasound data generated by ultrascund probe 106, The ultrasound image may represent
struckurgs within patient 112 1 a shice aligned with a detection plane {or axis) of
ultrasound probe 106, Io general, a transducer of ulirasound probe 106 cmoits pulses of
ultrasonic waves onio the skin of patient 112, In some examples, a gel may be apphed to
the skin of pattent 112 to increase transmission of the uitrasonic waves generaied by
ultrasound probe 106 mnto the intevior of patient 112, When a puise of ultrasonic waves
encounters a first structure {e.g., muscle, tendon, ligament, blood vessel, cartilage, bone,
cte.y within patient 112, the first struciure may reflect a portion of the witrasonic waves of
the pulse back toward the transducer of ultrasound probe 106, which may then detect the
reflected portion of the ultrasonic waves, However, the first structure may also transmit
a portion of the ultrasonic waves of the pulse through the first structure. A second
structure may reflect a portion of the ultrasonic waves of the pulse that were transmitied
through the first structure and may transmit another portion of the ultrasonic waves of the
pulse, and so on. Based on one or more estimated speeds of travel of the ulirasonic waves
through patient 112 and based on a time required for the ultrasonie waves reflected by a
struckure to arrive back at the transducer of ultragsound probe 106, the distance of the

structure from the transducer of ultrasound probe 106 may be estimated.
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10626] Svstem 100 mayv obtain an ultrasound image based on cstimated distances to
structures withm patient 112, For nstance, the ultrasound image may include pixels
corresponding to distances from a transducer of ulirasound probe 106, In a typical
pltrasound image, pixels corresponding to distances of structures that reflect vltrasonic
waves are shown in white while other pixels remain dark.
{6627 In an example where ultrasound probe 106 is a linear array ultrasound probe,
ultrasound probe 106 includes an armray of transducers arranged in a single line along the
detection plane of ultrasound probe 106, The transducers may be arranged in a fan shape.
Thus, an ultrasound image generated by a linear array ultrasound probe may represent
structures within a fan-shaped slice through patient 112 aligned with the detection plane.
In some examples, a 35 ultrasound image of 3 cone-shaped section of patient 112 may
be generated by rotating the linear array of transducers of ultrasound probe 106,
[8628] The structures represenied in the ultrasound image may include soft tissue
structures and bone. System 100 may analyze the ultrasound image to identify a structure
represented m the ultrasound tmage that has the same profile as a bone represented io the
reference data. For instance, system 100 may analyze the ultrasocund image to identify a
curve of a struchure represented 1n the ultrasound image. Svstem 100 may then attempt
to match that curve to a curve of a bong represented in the reference data. I gystem 100
finds a match, the structure represented n the ultrasound image is Likely 1o be the bone
represented in the reference data.,
[08629] Moreover, if system 100 finds the match, system 100 may determine real-world
coordinates for the bone. Systern 100 may determine the real-world coordinates of the
bone based on the distance of the bone from ultrasound probe 106 (as determined using
the ultrasound mmage} and the real-world coordinates of ultrasound probe 106, Points on
the bone as depicted in the reference data may be defined by a virtual coordinate system.
Because system 100 is able to match a curve of the bone represended in the reference data
with a curve of the bone represented i the ultrasound 1mage, svstem 100 18 therefore able
to determine a relationship between the virtual coordinate system of the reference data
and the real-world coordinate system. In other words, systemy 100 may generate
registration data that registers the reference data with the real-world coordinate system.
[8630] Afier registering the reference data with the real-world coordinate system, svstem
100 may generate virtual guidance based on the reference data, the registration data, the
physical location of ultrasound probe 106, The virtual guidance may provide guidance
to clinician 110 regarding how ultrasound probe 106 13 positioned relative to a target
2
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position at which ultrasound probe 106 1s able to generaie uitrasound data that provides
mformation regarding a soft tissue structure of the patient. For example, the virtual
guidance may mstruct chinician 110 how to move ultrasocund probe 106 so that ultrasound
probe 106 is at a target position to generate ultrasound data that provides information
regarding a soft tissue structure of patient 112, In some examples, the virtual guidance
may provide chinician 110 with information that ultrasound probe 106 18 currently
positioned at the target posttion. System 100 may then cause a MR visualization device
104 to output the virtual guidance to clinician 110

{8631} System 100 may generate varous tvpes of virtual guidance. For example,
clintcian 110 may be preparing for a shoulder replacement surgery. In this example,
clinician 110 may need o take the properties of various soft tissue stractures info account
when deternuning how to select and wmplant a glenoid prosthesis and/or humeral
prosthesis. For example, laxity in the rotator caff muscles {e.g., the supraspinatus muscle,
infraspinatos muscle, teres minor muscle, and subscapularis muscle) may suggest the use
of a reverse total shoulder arthroplasty instead of an anatomic total shoulder arthroplasty.
Accordmgly, in this example, it may be valuable for clinician 110 to understand the
locations and sizes of the rotator cuff muscles. A single ulirasound image that represents
a 2D shice through patient 112 mav show an edge of a rotator cuff muscle but might not
show enough of the entire rotator cuff muscle to allow chinician 110 to understand the
tocation and size of the rotator cuff muscie of patient 112, Accordingly, in this example,
the virtual guidance generated by system 100 may tnstract clinician 110 how to move
ultrasound probe 106 o one or more positions where ultrasound probe 106 can gencrate
ultrasound data that provides more mformation regarding the rotator cuff muscle of
patient 112,

18632} As noted above, system 100 may generate the virtual guidance based on the
reference data.  In general, the reference data provides a more complete and precise
representation of bones than may be generated by ultrasound probe 106, In general,
aystem 100 can predict the positions of various soft tissue stractures based on the shapes
and positions of the bones represented in the reference data. Thus, because both the
reference data and ultrasound probe 106 are registered with the real-world coordinate
sysiem, system 100 may generate the virtual guidance that provides guidance to chinician
110 regard how ultrasound probe 106 is positioned relative 1o a target position at which
ultrasound probe 106 is able to geverate ultrasound data that provides information
regarding a soft tissue structure of patient 112, For instance, the virtual guidance may

9
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mstruct cliucian 110 to move ultrasound probe 106 1o a predicied location of the soft
tissue structure. System 100 may update the virtual gudance as chnician 110 moves
pltrasound probe 106 from position to position. Thus, chnician 110 may obtain real-time
feedback on how to move ultrasound probe 106 so that ultrasound probe 106 is able to
generate the ultrasound data. In this way, ultrasound probe 106 may gencrate ultrasound
data regarding the portion of the soft tissue structure relevant to chnigian 110,

103633] In some examples, system 100 may generate a virtual model of a soft tissue
structure of patient 112 based on ultrasound data regarding the soft tissue structure. For
mstance, in one example, the virtual guidance may instruct chnician 110 to shide
pltrascund probe 106 along the skin of patient 112 over the predicted location of the soft
tissue structare. System 100 may obtain a series of ultrasound images based on ultrasound
data generated by ultrasound probe 106 as chinician 110 shides ultrasound probe 106 over
the predicted location ofthe soft tissue stracture. Svstem 100 may segment the eltrascund
1mages to isolate parts of the ultrasound images that correspond to the soft tissue structure.
In some examples, systern 100 may use a machine learning (ML) based computer vision
technigue {e.g., a convolutional neural network) to segment the ulirasound images to
isolate the parts of the ultrasound images that correspond o the soft tissue stracture.
Sysiem 100 may then process the parts of the ultrasound images that correspond to the
soft tissue structure to form the virtual model of the soft tissue structure,

[88634] MR visualization device 104 may ouiput the virtual model of the soft tissue
structure so that the virtual modsl of the soft tissue structure appears to clinician 110 to
be supernimposed on patient 112 at an actual location of the soft tissue structure,. MR
visualization device 104 may also output virtual models of one or more bones of patient
112 so that the virtual bones of the bones appear to chnician 110 to be superimposed on
patient 112 at actual locations of the bones of patient 112, o this way, clinician 110 may
be able to casily comprehend the locations of hidden soft tissue structures and bones of
patient 112, Being able to view virtual models of the soft tissue structure and bones on
MR visualization device 104 may be especially valuable during a surgery.

18635] FIG. 2 is a conceptual diagram illustrating an example computing systern 200
accordance with one or more technigues of this disclosure. Components of computing
sysiem 200 of FIG. 2 may be included i one of computing devices 102 (FIG. 1), MR
visualization device 104, or ultrasound probe 106, Ip the example of FIG. 2, computing
systern 200 includes processing circuitry 202, memory 204, a conununication interface

206, and a display 208.
10
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16036] Examples of processing circuitry 202 include one or more microprocessors, digital
signal processors (DSPs), apphcation specific mtegrated circuits (ASICs), ficld
programmable gate arrays (FPGAS), hardwars, or any combimations thereof. In general,
processing circutiry 202 may be implemented as fixed-function circuils, programmable
circuits, or a combination thercof. Fixed~-function circuits refer to circuits that provide
particdar functionality and are preset on the operations that can be performed.
Programmable circuits refer to circuits that can programmed to perform various tasks and
provide flexible functionality in the operations that can be performed. For nstance,
programmable circuils may execute software or fitmware that cause the programmable
circuits to operate in the manner defined by mstructions of the software or firmware.
Fixed-function circuifs may execute sofiware instructions {¢.g., to receive parameters or
output parameicts), but the tvpes of operations that the fixed-function circmts perform are
generally immutable. In some examples, one or more of the units may be distinct circuit
blocks {fixed-function or programmable), and in some examples, the one or more vnils
may be integrated circwts.

{8637} Processing circuitry 202 may include anthmetic logic units (AL Us), elementary
function omits {EFUs}, digital circuits, analog circwis, and/or programmable cores,
formed from programmable circutis. In examples wherg the operations of processing
cirenitry 202 are performed using software execuied by the programmable circuits,
memory 204 may store the object code of the software that processing cireuitry 202
receives and executes, or another memory within processing circeitry 202 (not shown)
may store such instructions. Examples of the sofiware include software designed for
surgical planning. Processing circuitry 202 may perform the actions ascribed m this
disclosure to computing system 200

{8038] Memory 204 may store various tvpes of data used by processing circuitry 202.
Memory 204 roay include any of a varicty of memory devices, such as dyramic random
access memory {DRAM), including synchronous DRAM (SDRAM), magnetoresistive
RAM (MRAM), resistive RAM (RRAM]}, or other types of memory devices. Examples
of display 208 mmclude a higquad crystal display (LCD), a plasma display, an organic light
emitiing diode (OGLED) display, or another type of display device.

1863%] Commumication mterface 206 that allows computing system 200 to ocutput data
and instructions o and receive data and instructions from MR visualization device 104,
medical mmaging system 108, or other device via one or more conumunication links or

networks,  Communication mterface 206 may be hardware cirvcuitry that enables
i1
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computing system 200 to communicate {c.g., wirelessly or using wires} to other
computing systems and devices, such as MR visualization device 104, Example networks
may include various types of communication networks including one or more wide-area
networks, such as the Internet, local area networks, and so on.  In some examples, the
network may include wired and/or wireless communication links.

[806490] In the example of FIG. 2, memory 204 stores reference data 210, positioning data
212, ultrasound data 214, registration data 2135, plan data 216, and virtual guidance data
218, Additionally, m the example of FIG. 2, memory 204 stores a registration unit 2240,
a virtual guidance unit 222, and a virtual modeling umit 224, In other examples, memory
204 may store more, fower, or different types of data or units. Moreover, the data and
units Hustrated in the example of FIG. 2 are provided for purposes of explanation and
may not represent how data is actually stored or how software 1s actually implemented.
Registration unit 220, virtual guidance unit 222, and virtual modeling onit 224 may
comprise instructions that are executable by processing circuitry 202, For case of
explanation, this disclosure may describe registration unit 220, virtual guidance unit 222,
virtual modeling unit 224 as performing various actions when processing circuitry 202
executes instructions of registration umit 220, virtual gaidance anit 222, virtual modeling
unit 224,

[0041] In general, reference data 210 mncludes previously obtained data depicting one or
more bones of patient 112, For example, reference data 210 may mclude one or more CT
tmages of a bone. In some examples, reference data 210 may include a 3-dimensional
model of a bone. The 3-dimensional model of the bone may be generated based on a
plurality of CT mmages. Cormputing svstem 200 mayv obtain reference data 210 from
medical imaging system 108 or ancther source. Forinstance, computing system 200 may
gencrate reference data 210 based on data received from medical imaging system 103 or
another source; or computing system 200 mav receive reference data 210 from medical
imaging system 108 or another source.

[60642] Posttioning data 212 may include data mdicating locations of vltrascund probe
106, patient 112, and/or other real-world objects. Computing system 200 may obtain
positioning data 212 based on one or more sensors, such as depth sensors or cameras,
located on MR visuahization device 104 and/or other devices. Ultrasound data 214 may
nclude ultrasound mages or other types of data generated by ultrasound probe 106, In
some examples, computing system 200 may use the data gencrated by ultrasound probe

106 to generate ultrasound images. Plan data 216 may include data related to a plan for
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amedical task. For instance, plan data 216 may indicate which soft tissue structures are
relevant for the medical task.
{8043} As described in greater detail elsewhere in this application, registration unit 220
may determine a physical location of ultrasound probe 106, Additionally, registration
vott 220 may geverate, based on first ultrasound data generated by ultrasound probe 106,
registration data that registers virtual locations on the bone of patient 112 as depicted in
reference data 210 with corresponding physical locations on the bone of patient 112,
YVirtual guidance unit 222 may generate virtual giidance data 2 18 based on reference data
210, registration data 215, and the physical location of ultrasound probe 106 {cg.,
positioning data 212}, Virtual gaidance data 218 may provide guidance to clinician 110
regarding how ultrasound probe 106 is positioned relative to 3 target position at which
ultrasound probe 106 15 able to gencrate ultrasound data that provides information
regarding a soft tissue structure of the patient. For example, virtual gindance data 218
may nstruct clinician 110 how to move ultragsound probe 106 so that vlirasound probe
106 1s at a target position to genecrate ulirasound data that provides mformation regarding
a soft tissue structure of patient 112, Virtual guidance unit 222 may cause MR
visualization devige 104 to output the virtual guidance to clincian 118, Virtual modeling
unit 224 may gencrate virtual models and, in some examples, may cause MR visualization
device 104 to output the virtual models.
[8044] FIG. 3 15 a flowchart illustrating an example operation of system 100 1
accordance with one or more techmiques of this disclosure. The flowcharts of thig
disclosure illustrate example operations. In other examples, operations may ioclude
more, fower, or different actions.
{8045} In the example of FIG. 3, computing system 200 may obtain reference data 210
depicting at least one bone of patient 112 (300}, As described elsewhere in this disclosure,
coraputing systern 200 may obtain reference data 210 from medical imaging system 108
or another source.
18046] Furthermore, registration unit 220 may determine a physical location of
wltrasound probe 106 (302). In some examples, registration unit 220 may determine the
physical location of ultrasound probe 106 based on data from one or more sensors of MR
visualization device 104. For mstance, MR visualization device 104 may include one or
more visible-light cameras and a depth sensor. The depth sensor may be configured to
detect a distance from the depth sensor to an object, such as ultrasound probe 106, The
depth sensor may be implemented 10 one of a variety of ways. For instance, the depth
13
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sensor may nclude an infrared light enutier and detector. The infrared light emitter may
emit pulses of infrared hight. Reflections of the infrared hight are detected by the detector
of the depth sensor. The depth sensor may determine, based on a time-of-flight of the
pulse of infrared hight to an object and back to the detector from the object, a distance
from the depth sensor to the object. In some examples, registration uat 220 may be
configured to use signals from the visible light sensors to identify ultrasound probe 106.

In some examples, optical markers may be attached to ultrasound probe 106 to enhance

from the visible hight sensors of MR visualization device 104, Determining the location
of ultrasound probe 106 based on data from sensors of MR visualization device 104, as
opposed to other types of devices, may be advantageous because use of data from sensors
of MR visualization device 104 may chiminate the veed for another object to be n a
surgical theater that may need to be sterthized or otherwise shiclded. Moreover, use of
data from sensors of MR visualization device 104 may be advantageous because the
sensars of MR visualization device 104 may detect ultrasound probe 106 from the
perspective of chinteian 1106 nsimg ultrasound probe 106, Theretore, clinician 110 13 not
blocking the view of ultrasound probe 106 from other sensors.

{8047] Registration wit 220 may wndicate the physical location of ultrasound probe 106
n terms of coordinates in a real~world coordinate system. The wal~-world coordinate
system mayv be a coordinate sysiem describing locations of objects i a physical
environment of MR visualization device 104 and patient 112, MR visualization device
104 may establish the real-world coordimate system by performing a Simultancous
Localization and Mapping (SLAM) algorithm. The SLAM algorithm also determines a
current position of MR vissalization device 104 in terms of the real-world coordinate
sysiem.

{3048] Registration unit 220 may generate, based on ultrasound data gencrated by
ultrasound probe 106, registration data that registers virtual locations on the bone of
patient 112 as depicted m reference data 210 with corresponding physical locations on
the bone of patient 112 (304}, Registration unit 220 may generate the registration data in
one of a varicty of ways. For mstance, FIG. 4, which 15 described in greater detail
elsewhere in this disclosure, 1s a flowchart iHhustrating an example operation of the svstem
for generating registration data.

{3049] Furthermore, virtual guidance wut 222 may generate virtual guidance based on

reference data 210, registration data 215, and the physical location of ultrasound probe
14



WO 2023/076308 PCT/US2022/047772

106 (306}, The virtual gamidance may provide guidance to clinician 110 regarding how
ultrasound probe 106 13 positioned relative to a target position at which ultrasound probe
106 1s able to generate ultrascund data that provides information regarding a soft tissue
structure of the patient. For example, the virtual guidance may instract clinician 110 how
to move ultrasound probe 10 so that ultrasound probe 106 1s at atarget position {0 generate
ultrasound data that provides information regarding a soft tissue stracture of patient 112,
106590] Plan data 216 (FIG. 2y may include data mformation describing a plan for chinician
110 1o follow with respect to patient 112, In some examples, plan data 216 may include
surgical planning data that describe a process to prepare for and conduct a surgery on
patient 112, In some examples, plan data 216 may be hmtted to just an ultrasound
exanunation of patient 112, In cither case, plan data 216 may indicate which soft tissue
structures are to be scanned durning the ulirasound cxamination. For instance, plan data
216 mayv ndicate that a supraspmatus muscle 15 to be scanned during the oltrasound
examination. On the basis of plan data 216 indicating that the soft tissue structure is to
be scanned durmg the ultrasound exanunation, virtual modeling unut 224 may obtain {e.g.,
generate or receive) an estimated model of the soft tissue structure based on the reference
data. For example, virtual modeling unit 224 may use a statistical shape model of the
bone as depicted i reference data 210 as a basis for the estimated model of the soft tissue
structure. In other words, virtual gaidance unit 222 may generate the estimated modet of
the soft tissue structure as a statistical shape model (SSM) of the soft tissue structure
based on reference data 210, In general terms, when virtual modeling unit 224 uses a
statistical shape mode! to generate the estimated model of the soft tissue structure, virtual
modeling unit 224 may use statistics regarding the bone to determine an expected size
and shape of the soft tissue structurs.

{8651} In some oxamples, the statistical shape model is implemented using a machine
learning (ML} model. For instance, mm an example where the ML model 15 a neural
network, virtual modeling unit 224 may train the neural network to generate the estimated
model of the soft Hissae structure {or other data sufficient to characterize the soft tissue
structure) as output. fnput to the neural network may include imformation regarding one
o1 more bones {¢.g., models of the bones, data characterizing the ong or more bones),
patient demographic data, and/or other types of data. The neural network may be trained
basced on data from many people. Accordingly, the estimated model of the soft tissue

structure generated by the neural network may be considered to be a prediction of the soft
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tissue structure given the corresponding soft tissue structure and bones of many other
people.

{18052] Additionally, virtual guidance snit 222 may generate, based on the registration
data that registers virtual locations on the bone of patient 112 as depicted in reference
data 210 with corresponding physical locations on the bone of patient 112, additional
registration data {¢.g., second registration data} that registers virtual locations on the
estimated model of the soft tissue structure and corresponding physical locations on the
bone. For example, virtual guidance unit 222 may deternuine a location on the bone as
depicted 1 reference data 210 of an expected attachment pomnt of the soft tissue structure
to the bone. Additionally, in this example, virtual gyadance anit 222 may determine in
the estimated mode! of the soft tissue structure corresponding attachment points of the
soft tissue structire to the bone. Beocause virtual guidance uott 222 has fust registration
data that registers virtual locations on the bone of patient 112 as depicted 1 reference
data 210 with corresponding physical locations on the bone of patient 112, virual
guidance unit 222 15 therefore able to determine how a virtual coordinate system by which
positions on the estimated model of the soft tissue structure relate to the virtual locations
on the bone of patient 112 as depicted in reference data 210, and therefore how the virtual
coordinate svstem by which positions on the estimated model of the soft tissue structure
relate to the real~world coordimate system (1.¢., the physical locations on the bone of the
patient}.

[86533] Farthermore, virtual guidance unit 222 may determine, based on the additional
registration data and the physical location of ultrasound probe 106, a direction to move
altrasound probe 106 so that ultrasound probe 106 1s at the target position. In some
examples, the direction may be a lateral movement of ultrasound probe 106 across the
skin of patient 112. In some examples, the direction may be a rotation of ultrasound probe
106. In some examples, the direction may be a change of angle of ultrasound probe 106
relative 1o the surface of the skin of patient 112,

[8654] In some examples, (o generate the virtual guidance, virtual guidance unit 222 may
track which parts of the soft tissue structure have been scanned dunng the ultrascund
exammnation. For mstance, virtual guidance vnit 222 may deternine which surfaces of
the catimated model of the soft tissuc structure have not vet been within the detection
plane of ultrasound probe 106, Virtual guidance unit 222 may then generate the virtual
guidance to direct chnician 110 so that ultrasound probe 106 is positioned such that an

unscanned part of the soft tissue structure 15 within the detection plane of ultrasound probe
16



WO 2023/076308 PCT/US2022/047772

106. Therefore, when sufficient parts of the soft tissue structure have been scanned, the
ultrasound examination of the soft issue structure may be complete. Note that in order
to scan some part of the soft tissue structure, virtual giedance unit 222 may generate
virtual guidance that instructs climician 110 to rotate or tikf ultrasound probe 106, Thus,
in some examples, the virtual guidance that instructs chinician 110 how to mave
ultrasound probe 106 indicates how to adjust an angle of ultrasound probe 106 relative to
patient 112 so that ultrasound probe 106 is in the target position to generate additional
ultrasound data. In some examples, the virtual guidance may wndicate to chinician 110
that ultrasound probe 106 1s at a correct angle to gencrate the additional ultrasound data.
{8088} Additionally, virtual guidance unit 222 may cause MR visaalization device 104
to output the virtnal guidance to clinician 110 (308). For example, virtual guidance unit
222 may send signals to MR visualization device 104 that instruct MR visualization
device 104 to display the virtual guidance. In some examples, virtual guidance unit 222
may cause MR visualization device 104 to output the virtual guidance so that the virtual
guidance appears to clinician 110 to be supenimposed on patient 112,

[8056] In some cxamples, virtpal guidance wmt 222 may generate updated virtual
guidance {310}, The updated virtual guidance may mstruct climcian 110 o move
ultrasound probe 106 1o a next target posttion so that ultrasound probe 106 can gencrate
additional ultrasound data regarding the soft tissue structure or a different soft tissue
structure. In some examples, the updated virtual guidance mayv mdicate to chinician 110
that ultrasoand probe 106 18 not yet at the next target position. Virtual guidance unit 222
may then cause MR visualization device 104 to display the updated virtual guidance
{308}, 'This process may contmue wntil ulirasound probe 106 generates sufficient
pltrasound data. In this way, if the virtual gouidance is considered first virtual guidance,
virtual guidance umit 222 may obtain second ultrasound data and determine second virtual
guidance based on the reference data, the registration data, and the physical location of
ultrasound probe 106, In some examples, the second virtual guidance may mstruct
chinician 110 how to move ultrasound probe 106 so that oltrasound probe 136 s m a
second target position to generate third ultrasound data that provides additional
mfommation regarding the soft tissue structure of paticnt 112, In some cxamples, the
second virtual guidance may indicate whether ultrasound probe 106 1s at the second target
position. Virtual giidance unit 222 may then cause the MR visualization device to output

the second virtual guidance to clmician 110,
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16057) Vutual guidance wnit 222 may generate the updated virtual guidance based on
second ultrasound data generated by ultrasound probe 106 when ultrasound probe 106 18
at the target position. For example, virtual gindance unit 222 may refine an estimated
maodel of the soft tissue structure based on the ultrasound data generated by ultrasound
probe 106 when ultrasound probe 106 is at the target position. In this example, virtual
guidance umt 222 may generate the updated virtual gwdance based on the refined
estimated model.

10058] Vutual guidance unit 227 may refine the estimated model i various ways. For
example, virtual guidance unit 222 may implement a machine learning (ML) model, such
as an artificial nevral network. Inputs to the ML model may melude data representing a
3D model of the soft tissue structure and data derived from the ultrasound data. Anioitial
3D model of the soft tissue structure may be gencrated using a statistical shape model
based on the reference data and, in some examples, other factors such as the age, sex,
weight, and other characteristics of patient 112, Qutputs of the ML model may include
data representing an updated 3D model of the soft tissue structure. The data derived from
the ultrasound data may include data indicating a measured position of the soft tissue
structure, thickngss of the soft tissue structure, density of the soft tissue structure, and
other types of information that sysiera 100 can derive from the second alirasound data.
Subsequently, when virtual guidance unit 222 obtains more new ultrasound data, virtual
guidance umit 222 may use the updated 3D model of the soft tissue structure, as well as
data based on the new ultrasound data, as input to the artificial neural network. The
artificial noural network may be varicus types of artificial neural networks, such as a
convolutional neural network or fully connected decp neural network. In some examples,
virtual guidance unit 222 may use image stitching techmques to detect the boundarics
between acquired ulirasound tmages. In some examples, virtual guidance unit 222 may
use feature-based detectors to detect features that are shared among ulirasound images.
Example feature-based detectors include Scale Invanant Feature Transform (SIFT),
Speeded Up Robust Features (SURF), Pyvramidal Histogram of Visual Words (PHOW).
10659] FIG. 4 15 a flowchart illusteating an example operation of computing system 200
for generating registration data, in accordance with one or more techniques of this
disclosure. Inthe example of FIG. 4, registration unit 220 may obtam an ultrasound image
based on ultrasound data (400}, Ultrasound probe 106 may generate the ultrasound data

while ultrasound probe 106 13 at an witial physical location.
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[0660] Additionally, registration untt 220 may determine a portion of the bone as depicted
in the ultrasound image that corresponds to a portion of the bone as depicted n reference
data 210 (402). In some examples, to determine the portion of the bone as depicted m the
pltrasound image that corresponds to the portion of the bone as depicted in reference data
219, registration unit 220 may perform a curve-matching process. As example of the
curve-matching process 1s described below with respect to the example of FIG. 5. In
other examples, registration unit 220 may use deep leamning or a convolution neural
network to perform the curve matching process. In some examples, registration unit 220
may use 3 wavelet transtorm fo determine feature vectors that charactenze textures in the
pltrascund images. Registration unit 220 may form elements of the feature vectors by
wavelet transformations at one or more decomposition levels. Registration unit 220 may
implement a classitier that may usc the feature vector to recognize structures in different
ultrasound images.

{0661] Farthermore, in the example of FIG. 4, registration umt 220 may generate
displacement data describing a spatial displacerent between uhrasound probe 106 and
the portion of the bone depicted in the ultrasound image (404). For example, registration
pnit 220 may generaic a displacement vector that mehides components indicating a
displacement, in the detection plane of ultrasound probe 106, between a transducer of
ultrasound probe 106 and a location on the portion of the bone that reflected ulirasonic
waves back to the transducer. In some exampies, the components may mclude a distance
value and an angle value indicating an angle of the transducer relative to a midhne of an
array of transducers of ulirasound probe 106, In some examples, the components may
mchude a first value mdicating a displacement of the location on the bone along a line
orthogonal to the midline of the array of transducers of ultrasound probe 106 and asecond
value indicating a displacement of the location on the bone along the midline of the array
of transducers of ultrasound probe 106,

[3062] Registration unit 220 mayv gencrate the registration data based on the inital
physical location of ultrasound probe 106 and the displacement data (406). For example,
the imitial physical location of ultrasound probe 106 may be ropresented in terms of real-
world coordinates.  In this example, the displacoment data may also be expressed or
converted to real-world coordinates. Thus, the location on the bone may be expressed in
terms of real-world coordinates by adding the real-world coordinates of ultrasound probe
106 and the displacement data. Furthermore, registration umit 220 may determine the

virtual coordmates (i.e., coordinates defining positions n the registration data) of the
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corresponding location on the bone i the reference data. Therefore, registration wit 220
may generate the registration data by determining the relationship between the real-world
coordinates of the location on the bone and the virtual coordinates of the corresponding
location on the bone n the reference data.

{3063] FIG. 5 15 a conceptual diagram dlustrating matching curves in accordance with
one or more technigues of this disclosure. The example of FIG. 5 shows an altrasound
mmage 500 and reference data 502, Reference data 502 includes a reference model 504 of
a scapula of patient 112, Reference model 504 may be a 313 dunensional model of the
scapula. Although FIG. § 13 desenibed with respect o a scapula, the processes described
with respect to FIG. 3 may be apphcable to other bones, such as a pelvis, humerus, tibia,
fibula, fomur, patella, radius, ulna, talus, metatarsal, phalange, cuneiform bones, cuboid
bone, calcancus, carpal bone, and so on.

[680664] To determine a portion of a bone {¢.g., scapula) as depicted i ultrasound image
504 that corresponds to the portion of the bone as depicted in reference data 302,
registration unit 220 may generate curve data that characterizes a curve 506 of the bone
as depicted m ultrasound wnage 500, Curve 506 may correspond to an outer surface of
the bone as viewed along the detection plang of ultrasound probe 106, Registration wmt
220 may then scarch the bone as depicted m reference data 502 for a curve that matches
the curve of the boue as depicted in ultrasound image 500, In other words, registration
unit 220 may analyvze reference data 302 to identify a curve that matches the curve of the
bone as depicted in altrasound image 500.

10665] To generate curve data, registration unit 220 may apply an edge detection
algorithm to ultrasound wmage 5300, The edge detection algonthm detects edge n
pltrascund tmage 500. Registration umt 220 may apply one or more of a variety of known
cdge detection algorithms, such as the Canny edge detecior, a second-order edge detector,
or ancther edge detection algorithm. Registration urut 229 may then perform curve fitting
on the detected edges; for mstance, registration umit 220 may perform a polynomal
regression or other type of regression to perform curve fitting. Additionally, registration
unit 220 may perform curve fitting on surfaces of refercnce model 504 taken along
multiple shices passing at a plurality of angles through the reference model. As part of
searching the bone as depicted in registration reference data 502 for a curve that maiches
the curve of the bone as depicted 1 ultrasound mmage 500, registration oot 220 may
corapare curve 506 1o curves of surtaces of refercnce model 504, For instance,
registration unit 220 may compare the coefficients of polynomial functions generated by
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performing polvnonual regression on curve 306 and the curves of the surfaces of
reference model 504, In the example of FIG. 3, registration unit 220 may deternune that
curve 308 on reference model 504 corresponds to corve 506 in ultrasound image S00.
{86646] Because curves 306 and 308 are lines and oot single points, registration unit 220
may, therefore determine the rotation of reference model 504 relative to the bone depicted
i wltrasound image S00. Registration unit 220 may use the rotation of reference model
504 relative to the bone depicted in ultrasound image 500 as part of generating the
registration data that registers a virtnal location on the bone of patient 112 as depicted in
altrasound image 3060 with a corresponding physical location on the bone of patient 112
In some examples, generating the registration data includes generating a transform matrix.
18667 FIG. 6 13 a concepiual diagram illustrating example virtual guidance during an
ultrasound examination of a shoulder of patient 112, in accordance with one or more
technigues of this disclosure. In the example of FIG. 6, clinician 110 holds altrasound
probe 106 against the skin of patient 112, In the example of FIG. 6, only a hand of
climcian 110 15 shown.

[8668] MR visualization device 104 (not shown in the example of FIG. 6) displays a
scapula model 600 that represents a scapula of pattent 112, Scapula model 600 is a virtual
model and s positionad at a location corresponding to the actual scapula of patient 112,
Viriual modehing unit 224 (FIG. 2) may gencrate scapula model 600 based on reference
data depicting the scapula of patient 112,

80669 Additionally, MR visualization device 104 displays a supraspinatus model 602
that reprosents a supraspimatus musele of patient 112, Sepraspinatus model 602 is a
virtual model and 1s positioned at a location corresponding to the actual supraspinatus
muscle of patient 112, Virtual modeling unit 224 may generate supraspinatas model 602
based on reference data 216, For instance, virtual modeling unit 224 may use parametors
of bones depicted in reforence data 210 to perform a stanistical shape modeling process
that generates supraspinatus model 602, Presentation of supraspmatus model 602 may be
a type of virtual guidance. In some examples, virtual modeling unit 224 may refine
supraspinatus model 602 based on ultrasound data 214 generated by ultrasound probe
106, ¢z, as described elsewhere in this disclosure. In this way, virtual guidance unit 222
may cause MR visualization device 104 to output a model of the bone and a model of the
soft tissue structure so that the model of the bone and the model of the soft tissue structure

appear to the clinician to be superimposed on the patient
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16078] MR visualization device 104 may display a virmal duectional clement 604 that
mdicates how clinician 110 1s to move ulirasound probe 106, For instance, virtual
directional eloment 604 may indicate how climician 110 is to move ultrasound probe 106
to genorate ultrasound data that provides more information about the supraspinatus
muscle of paticnt 112, Specifically, in the example of FIG. 6, virtual directional element
614 mndicates that chintcian 110 1s 1o move ulirasound probe 106 medially. Furthermore,
as shown 1o the example of FIG. 6, MR visualization device 104 may display virtual
directional element 604 (or other virtual guidance) so that virtual directional clement 604
appears to clinician 11010 be supenimposed on patient 112, Displaying virtaal directional
clement 604 {and/or other virtual guidance) supernimposed on patient 112 may make it
casier for chinician 110 to understand how to move ulirasound probe 106, In other
cxamples, MR visualization device 104 may display virtual directional clement 604 {or
other virtual guidance} at another location in a field of view of clinician 110,

18671 In some examples, the virtual giidance that instructs chinician 110 how to move
ultrasound probe 106 may instruct cluucian 110 1o maove ultrasound probe 106 laterally
across the skan of patient 112, e.g., as shown in the example of FIG. 6. In some examples,
the virtual gotdance that instructs clinician 110 how to move ultrasound probe 106 may
mstruct chinician 110 to rotate ultrasound probe 106, In some examples, the virtual
guidance that instructs climician 110 how to move uhrasound probe 106 may instruct
chinician | 10 to change an angle at which ultrasound probe 106 contacts the skin of patient
112. Changing the rotation angle or skin-contact angle of ultrasound probe 106 may
enable ultrasound probe 106 to gather more mformation about udernal structures of
patient 112,

18072] The following is a non-limiting set of examples that are in accordance with one or
more technigues of this disclosure.

[8873] Aspect 1. A method mncludes obtaining reference data depicting a boune of a
patient; determining a phvsical location of an ultrasound probe; generating, based on first
ultrasound data generated by the ultrascund probe, registration data that registers virtual
locations on the bone of the patient as depicted in the reference data with corresponding
physical locations on the bone of the patient; generating virtual guidance based on the
reference data, the registration data, and the physical location of the ultrasound probe,
wherein the virtual guidance provides guidance to a chinician regarding how the
ultrasound probe 18 positioned relative to a target position at which the ultrasound probe

is able to generate second ultrasound data that provides information regarding a soft tissue
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structure of the patient; and causing a head-mounted Mixed Reality (MR) visualization
device to output the virtual guidance to the chnician.

[8674] Aspect 2: The method of aspect |, wherein: the physical location of the ultrasound
probe is a physical location at which the ultrasound probe generated the first ultrasound
data, and generating the registration data comprises: obiaining an vlirasound image based
on the first witrasound data; determining a portion of the bone as depicted in the ultrasound
mmage that corresponds to a portion of the bone as depicted in the reference data;
generating displacement data describing a spatial displacement between the ultrasound
probe and the portion of the bone depicted in the ulirasound image; and generating the
registration data based on the physical location of the ultrasound probe and the
displacement data.

{B0875] Aspect 3: The method of aspect 2, wherein determining the portion of the bone as
depicted 1n the ultrasound mage that corresponds to the portion of the bone as depicied
i the reference data comprises: gencrating curve data that characterizes a curve of the
bone as depicted i the ultrasound image; and searching the boune as depicted in the
reference data for a curve that matches the curve of the bone as depicted in the ultrasound
nmage.

18676] Aspect 4: The method of any of aspects 1-3, wherein determining the physical
location of the ulirasound probe comprises determining the physical location of the
ultrasound probe based on data from one or more sensors of the MR visnalization device.
18077] Aspect S: The method of any of aspects 1-4, wherein the reference data comprises
a plarality of computed tomography (CT) images of the bone.

{8078} Aspect 6: The method of any of aspects 1-5, wherein the reference data comprises
a 3-dimensional model of the bone.

18679} Aspect 7. The method of any of aspects 1-6, wherein generating the virtual
guidance comprises generating a virtual directional element that indicates a direction the
chinician 1s to move the ultrasound probe.

18088] Aspect 8. The method of any of aspects 1-7, wherein causing the MR visualization
device to output the virtual guidance to the clinician comprises: causing the MR
visualization device to output the virtual guidance so that the virtual guidance appears to
the chnician to be superimposed on the patient.

{8081] Aspect 9: The method of any of aspects 1-8, wherecin: the registration data is first
registration data, and generating the virtual guidance comprises: obtaining an estimated
model of the soft tissue structure based on the reference data; generating, based on the
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first registration data, second registration data that registers virtual locations on the
estimated model of the soft fissue structure and corresponding physical locations on the
bong; and determining, based on the second registration data and the phyvsical location of
the ultrasound probe, a direction to move the ultrasound probe so that the ultrasound probe
is at the target posttion.

[8682] Aspect 10: The method of aspect 9, wheremn obtamning the estimated model of the
soft tissuc structure compriscs generating the estimated model of the soft tissue stracture
as a statistical shape model of the soft tissue structure based on the reference data.
{8083] Aspect 11: The method of any of aspects 1-10, wherein the soft tissue structure 18
one of: a tendon, a Hgament, a muscle, cartilage, or a blood vessel.

18684} Aspect 12: The method of any of aspects 1-11, wherein: the target position is a
first target position, the virtual guidance s first virtual guidance, and the method further
comprises: obtaining the second oltrasound data; determining second virtual guidance
based on the reference data, the registration data, and the physical location of the
ultrasound probe, wherein the second viviual guidance instructs the chnician how to move
the ultrasound probe to that the ultrasound probe 1 10 a second target position o generate
third ultrasound data that provides additional information regarding the soft tissue
structure of the patient; and causing the MR visualization device to output the second
virtual guidance to the cludcian.

[3085] Aspect 13; The method of any of aspects 1-12, wherein the method further
comprises causing the MR visualization device to output a model of the bone and a model
of the soft tissuc structure so that the model of the bone and the model of the soft tissue
structure appear to the chinician to be superimposed on the patient.

[8684] Aspect 14 The method of aspect 13, wherein the virtual guidance mdicates how
to adjust an angle of the ultrasound probe relative to the patient so that the ultrasound
probe is in the target position to generate the second ultrasound data,

[BO8BT] Aspect 15 A svstem includes a memory configured to store reference data
depicting a bone of a patient; processing circoitry configured to: determine a physical
location of an ultrasound probe; generate, based on first ultrasound data gencrated by the
ultrasound probe, registration data that registers virtual locations on the bone of the
patient as depicted in the reference data with corresponding phvsical locations on the bone
of the patient; gencrate virtual guidance based on the reference data, the registration data,
and the physical location of the ultrasound probe, wherein the virtual guidance jnstructs

a climcian how to move the uitrasound probe so that the ultrasound probe 1s at a target
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position to generate second ultrascund data that provides information regarding a soft
tissue structure of the patient; and cause a head-mounted Mixed Reahty (MR}
visualization devige to output the virtual gundance to the clinician.

{0688] Aspect 16 The system of aspect 15, wherein: the physical location of the
ultrasound probe is a physical location at which the ultrasound probe generated the fivst
ultrasound data, and the processing circuitry s configured to, as part of generating the
registration data: obtain an ultrasound image based on the first ultrasound data; determine
a portion of the bone as depicted 1n the ultrasound 1mage that corresponds to a portion of
the bone as depicted in the reference data; generate displacement data describing a spatial
displacement between the ubtrasound probe and the portion of the bone depicted in the
ultrasound image; and generate the registration data based on the physical location of the
ultrasound probe and the displacement data.

[80689] Aspect 17 The svstem of aspect 16, wherein the processing circutry 1s configured
to, as part of determining the portion of the bone as depicted 1n the ultrasound image that
corresponds to the portion of the boue as depicted 1 the reference data: generate curve
data that charactenizes a curve of the bone as depicted 1n the ultrasound 1mage; and search
the bone as depicted in the reference data for a curve that matches the coarve of the bone
as depicted in the ultrasound image.

[3098] Aspect 18 The system of any of aspects 15-17, wherein the processing circuitry
is configured to, as part of determining the physical location of the ultrasound probe,
determine the physical location of the ultrasound probe based on data from one or more
sensors of the MR visualization device.

18091] Aspect 19 The system of any of aspects 15-18, wherein the refoerence data
comprises a plurality of computed tomography (CT} images of the bone.

18092] Aspect 20: The system of any of aspects 15-19, wherein the reference data
coraprises a 3-dimensional model of the bone.

[8093] Aspect 21: The system of any of aspects 15-20, wherein the processing circuitry
ts configured to, as part of generating the virtual guidance, generate a virtual directional
clement that mdicates a direction the chinician is to move the ultrasound probe.

10694] Aspect22: The system of aspect 21, wherein the processing circuitry is configured
to, as part of causing the MR wvisualization device to output the virtnal guidance to the
chimician: cause the MR visualization device to output the virtual guidance so that the

virtual guidance appears to the clinician to be superiraposed on the patient.
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10093] Aspect 23: The systern of any of aspects 15-22, wherein: the registration data is
first registration data, and the processing circuitry 1s configured to, as part of generating
the virtual goidance: obtain an estimated model of the soft tissue structire based on the
reference data; generate, based on the first registration data, second registration data that
registers virtual locations on the cstimated model of the soft tissue structure and
corresponding physical locations on the bone; and determing, based on the second
registration data and the physical location of the ultrasound probe, a direction to move the
ultrasound probe so that the ultrasound probe 1s at the target position.

[8696] Aspect 24: The system of aspect 23, wherein the processing circuitry is configured
to, as part of obtaining the estimated model of the soft tissue stractare, generate the
estimated model of the soft tissue struchire as a statistical shape model of the soft tissue
structure based on the refercnce data.

18097] Aspect 25: The system of any of aspects 15-24, wherein the soft tissue structure
is one of! a tendon, a ligament, a muscle, cartiiage, or a blood vessel.

10098] Aspect 26: The system of any of aspects 15-26, whercin: the target position is a
first target position, the virtual gwdance 18 first virtual gudance, and the processing
circuitry is further configured to: obiain the sccond ultrasound data; determine second
virtual guidance based on the reference data, the registration data, and the physical
location of the ultrasound probe, wherein the second virtual guidance nstructs the
chinician how to move the ultrasound probe to that the ultrasound probe is m a second
target position to generate third eltrascund data that provides additionad information
regarding the soft tissue structure of the patient; and cause the MR visualization device
1o output the second virtual guidance to the chnician,

[8699] Aspect 27: The system of any of aspects 15-26, wherein the processing circuiiry
is further contfigured to cause the MR visualization device to output a model of the bone
and a moodel of the soft tissue structure so that the model of the bone and the model of the
soft tissue structure appear to the chinician to be supenmposed on the patient.

13108] Aspect 28: The system of aspect 27, wherein the virtual guidance indicates how
to adjust an angle of the ultrasound probe relative to the patient so that the olirasound
probe is m the target position {0 generate the second ulirasound data.

{8101} Aspect 29 A computer-readable medium having instructions stored thereon that,
when executed, cause processing circuttry 1o performing the methods of any of aspects 1-
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10102] Aspect 30; A sysiem comprising means for performing the methods of any of
aspects 1-14,

[8103] Whike the techmiques been disclosed with respect to a hmited number of
examples, those skilled m the art, having the benefit of this disclosure, will appreciate
numerous modifications and variations there from. For instance, it is contemplated that
any reasonable combination of the described examples may be performed. I i3 intended
that the appended claims cover such modifications and vanations as fall withio the true
spirtt and scope of the invention.

[8104] 1t 1s o be recognized that depending on the example, certain acts or events of any
of the techmques described herein ¢an be performed in a different sequence, may be
added, merged, or left out altogether {¢.g ., not all described acts or events are necessary
for the practice of the technigues). Moreover, in certain examples, acts or events may be
performed concurrently, e g, through multi-threaded processing, imterrupt processing, or
multiple processors, rather than sequentially.

[0105] In one or more cxamples, the functions described may be uvunplemented n
hardware, software, firmware, or any combination thereof. If implemented in software,
the functions may be stored on or transmitted over as one or more nstractions or code on
a computer-readable mediim and executed by a bardware-based processing unit,
Computer-readable media may include computer-readable storage media, which
corresponds to a tangible medium such as data storage media, or communication media
mncluding any medium that facilitates transfer of a computer program from one place to
another, ¢.g.. according fo a communication protocol. In this manner, computer-readabie
media generally may correspond to (1) tangible computer-readable storage media which
is non-fransitory or (2} a communication medium such as a signal or carrier wave. Data
storage media may be any available media that can be accessed by one or more computers
or OnEG Or MOIC processors o retricve imstructions, code and/or data structures for
mmplementation of the technigues described v this disclosure. A computer program
product may include a computer-readable medium,

10106] By way of example, and not hmation, such computer-readable storage modia can
comprise RAM, ROM, EEPROM, CD-ROM or other optical disk storage, magnetic disk
storage, or other magnetic storage devices, flash memory, or any other medium that can
be used to store desired program code in the form of nstructions or data structures and
that can be accessed by a computer. Also, any connection is properly fermed a computer-

readable medium. For example, if imstructions are transmitied from 3 website, server, or
27
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other remote source using a coaxial cable, fiber optic cable, twisted pair, digital subscriber
Ime (DSL), or wireless technologies such as infrared, radio, and microwave, then the
coaxial cable, fiber optic cable, twisted pawr, BSL, or wircless technologies such as
mfrared, radio, and microwave are mcluded in the definition of medium. It should be
understood, however, that computer-readable storage media and data storage media do
not include conngctions, carrier waves, signals, or other transifory media, but are mstead
dirccted to non-transitory, tangible storage media. Disk and disc, as used herein, includes
compact disc {CD), laser disc, optical disc, digital versatile disc (DVD), floppy disk and
Blu-ray disc, where disks usually reproduce data magnetically, while dises reproduce data
optically with lasers. Combinations of the above should also be included within the scope
of computer-readable media.

[3107] Operations described in this disclosure may be performed by one or more
processors, which may be implemented as fixed-function processing  circuits,
programmable circeits, or combinations thereof. such as one or more digital signal
processors (DSPs), general purpose microprocessors, apphication specific integrated
circuits {ASICs), field programmable gate arrays (FPGAs), or other equivalent integrated
or discrete logic circnitry. Fixed-function cireuits refer to circuits that provide particular
functionality and are preset on the operations that can be performed. Programmable
circnits refer to circuits that can programued to perform various tasks and provide
flexable functionality m the operations that can be performed. For imstance,
programmable circuits may execute instructions specified by software or firmware that
cause the programmable circuits to operate 1n the manner defined by tnstructions of the
software or firmware. Fixed-function circuits may execute software instructions (e.g., to
receive parameters or ouiput parameters), but the tvpes of operations that the fixed-
function circuits perform are generally mmmutable. Accordingly, the ferms “processor”
and “processing circuity,” as used herem may refer to any of the foregoing structures or

any other structure suitable for implementation of the techmques described herein,
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What s claimed is:

1 A method comprising:

obtaning reference data depicting a bone of a patient;

deternining a physical location of an ultrascund probe;

gencrating, based on first ultrasound data gencrated by the ulirasound probe,
registration data that registers virtual locations on the bone of the patient as depicted in
the reference data with corresponding physical locations on the bone of the patient;

generating virtual guidance based on the reference data, the registration data, and
the physical location of the ultrasound probe, wherein the virtual guidance provides
guidance to a clinician regarding how the ultrasound probe is positioned relative to a
target position at which the ultrasound probe i3 able to generate second ultrasound data
that provides information regarding a soft tissue structure of the paticnt; and

causing a head-mounted Mixed Reality (MR) visualization device to output the

virtual guidance to the clinician.

2 The method of claim 1, wherem:
the physical location of the ultrasound probe s a physical location at which the
ultrasound probe generated the first slirasound data, and
generating the registration data comprises:
obtaining an ultrasound image based on the first ultrasound data;
determiming a portion of the bone as depicted in the ultrasound image that
corresponds to a portion of the bone as depicted in the reference data;
generating displacement data descnibing a spatial displacement between
the ultrasound probe and the portion of the bone depicied in the vitrasound 1mage;
and
generafing the registration data based on the physical location of the

ultrasound probe and the displaccoment data.

3. The method of claim 2, wherein determining the portion of the bone as depicted
in the ultrasound image that corrcsponds to the portion of the bone as depicted in the
reference data comprises:

generating curve data that characterizes a carve of the bone as depicted in the
ultrasound image; and
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scarching the bone as depicted in the reference data for a curve that matches the

curve of the bone as depicted in the ultrasound image.

4, The method of any of claims 1-3, wherein determining the physical location of
the ultrasound probe comprises determining the physical location of the ultrasound probe

based on data from one or more sensors of the MR visualization device.

5. The method of any of claims 1-4, wherein the reference data comprises a plurality

of computed tomography (CT) images of the bone.

5. The method of any of claims 1-3, wherein the reference data comprises a 3-

dimensional model of the bone.

7. The method of any of claims 1-6, wherein generating the virtual guidance
comprises generatimg a virtual directional clement that indicates a diroction the clinacian

i3 to move the ultrasound probe.

8. The method of any of claims 1-7, wherein causing the MR visualization device to
output the virtual guidance to the chinician comprises: causing the MR visualization
device to output the virtual guidance so that the virtual guidance appears to the chinician

to be superimposed on the patient.

9. The method of any of claims 1-8, wherein:

the registration data s first registration data, and
generating the virtual guidance comprises:

obtaining an cstimated model of the soft tissue structie based on the
reference data;

gencrating, based on the first registration data, second registration data that
registers viriual locations on the estimated model of the soff tissuc structure and
corresponding physical locations on the bone; and

determining, based on the sccond registration data and the physical
location of the ultrasound probe, a direction to move the ultrasound probe so that

the ultrasound probe 1s at the target position.
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10, The method of claim 9, wherein obtaining the estimated model of the soft tissue
structure comprises generating the estimated model of the soft tissue struciure as a

statistical shape model of the soft tissue stracture based on the reference data.

11, The method of any of clatms 1-10, wherein the soff tissue structure is one of a

tendon, a higament, a muscle, cartilage, or a blood vessel

12, The method of any of claims 1-11, wherein:
the target position 13 a first farget position,
the virtual guidance s first virtuad goidance, and the method further comprises:
obtaining the second ultrasound data;
determining second virtual guidance based on the reference data, the
registration data, and the physical location of the ultrasound probe, wherem the
second virtual guidance instracts the clinician how to move the ultrasound probe
to that the ultrasound probe is 1m a second target position to generate thud
ultrasound data that provides additional information regarding the soft tissue
structure of the patient; and
causing the MR visualization device to output the second virtual guidance

to the chmcian.

13. The method of any of claims 1-12, wherein the method further comprises causing
the MR visualization device to ouiput a model of the bone and a mode! of the soft tissue
structure so that the model of the bone and the model of the soft tissue structure appear to

the chnician to be superimposed on the patient.

14, The method of claim 13, wherein the virtual guidance indicates how to adjust an
angle of the ultrasound probe relative to the patient so that the ultrasound probe 18 in the

target position o gencrate the second ultrasound data.

15, A systom comprising:
amemory configured to store reference data depicting a bone of a patient;
processing circuttry configured to

deternune a physical location of an ultrasound probe;
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16.

sencrate, based on first ultrasound data generated by the ultrasound probe,
registration data that registers virtual locations on the bone of the patient as
depicted 1n the reference data with corresponding phyvsical locations on the bone
of the patient;

generate virtual guidance based on the reference data, the registration data,
and the physical location of the ulirasound probe, wherein the virtual guidance
instructs a clinician how to move the ultrasound probe so that the ultrasound probe
15 at a target position to generate second uitrasound data that provides information
regarding a soft tissue structure of the patient; and

cause a head-mounted Mixed Reality (MR} visualization device to output

the virfual guidance to the clinician.

The system of claim 15, wherein:

the physical location of the ultrasound probe is a physical location at which the

ultrasound probe generated the first ulirasound data, and

17

the processing circwtry 1s configured to, as part of generating the registration data:

obtain an ultrasound image based on the first ultrasound data;

determing a portion of the bone as depicted in the ultrasound mmage that
corresponds to a portion of the bone as depicted i the reference data;

generate displacement data describing a spatial displacement between the
ultrasound probe and the portion of the bone depicted in the ultrasovnd 1mage;
and

generate the registration data based on the physical location of the

pltrasound probe and the displacement data.

The system of claim 16, wherein the processing circuttry is configured to, as part

of determining the portion of the bone as depicted in the ultrasound mmage that

gorresponds to the portion of the bone as depicted in the reference data:

generate corve data that characterizes a curve of the bone as depicted in the

ultrasound 1mage; and

search the bong as depicted n the reference data for a curve that matches the curve

of the bone as depicted in the ultrasound image.

5
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18 The svsteme of any of claims 15-17, wherein the processing circuitry is configured
10, as part of determining the physical location of the ultrasound probe, determime the
physical location of the ultrasound probe based on data from one or more sensors of the

MR visualization device.

19, The system of any of claims 15-18, wherein the reference data comprises a
plurality of computed tomography (CT) images of the bone.
20, The system of any of claims 15-19, wherein the reference data comprises a 3-

dimensional model of the bone.

21, The system of any of claims 15-20, wherein the processing cirentiry is configured
to, as part of gencrating the virtual guidance, gencrate a virtual directional cloment that
indicates a direction the clinician is to move the ultrasound probe.

22. The system of claim 21, wherein the processing cireuttry 18 contigured to, as part
of causing the MR visualization device to outpat the virtual guidance to the chnician:
cause the MR visualization device to output the virtual guidance so that the virtual

guidance appears to the clinician to be superimposed on the patient.

[\
2

The system of any of claims 13-22, wherein:
the registration data is first registration data, and
the processing circuitry 1s configured to, as part of generating the virtual guidance:
obtain an estimated model of the soft tissue structure based on the
reference data;
generaie, based on the first registration data, second registration data that
registers virtual locations on the estimated model of the soft tissue structure and
corresponding physical locations on the bone; and
determine, based on the second registration data and the physical location
of the ulirasound probe, a direction to move the ulirasound probe so that the

ultrasound probe is at the target position.

24, The system of claim 23, wherein the processing circutry s configured to, as part
of obtaining the estimated model of the soft tissue structure, generaie the estimated model
33
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of the soft tissue structure as a statistical shape model of the soft tissue structure based on

the reference data.

25, The system of any of claims 15-24, wherein the soft tissue structure is one of: a

tendon, a higament, a muscle, cartilage, or a blood vessel.

26, The system of any of claims 15-23, wherein:
the target position is a first target position,
the virtual guidance 1s first virtual guidance, and the processing circuitry i3 further
configured to:
obtain the sccond ultrasound data;
determine second virtual guidance based on the reference data, the
registration data, and the physical location of the ultrasound probe, wherein the
second virtual guidance instructs the clinician how to move the ultrasound probe
to that the ultrasound probe is 1m a second target position to generate thud
ultrasound data that provides additional information regarding the soft tissue
structure of the patient; and
cause the MR visualization device to output the second virtual guidance to

the clintcian.

2

j~3

The system of any of claims 15-26, wherein the processing circuitry 15 further
configured to cause the MR visualization device to cutput a mode! of the bone and a
mode! of the soft tissue structure so that the model! of the bone and the model of the soft

tissue structure appear to the clinician to be saperimposed on the patient.
28 The system of claim 27, wherein the virtual guidance jndicates how to adjust an
angle of the ultrasound probe relative to the patient so that the ultrasound probe 18 in the

target position o gencrate the second ultrasound data.

29, A computer-readable medium having mstructions stored thercon that, when

executed, cause processing circuiiry to performing the methods of any of claims 1-14.

30, A system coraprising means for pedforming the methods of any of claims 1-14.
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