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57 ABSTRACT

A system and method to analyze image data. The image data
may be used to assist in determine the presence of a feature
in the image. The feature may include a bubble.
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METHOD AND APPARATUS FOR
MAGNETIC RESONANCE IMAGING
THERMOMETRY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application includes subject matter similar to
that disclosed in concurrently filed U.S. patent application
Ser. No. (Attorney Docket No. 5074A-000214-US)
and U.S. patent application Ser. No. (Attorney
Docket No. 5074A-000216-US). The entire disclosure of the
above applications are incorporated herein by reference.

FIELD

[0002] The present teachings relate generally to an imag-
ing analysis method and system, and particularly to a
method and system for bubble determination.

BACKGROUND

[0003] The statements in this section merely provide back-
ground information related to the present disclosure and may
not constitute prior art.

[0004] Imaging techniques have been used to image vari-
ous portions of the human anatomy. Imaging techniques
include ionizing radiation, producing fields relative to a
human anatomy, etc. Various types of imaging include
imaging by producing fields relative to an anatomy, such as
a magnetic field (e.g. magnetic resonance imager (MRI)),
and sensing a change in atomic particles of the anatomy
induced by the fields. Determining a temperature within an
image is performed with various techniques, such as those
used in the Visualase® laser ablation system including an
MRI-guided, minimally invasive laser ablation system sold
by Medtronic, Inc. having a place of business in Minnesota,
USA.

SUMMARY

[0005] During various procedures, a therapy may be
applied to a subject. The subject may include a non-living
structure or system, such as an air frame or other construct.
Additionally, or alternatively, the subject may include living
subjects, such as human subjects. Regardless, in various
embodiments, an instrument may be used to apply a therapy
to the subject. The therapy may include an application of a
heat source or creating heat at a selected location within the
subject.

[0006] During application of heat, a selected treatment
may be carried out, such as an ablation. Ablation may occur
within a subject, such as to destroy or remove selected
tissue, such as a tumor. In various embodiments, an ablation
instrument may be positioned within a brain of a subject to
destroy a tumor therein.

[0007] A heat application catheter may be positioned
within a subject. For example, a cold laser fiber (CLF)
system may be used to deliver thermal energy to a tissue.
Such CLF systems include those disclosed in U.S. Pat. No.
7,270,656, incorporated herein by reference. The CLF may
be used to deliver thermal energy to a selected portion of a
subject to ablate tissue within the subject. During ablation,
it is selected to determine a temperature near the ablation
instrument at a selected sight within the subject. In various
embodiments, an image may be acquired of the subject
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including a region within or near the ablation instrument to
calculate or to determine the temperature within the subject.

[0008] When acquiring an image of the subject, various
items within the image may cause variations within the
determined temperature. For example, a bubble may form in
a subject during an ablation procedure. During the ablation
procedure, the formation of a bubble may allow or require
a determination of a temperature in an area of the bubble
and/or adjacent to the bubble. The bubble, and a phase shift
in selected image modalities (e.g. magnetic resonance imag-
ing), may create a distortion or artifacts that may be
accounted for to determine a selected temperature. Accord-
ingly, a system and method is disclosed to detect and/or
correct for phase distortion caused by a bubble to determine
a temperature within an image at a selected location. The
selected location may include the position of the ablation
instrument.

[0009] Further areas of applicability will become apparent
from the description provided herein. It should be under-
stood that the description and specific examples are intended
for purposes of illustration only and are not intended to limit
the scope of the present disclosure.

DRAWINGS

[0010] The drawings described herein are for illustration
purposes only and are not intended to limit the scope of the
present disclosure in any way.

[0011] FIG. 1 is an environmental view of a suite, in
various embodiments comprising a surgical navigation sys-
tem and/or imaging system and/or ablation system, accord-
ing to various embodiments;

[0012] FIG. 2 is a schematic illustration of a subject and
an instrument positioned relative thereto, according to vari-
ous embodiments;

[0013] FIG. 3Ais an exemplary image of a subject with an
instrument positioned within tissue thereof, according to
various embodiments;

[0014] FIG. 3B is an image of a subject with an instrument
therein having a low intensity region near the instrument;
[0015] FIG. 4 is a flowchart of a method to determine a
bubble and/or compensate therefor;

[0016] FIG. 5 is a detailed flowchart for a method of
generating a bubble image library;

[0017] FIG. 6 is an example of bubble images in a bubble
image library;
[0018] FIG. 7 is a schematic illustration of a comparison

and identification, according to various embodiments;

[0019] FIG. 8 is a schematic illustration of a comparison
method, according to various embodiments;

[0020] FIG. 9 is a flowchart that details the method of
bubble detection and compensation of FIG. 4, according to
various embodiments;

[0021] FIG. 10 is a flowchart that details of a method to
determine a region of interest, according to various embodi-
ments

[0022] FIG. 11 is a flowchart illustrating a method of
determining a bubble in an image, according to various
embodiments; and

[0023] FIG. 12 is an exemplary application of the method
illustrated in the flowchart of FIG. 11.
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DETAILED DESCRIPTION

[0024] The following description is merely exemplary in
nature and is not intended to limit the present disclosure,
application, or uses.

[0025] With reference to FIG. 1, a procedure may be
performed, in various embodiments, with a navigation sys-
tem 20. The procedure can be any appropriate procedure,
such as an ablation procedure, a neural procedure, spinal
procedure, and orthopedic procedure. The navigation system
20 can include various components, as will be discussed
further herein. The navigation system 20 can allow a user 25,
such as a surgeon to view on a display 22 a relative position
of an instrument 24 to a coordinate system. The coordinate
system can be made relative to an image, such as in an image
guided procedure, or can be registered to a patient only, such
as in an imageless procedure.

[0026] A procedure, as discussed further herein, can be
performed using or being assisted with image data. The
image data can be image data acquired of a patient 28 using
any appropriate imaging system, such as a magnetic reso-
nance imaging (MRI) system 26. The MRI imaging system
26 can be used to acquire selected image data, and/or other
types of data such as diffusion data relating to the patient 28.
The image data of the subject 28 may include selected types
of data, including magnitude and phase data. The various
types of data can be used to create images for viewing on the
display 22. The image data can be used by the user or
surgeon 25, such as during a selected procedure whether or
not a navigated procedure. Navigation and imaging systems
may include those as disclosed in U.S. Pat. No. 8,340,376,
issued Dec. 25, 2012, incorporated herein by reference in its
entirety.

[0027] The subject 28 may be a human patient, in various
embodiments. It is understood, however that the subject 28
need not be a human. Further, the subject need not be a
living subject. It is understood, that various systems of
constructs (e.g. air frames, test systems, mainframes, etc.).
Accordingly, it is understood by one skilled in the art that the
subject disclosure is not limited to only a human subject.
[0028] The navigation system 20 can be used to navigate
or track instruments including: catheters (e.g. ablation and/
or delivery), probes, needles, guidewires, instruments,
implants, deep brain stimulators, electrical leads, etc. The
instrument 24 can be used in any region of the body. Also,
any appropriate information about the instrument 24 can be
displayed on the display 22 for viewing by the surgeon 25.
[0029] Although the navigation system 20 can include an
exemplary imaging device 26, one skilled in the art will
understand that the discussion of the imaging device 26 is
merely for clarity of the present discussion and any appro-
priate imaging system, navigation system, patient specific
data, and non-patient specific data can be used. Image data
can be captured or obtained at any appropriate time with any
appropriate device.

[0030] The navigation system 20 can include the optional
imaging device 26 that is used to acquire pre-, intra-, or
post-operative or real-time image data of the patient 28. The
illustrated imaging device 26 can be, for example, a mag-
netic resonance imaging device (MRI). Other imaging
devices can include an x-ray C-arm having an x-ray source
and an x-ray receiving section, computed tomography sys-
tems, O-arm® imaging system, etc. The imaging device 26
can be provided to acquire image data of the patient 28 prior
to or during a procedure for diagnosis of the patient 28.
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[0031] Although FIG. 1 illustrates an environmental view
showing both the patient, surgeon, navigation system, and
other elements, it will be understood that this is merely
exemplary of all the portions that can be provided together.
For example, an electromagnetic navigation or tracking
system may not be provided in a room with the imaging MRI
system 26, but is shown in FIG. 1 for illustration and can be
separated for use in an actual procedure.

[0032] An imaging device controller 34 can control the
imaging device 26 to capture and store the image data for
use, such as in real time or for later use. The controller 34
may also be separate from the imaging device 26. Also, the
controller 34 can be used intra- or pre-operatively to control
and obtain image data of the patient 28.

[0033] The image data can then be forwarded from the
controller 34 to a processor system 40 via a communication
system 41. The communication system 41 can be wireless,
wired, a data transfer device (e.g. a CD-Rom or DVD-Rom),
or any appropriate system. A station 42 may be a work
station and may include the processor system 40, the display
22, a user interface 44, and a memory 46. It will also be
understood that the image data is not necessarily first
retained in the controller 34, but may be directly transmitted
to the workstation 42 or to a tracking system 50, as discussed
herein.

[0034] The work station 42 provides facilities for display-
ing the image data as an image on the display 22, saving,
digitally manipulating, or printing a hard copy image of the
received image data. The user interface 44, which may be a
keyboard, mouse, touch pen, touch screen or other suitable
device, allows a physician or user to provide inputs to
control the imaging device 26, via the controller 34, or adjust
the display settings of the display 22.

[0035] The processor system 40 can process various types
of data, such as image data, provided in the memory 46 or
from the imaging system 26. The processor system 40 can
also process navigation information, such as information
provided from the tracking system 50. In addition, naviga-
tion processing can include determining a position (e.g.
three degree of freedom rotation and three degree of free-
dom spatial position) of the tracked instruments relative to
the patient 28 for display relative to the image data 23 on the
display 22. The processor system 40, as discussed herein,
may perform or execute instructions to perform various
types of analysis such as temperature determination, posi-
tion determination, etc. It will be understood, each of the
processing portions can be processed by separate or indi-
vidual processors or can be processed substantially sequen-
tially with an appropriate processor.

[0036] The optional imaging device 26 can be any appro-
priate 2D, 3D or time changing imaging modality. For
example, an isocentric fluoroscopy, bi-plane fluoroscopy,
O-arm® imaging devices (i.e. devices sold by Medtronic,
Inc. having a place of business in Minnesota, USA), ultra-
sound, computed tomography (CT), T1 weighted magnetic
resonance imaging (MRI), T2 weighted MRI, positron emis-
sion tomography (PET), optical coherence tomography
(OCT), single photo emission computed tomography
(SPECT), or planar gamma scintigraphy (PGS) may also be
used.

[0037] The image data obtained of the patient 28 can be
used for various purposes. As discussed herein, image data
can be obtained for performing a navigated procedure on an
anatomy, planning an operation or procedure on an anatomy,
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and other appropriate reasons. For example, during a neu-
rological procedure, it can be selected to obtain image data
of a brain of the patient 28 for viewing during the procedure
and, in various embodiments, determining a temperature
near a selected portion of the instrument and/or navigating
the instrument 24 relative to the image data 23. Further, the
acquired image data can be used to plan the movement of the
instrument 24 or for positioning of an implant during an
operative procedure.

[0038] The imaging device 26 can also be used to obtain
various types of data other than only image data. The various
types of data can be used and overlaid one on another to
obtain an appropriate image of the anatomy. For example, a
magnetic resonance image can be obtained of a portion of
the patient 28, such as a brain 29, for viewing in a selected
manner. For example, a 3-D model can be formed of the
brain based upon multiple slices of MRI data for displaying
on the display 22 during a tracking of a navigated procedure.

[0039] Briefly, the navigation system 20 operates to deter-
mine the position of the instrument 24 relative to the subject
28 and for viewing relative to the image 23 of the subject 28,
as discussed herein. The navigation system 20 creates a
translation map between all points in the image data or
image space and the corresponding points in the patient’s
anatomy in patient space (either manually or automatically),
an exemplary 2D to 3D registration procedure is set forth in
U.S. Pat. No. 7,570,791, entitled “Method and Apparatus for
Performing 2D to 3D Registration”, issued Aug. 4, 2009,
hereby incorporated by reference in its entirety. The points
selected can be fiducial marks 69 that include anatomical
landmarks or artificial landmarks, such as those disclosed in
U.S. Pat. No. 6,381,485, entitled “Registration of Human
Anatomy Integrated for FElectromagnetic Localization,”
issued Apr. 30, 2002, hereby incorporated by reference in its
entirety. After this map is established, the image space and
patient space are registered, that may appear and be deter-
mined or selected in both the image space and the subject
space. In other words, registration is the process of deter-
mining how to correlate a position in image space with a
corresponding point in real or patient space. This can also be
used to illustrate a position of the instrument 24 relative to
the proposed trajectory and/or the determined anatomical
target. Registration may occur by the processes and/or
system as disclosed in U.S. Pat. No. RE42,226, issued on
Mar. 15, 2011, entitted PERCUTANEOUS REGISTRA-
TION APPARATUS AND METHOD FOR USE IN COM-
PUTER-ASSISTED SURGICAL NAVIGATION, incorpo-
rated in its entirety herein by reference. In various
embodiments, registration may include a 2D to 3D registra-
tion such as an exemplary 2D to 3D registration procedure
is set forth in U.S. Ser. No. 10/644,680, filed on Aug. 20,
2003, now U.S. Pat. No. 7,570,791, issued Aug. 4, 2009,
entitled “Method and Apparatus for Performing 2D to 3D
Registration”, hereby incorporated by reference in its
entirety.

[0040] With continuing reference to FIG. 1, the navigation
system 20 can further include the tracking system 50 that
includes one or more localizers, such as an electromagnetic
(EM) localizer 52, (e.g. which can also be referred to as a
transmitter array, a tracking array, tracking coils, or coil
array and can include a transmitter and/or receiver coil
array). It is understood that other appropriate localizers may
also be provide or used, such as an optical localizer. Dif-
ferent localizers may operate in different modalities, such as
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optical or magnetic field, radar, etc. The tracking system 50
is understood to not be limited to any specific tracking
system modality, e.g. EM, optical, acoustic, etc. Any appro-
priate tracking system modality can be used according to the
present disclosure. Moreover, any tracked instrument, such
as the instrument 24 and/or a dynamic reference frame
(DRF) 58 can include one or more tracking devices that
operate with one or more tracking modalities. Thus, the
tracking system 50 can be selected to be any appropriate
tracking system, including the StealthStation® S7® surgical
navigation system that offers both optical and AxiEM™
electromagnetic tracking options.

[0041] One skilled in the art will understand that the coil
array 52 can transmit or receive, thus reference to the coil
array 52 as a transmitter or a transmit coil array is merely
exemplary and not limiting herein. The tracking system 50
can further include a coil array controller (CAC) 54 that can
have at least one navigation interface or navigation device
interface (NDI) 56 for connection of the localizer 52, an
instrument tracking device 67 on or associated with the
instrument 24, and a dynamic reference frame 58. The coil
array controller 54 and the at least one navigation interface
56 can be provided in a single substantially small CAC/NDI
container, if selected. The instrument tracking device 67
may be placed or associated with the instrument 24 in any
appropriate manner or position to allow for determination of
a selected portion (e.g. terminal end) of the instrument 24.
In various embodiments, the tracking device 67 may include
a coil positioned at or near a terminal end of the instrument
24.

[0042] In an optional optical system, generally an optical
localizer includes one or more cameras that “view” the
subject space. The cameras may be used to determine
position of the tracking element relative to the cameras.
Tracking devices include members that are viewable by the
cameras. The optical tracking devices may include one or
more passive or active portions. An active tracking device
can emit a viewable wavelength, including infrared wave-
lengths. Passive tracking devices can reflect selected wave-
lengths, including infrared wavelengths.

[0043] The tracking system can be included in the navi-
gation system 20 and may include, in various embodiments,
an EM localizer, which may be the coil array 52. The EM
localizer 52 can include that described in U.S. Pat. No.
7,751,865, issued Jul. 6, 2010, and entitled “METHOD
AND APPARATUS FOR SURGICAL NAVIGATION”,
U.S. Pat. No. 5,913,820, entitled “Position Location Sys-
tem,” issued Jun. 22, 1999; and U.S. Pat. No. 5,592,939,
entitled “Method and System for Navigating a Catheter
Probe,” issued Jan. 14, 1997, each of which are hereby
incorporated in their entirety by reference. The localizer may
also be supplemented and/or replaced with an additional or
alterative localizer. As is understood the localizer 52,
according to any of the various embodiments, can transmit
signals that are received by the dynamic reference frame 58,
and a tracking device that is associated with (e.g. connected
to) the instrument 24. The dynamic reference frame 58 and
the tracking device can then transmit signals based upon the
received/sensed signals of the generated fields from one or
more of the localizers 52. Tracking systems, including the
optical tracking system, can include the StealthStation®
S7® Surgical Navigation System, sold by Medtronic Navi-
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gation, Inc. The optical localizer can view the subject space
and the tracking devices associated with the DRF 58 and/or
the instrument 24.

[0044] The work station 42, either alone or in combination
with other appropriate processor systems, including the coil
array controller 54 and the controller 34, may identify the
corresponding point on the pre-acquired image or atlas
model relative to the tracked instrument 24 and display the
position on display 22 and relative to the image data 23. This
identification is known as navigation or localization. An icon
representing the localized point or instruments is shown on
the display 22 within several two-dimensional image planes,
as well as on three dimensional (3D) images and models. In
order to maintain registration accuracy, the navigation sys-
tem 20 can continuously track the position of the patient 28
with the dynamic reference frame 58. The position of the
instrument 24 may be transmitted from the instrument
tracking device 67 through a communication system, such as
a wired or wireless communication. The tracking devices, or
any other appropriate portion, may employ a wireless com-
munications channel, such as that disclosed in U.S. Pat. No.
6,474,341, entitled “Surgical Communication Power Sys-
tem,” issued Nov. 5, 2002, hereby incorporated by reference
in its entirety, as opposed to being coupled with a physical
transmission line.

[0045] The instrument 24 used in a procedure can be any
appropriate instrument (e.g., a catheter, a probe, a guide,
etc.) and can be used for various procedures and methods,
such as delivering a material, ablation energy (e.g. heat), or
providing electrical stimulation to a selected portion of the
patient 28, such as within the brain 29. The material can be
any appropriate material such as a bioactive material, a
pharmacological material, a contrast agent, or any appropri-
ate material. As discussed further herein, the instrument 24
can be precisely positioned via the navigation system 20 and
otherwise used to achieve a protocol for positioning and/or
applying a treatment relative to the patient 28 in any
appropriate manner, such as within the brain 29. The instru-
ment 24 may also include a brain probe to perform deep
brain stimulation and/or ablation.

[0046] With reference to FIG. 2, the instrument 24 may be
positioned within the brain 29 of the subject 28 such as
according to various techniques, such as those disclosed in
U.S. Pat. No. 7,270,656, incorporated herein by reference.
Further, the instrument 24 may include various features such
as an energy delivery or transfer system or mechanism 100
which may include a fiber optic cable to transmit laser
energy to a distal end 104 of the instrument. The distal end
104 of the fiber optic member 100 may be near a terminal
end 110 of the instrument 24. The instrument 24, therefore,
may generate heat or thermal energy near a tumor 114 within
the subject 28, such as within a brain 29. Temperature near
the terminal end 110, such as within the tumor 114, may be
modulated by providing or varying the amount of energy
through the energy transfer system 100 and/or transferring
or passing a cooling medium through the instrument 24.
Passing a cooling medium may include providing a cooling
medium to a cooling medium inlet 120 that may pass
through a cooling medium return 124. The cooling medium
can be any appropriate material, such as water, saline, or the
like. Nevertheless, thermal energy may be delivered to the
subject 28 to perform a therapy on the tumor 114 within the
subject 28. During therapy to the subject 28, the imaging
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system 26 may be used to image the subject 28 to determine
a temperature at or near the end 104 and/or the terminal end
110.

[0047] As discussed above, the instrument 24 may be
tracked relative to the subject 28, such that the position of
the distal end 110 and/or the end of the energy delivery
system 100, may be determined. Accordingly, images
acquired with the imaging system 26 may be registered to
the subject 28 and/or to the instrument 24. This allows the
navigated position of the instrument 24 to be determined
relative to the images acquired of the subject 28. The
position of the instrument 24 may be displayed on the
display device 22, such as with a graphical representation
24;" displayed on the display system 22, such as superim-
posed on the image 23.

[0048] During an ablation procedure, as illustrated in FIG.
1, the user 25 may apply energy to the subject 28 with the
instrument 24 at a selected rate or time to heat a portion of
the subject. During the heating, a heating image is acquired
at a selected rate. For example, heating images may be
acquired at a rate of about every five seconds, every ten
seconds, or any selected period of time. Accordingly, during
the application of thermal energy to the subject 28, heat
images are acquired to determine the temperature at the
location of the instrument within the subject 28.

[0049] A heat image may be an image acquired with the
imaging system 26 for determining a temperature within the
subject 28. The heat image may include various information,
such as diffusion information or relaxation times, or phase
changes that may be analyzed to determine a temperature
and/or a temperature change from a prior heat image. Thus,
the heat image may be used to determine a temperature or
temperature change on a pixel or voxel basis relative to a
prior image or alone. Thus, a heat image may include an
image acquired of the subject 28 for determining a tempera-
ture therein.

[0050] A heat image may be displayed on the display 22,
or any other appropriate display. For example, a heat image
may be displayed on the display device 22, as illustrated in
FIG. 3. The heat image may include a first heat image 150.
The first heat image may include an image of the brain 29
as the image 23. The heat image 150 may also include image
data or an image of the instrument 24 as the instrument 24aq.
It is understood that the instrument 24 may appear according
to different shapes or geometries based upon the particulars
of the instrument 24, and the illustration as one or a plurality
of legs in FIG. 3A is merely exemplary. However, the heat
image 150 may be displayed for viewing by the user 25 to
illustrate substantially the magnitude in the image. The heat
image 150 may be slice, such as an MRI image slice, where
each voxel or pixel includes an intensity, where a higher
intensity is a lighter color and a lower intensity is a darker
color. The first heat image 150 may be a baseline or first
heating image. In various embodiments, therefore, a second
heating image may be acquired.

[0051] With reference to FIG. 3B, a second heat image
160 is illustrated. The heat image 160 may also illustrate the
instrument 24a. Near or adjacent to the instrument 24q is a
dark region or low intensity region 166. The low intensity
region 166 may be a bubble that is formed near or adjacent
to the instrument 24 within the subject 28. The low intensity
region 166 may appear in the heat image 160 as a dark or
low intensity portion near the instrument 24q. The identifi-
cation of the low intensity region 166 as a bubble, however,
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may be difficult with only viewing the display device 22.
Moreover, a temperature at the portion including the bubble
or low intensity region 166 may be calculated even with the
presence of the low intensity region 166, as discussed further
herein.

[0052] The bubble, without being limited by the theory,
may be caused by heat caused in various tissues or materials.
The materials may cause gas to form within a volume. The
volume may be bounded by the material in which the
instrument 24 is placed. The bubble, therefore, in the
anatomy may be caused by various local conditions therein.
In an image, such as a MRI image, as discussed herein, the
bubble may be a region devoid of significant signal due to
low proton density and/or rapid motion, surrounded by an
image phase/frequency disturbance due to the difference in
magnetic susceptibility between adjacent tissue and the
bubble volume. The bubble in this context may appear due
to the conditions associated with a selected therapy to the
subject, such as heat. A specific size and constitution of a
given bubble depends on a local environment (e.g. tissue) as
well as the therapy (e.g. heating) conditions.

[0053] As discussed further herein, the first heat image
150 may be acquired at any time during the application of
the thermal energy to the subject 28. Further, the second heat
image 160 may be any subsequent, such as an immediately
subsequent image, and may also be referred to as a current
heat image. Accordingly, during the application of the
thermal energy to the subject, heat images may be acquired
in sequence. Each heat image that is acquired that does not
include a bubble may be a first or baseline image and the
subsequent image, such as an immediately subsequent
image, that includes a bubble may be the second heat image
160. It is understood, however, that the baseline or first heat
image 150 may also be an initial image acquired of the
subject 28. In various embodiments, the first heat image 150
may always be the first or baseline image and every subse-
quent image is compared thereto for determination and/or to
assist in determination of a bubble present with the image.
[0054] As discussed above, with reference to FIG. 3A and
FIG. 3B, a dark region or artifact 166 may appear in the heat
image 160. The region spot 166 may be a bubble or other
artifact feature that may reduce a confidence in a tempera-
ture determined using the heat image 160. Accordingly, with
reference to FIG. 4, a bubble determination and/or compen-
sation method 180 is illustrated. The bubble detection and/or
compensation method 180 may include a plurality of steps
or procedures, as discussed herein, that may be included in
various sub steps or procedures, as discussed further herein,
but starts in start block 182. Accordingly, the method 180
may be understood to be an overall or inclusive method or
algorithm for detecting and/or compensating for a bubble in
a heat image that may include various subroutines or ele-
ments that includes more than one step, as discussed herein.
Further, it is understood that the method 180 may be
implanted as instructions that are executed by a selected
processor system, such as the processor system 40. The
method 180 may be substantially automatically executed
when a selected heat image or comparison image is accessed
or acquired.

[0055] Initially, a bubble image library may be generated
in block 188. Generation of the bubble image library may
not be required for the detection and compensation method
180, but may be included for clarity and completeness for
the current discussion. Thus, a library may be generated such
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as in real time and/or prior to performing of a selected
procedure, such as an ablation procedure, as discussed
above.

[0056] Regardless of whether the bubble library is gener-
ated immediately before or at a prior time, the bubble image
library may be accessed in block 194. The bubble image
library 188, therefore, may be stored on a selected or in a
selected memory system to be accessed by a processor, such
as the processor system 40 discussed above. It is understood
that the processor system 40 may include a plurality of
processors, and the detection and compensation method 180
may be executed by a processor that is included with,
separate from, and/or in communication with the processor
system 40. Regardless, an appropriate processor may
execute instructions to access the bubble image library in
block 194. The bubble image library accessed in block 194
may include appropriate bubble images that may be based
upon selected models that are used to generate the bubble
library in block 188. The bubble image library accessed in
block 194 may include more than one type of image, such
as magnitude and/or phase data. The bubble image library
access in block 194 may include or be generated based upon
magnetic resonance imaging systems.

[0057] The bubble image library may be accessed in block
194 at any appropriate time. It is illustrated in the method
180 as being initially accessed, however, it need not be
accessed until compared to a selected image, such as during
a comparison or prior to a comparison of a bubble image
from the bubble image library to a selected image, as
discussed further herein.

[0058] Regardless of the timing of accessing the bubble
library in block 194, accessing a current heat image in block
198 may occur. The current heat image accessed in block
198 may be a heat image that is acquired by or at the
direction of the user 25 during a selected procedure. The
current heat image is acquired to attempt to determine a
temperature within the subject 28 at or near an ablation
region of the subject relative to the instrument 24. As
discussed above, the current heat image may be used to
determine a current temperature or a temperature at the time
of acquiring the heat image. Generally, the current heat
image may be acquired at a selected rate, such as five
seconds after an immediately previous heat image. It is
understood, however, that the current heat image may be
acquired at any appropriate time relative to a previous heat
image, as may be selected by the user 25.

[0059] Accessing a previous heat image in block 202 may
also occur. The previous heat image may be any appropriate
previous heat image, such as an immediate prior heat image
and/or any heat image acquired prior to the current heat
image. For example, during various procedures, an initial or
prior to ablation heat image may be acquired of the subject
28. The previous heat image may be a heat image acquired
at the initial or prior to ablation or therapy. In various
embodiments, however, the previous heat image may be a
heat image that is acquired immediately prior to the access
current heat image in block 198.

[0060] Regardless of the timing of the collection of the
current heat image and the previous heat image, the two
accessed heat images may be compared in block 210. The
comparison of the current heat image and the previous heat
image in block 210 may be used to generate a comparison
image. The comparison image may be generated in any
appropriate mannet, as discussed further herein. Generation
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of the comparison image may attempt to determine differ-
ences between the current heat image and the previous heat
image. The differences may include magnitude and/or phase
differences between the current heat image and the previous
heat image. The generated comparison image may include
these differences for further analysis, as also discussed
herein.

[0061] The generated comparison image may then be
analyzed to determine if a bubble is present or possibly
present in the comparison image. In various embodiments,
the comparison image may be compared to at least one
bubble image accessed from the bubble image library to the
generated comparison image in block 220. The comparison
of' the at least one bubble image to the generated comparison
image may be done in any appropriate manner, as also
discussed herein. For example, the accessed bubble image
library may include bubble images that include magnitude
information and/or phase change or drift that may be caused
due to the presence of a bubble. In comparing the bubble
image from the access bubble image library to the generated
comparison image in block 220, a determination of whether
a bubble is present in the comparison image may be made in
block 230. The determination of whether a bubble is present
in the generated comparison image may be based upon the
comparison of the bubble image from the bubble image
library, as discussed further herein. In various embodiments,
the comparison image may also be analyzed or compared in
a heuristic manner, such as analysis of the image with a
selected system, as discussed herein.

[0062] The determination of whether a bubble is present
may be made in block 230 based upon the comparison in
block 220. If no bubble is present, a NO-path 234 may be
followed to access a current heat image in block 198. Again,
accessing a current heat image in block 198 may be made at
any appropriate time, and may be a current heat image that
may be after a heat image that is accessed in a first iteration.
Accordingly, it is understood, that the method 180 may be an
iterative process that may be performed during a selected
procedure, such as during an ablation procedure on the
subject 28. The current heat image that is accessed in block
198 may be any appropriate current heat image that may be
at a time between the initiation of therapy and the termina-
tion of a therapy and any appropriate intermediate point
therein.

[0063] If a determination is made in block 230 that a
bubble is present, a YES-path 238 may be followed. The
YES-path 238 may be followed to identify a location of the
bubble comparison image in block 244. Identitying a loca-
tion of the bubble in the comparison image in block 244 may
include identifying the bubble in the comparison image for
further analysis and determination of the current heat image
or the generated comparison image. Identification of the
location of the bubble in block 244 may include identifying
that a bubble exists and/or the pixels or voxels in the
generated comparison image and/or access current heat
image that belonged to the bubble and/or are affected by the
bubble. Thus, identifying location of the bubble in the
comparison image may allow for further compensation of
the presence of the bubble in the current heat image, if
selected.

[0064] Accordingly, after identifying the location of the
bubble in block 244, a compensation determination block
248 allows for a determination of whether compensation
will occur. The user 25 may select to compensate tempera-
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ture determination, as discussed herein, for the identified
location of the bubble and/or may determine to terminate
therapy for a selected period of time to allow the bubble to
dissipate.

[0065] Accordingly, the compensation determination in
block 248 may allow the user to determine to not compen-
sate and follow a NO-path 252 to perform various selected
procedures. Additionally, when the NO path 252 is followed
the method 180 may iterate, as noted herein. Further, the
bubble may only be identified in the image and identified to
the user 25. The identity to the user may be displayed with
the image 23 and/or separately therefrom. Thus, the method
180 may be to only identify a bubble or possible bubble, in
various embodiments.

[0066] When the NO path is followed 252, various other
procedures or steps may occur. For example, pausing a
procedure in optional pause block 256. After pausing the
procedure in pause block 256, for a selected period of time
(e.g. about one second to about one minute, or any appro-
priate time), the user 25 and/or the ablation system may
again access a current heat image in block 198. Again, the
current heat image accessed in block 198 may be acquired
after the previous current image in block 198, such as after
the pause 256. Again, a determination of whether a bubble
is present in one or a current heat image may be made and
whether compensation will be made in block 248. Accord-
ingly, if compensation is not made, the identification of the
bubble and the current heat image may allow the user 25 to
pause or allow for the bubble to dissipate. The system,
however, executes the method 180, may be used to auto-
matically identify whether a bubble exists within the current
heat image based upon the algorithm method 180.

[0067] The compensation determination in block 248 also
allows for compensation to occur and thus a YES-path 260
may be followed. If compensation is selected in block 248,
the YES-path 260 may be followed to remove distortion/
artifact caused by the bubble in the current heat image and/or
other selected image, such as the generated compensation
image in block 270. Removal of the distortion or artifact
caused by the bubble in the current heat image in block 270
may be made according to selected techniques, including
those discussed further herein, such as removing the phase
distortion and/or magnitude distortion caused by the iden-
tified bubble at the identified location. The compensate
image may include the distortion or artifact removed that is
generated in block 270, such as through subtraction of the
identified bubble.

[0068] Once the distortion is removed in block 270, a
determined temperature in the compensate image may be
made in block 274. The determined temperature in block
274 may be used for performing the selected procedure, such
as determining a temperature at or near the end of the
instrument 24. As discussed above, the ablation procedure
may occur or proceed when a selected temperature is
achieved or in attempt to achieve a selected temperature.
Accordingly, determining a temperature, as discussed
herein, in the compensate image in block 274 may be used
for performing the procedure, such as an ablation procedure,
on the subject 28.

[0069] The determined temperature in the compensated
image may then determine whether a procedure may con-
tinue in block 278, according to selected criteria (e.g.
temperature, duration, etc.). Determination of whether the
procedure continues in block 278, however, may again be
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selected based upon the user 25 and/or performing of a
selected procedure, including the ablation procedure.

[0070] If a determination is that the procedure is to con-
tinue, a YES-path 282 may be followed. The YES-path 282
may again follow to accessing a current heat image in block
198. The current heat image may be again acquired at any
appropriate time, such as after the identification and/or
compensation of a bubble in a previous current heat image.
Accordingly, the current heat image accessed in block 198,
when following the YES-path 282, may again be understood
to create an iterative process of the method 180.

[0071] If selected, however, a NO-path 288 may be fol-
lowed, such as the procedure should terminate. When ter-
minating the procedure, the NO-path 288 may follow to an
end block 290. Ending the method 180 may include com-
pleting a procedure on the subject 28, such as removing the
instrument 24, or other appropriate steps. Further ending the
procedure 180 at block 290 may include terminating appli-
cation of energy for a selected procedure, at a selected time,
restarting a procedure, or other appropriate procedure steps.

[0072] As noted above, the method 180 may include
various sub-steps or sub-routines, steps may be executed by
a processor system, including those discussed above and
herein. In various embodiments, therefore, the bubble image
library may be generated in block 188. With continuing
reference to FIG. 4 and additional reference to FIG. 5, the
generation of the generated bubble image library 188 is
described in greater detail. The generated bubble image
library method 188 may be performed automatically with
the processor system, such as the processor system 40 and/or
with input by the user 25 and/or appropriate user. Generally,
the bubble image library is generated based upon forming a
plurality of bubble images based upon a model, including
altering a model based upon size and/or orientation of the
bubble in an image.

[0073] The bubble library method may initiate in start
block 300. Thereafter, a bubble model may be generated
and/or accessed in block 304. The accessed bubble model
may be based upon selected information, such as a selected
definition of a bubble. In various embodiments a definition
of a bubble may include or be defined by Equation 1:
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[0074] Equation 1 may be used to define the frequency
shift of a bubble in hertz when the bubble exists in a
substantially homogeneous structure, such as the brain 29.
Equation 1 assumes or acknowledges that a bubble may be
substantially gas or air and that a difference between mag-
netic susceptibility between air or gas tissue may be about 9
ppm. Accordingly, the magnetic susceptibility of the air in
the bubble may be about 9 ppm less than the surrounding
tissue, therefore the d,=-9 ppm. In various assumptions a
gyromagnetic ratio is y=42.58 megahertz per tesla. B, is the
field strength in tesla of the imaging system 26, such as a
MRI scanner. Further, r is the radius of the bubble and x, y
and z are in centimeters and indicate a position of the bubble,
where z is the B, direction. Frequency, f, is in hertz.
Generally, the bubble is assumed to be substantially spheri-
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cal therefore in a grid of X, y and z coordinates the values
within a bubble are defined or identified as zero and masked
out.

[0075] Accordingly, Equation 1 may be used to identify or
calculate an image model over a three-dimensional grid (x,
y, Z) locations within a slice. As noted above, an MRI may
be used to generate the image data and the MRI image may
have a selected slice width. Accordingly, the MRI slice
image may have a three-dimensional volume through which
Equation 1 may be used to calculate the residence frequency
offset Af. A total frequency offset at a selected location (x,
y, z) during an excitation pulse is given by Equation 2:

Y
Af(x, y,2) = ﬂGzZ"'Afbubble(xa ¥, 2)

[0076] InEquation 2y is the same as noted above, G, is the
frequency shift with a slice gradient amplitude, z is the
spatial location of the slice, and Af,,,,,,. is from Equation 1.
Thus, given this frequency map and a frequency profile of an
RF pulse in an MRI, interpolation may be used to calculate
a slice profile for each spatial location of the bubble, which
may be denoted as (X, y, z). To determine a slice profile near
a bubble, various assumptions may be made, such as a three
millisecond per time bandwidth product of an RF pulse and
a small excitation or flip angle (e.g. about 10 degrees to
about 40 degrees, including about 25 degrees) may be
assumed along with a three millimeter slice thickness.
[0077] Accordingly, a bubble image, which may also be
referred to as a slice profile of the bubble, may be illustrated
by Equation 3:

Sp(x 32 (x y 2)eZ TEM D

[0078] In Equation 3, the slice profile may be formed or
advanced to an echo-time represented by TE, therefore the
spatial profile given by Equation 3 may be at the echo-time
of the imager. In Equation 3, the term s(x, y, z) is the signal
at the end of the excitation pulse and the exponential
accounts for time passing to the echo-time. Accordingly, TE
is the time past or accounts for the time past to the echo-time
of the signal such that the spatial profile is advanced to the
echo-time. Then summing across a slice profile is given by
At(x, y, z) and allows for generating the slice profile of the
bubble. A convolution to average multiple x and y location
or direction spins may be made to account for a signal loss
due at each of the x, y locations.

[0079] Further, it is understood that the model of the
bubble may be based upon accounting for the profile effects
within the slice and/or without. Nevertheless, the bubble
image may be based upon the accessed model, as discussed
above.

[0080] The accessed model in block 304, as described
above, may then be used to generate a plurality of bubble
images in block 310. The plurality of bubble images may be
based upon altering various characteristics of the bubble
model. For example, a change in radius of the bubble may
be used to identify or determine various sizes of the bubbles.
For example, the radius may be given in a selected dimen-
sion, such as voxels, and may range between about 1 voxel
and about 50 voxels, including about 2 voxels and about 12
voxels, and further including a discrete number of voxels
between 2 and 12. For example, the bubble library may
include 10 bubbles each differing by 1 voxel with the
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smallest bubble having a radius of 2 voxels and the largest
bubble having a radius of 12 voxels. Further, the bubble
models may be rotated or angled relative to the axis of the
imager, B, axis. Each of the bubbles of different radius may
be rotated a selected angle 6. The amount of rotation may be
any appropriate amount. For the bubble library, for example,
each bubble may have in plane rotations of about —45
degrees to about +45 degrees in 15 degree steps. The amount
of rotation at x and z coordinates may be given by X, . and
Z,., in Equation 4 and Equation 5, respectively:

rot

X, =X cos(0)-Z sin(0)

Z,,,=X sin(0)-Z cos(8)

[0081] Thus, each of the bubble images may include a
bubble of a selected radius and/or selected angle rotation
relative to the B, axis. Each of the plurality of bubble
images, therefore, may be saved in the bubble image library
that may be accessed in block 194, as discussed above. Thus
the plurality of images may be saved in the bubble library in
block 314 that may be accessed in block 194, as illustrated
in FIG. 4.

[0082] After saving a plurality of generated bubbles in a
library in block 314, a determination of whether more
bubbles are selected is made in block 318. If more bubbles
are selected, a YES-path 320 may be followed to block 310
to generate a plurality of bubble images, which may be in
addition to a previous plurality of bubble images. If a
determination in block 318 is that no more bubbles are
selected, a NO-path 324 may be followed to end in block
330. The bubble image library may be formed at any
appropriate time, such as prior to the beginning of a proce-
dure, during a procedure, or at any selected time. Regard-
less, the bubble image library may be generated as discussed
above and may be used during a temperature sensing pro-
cess.

[0083] With continuing reference to FIG. 5 and additional
reference to FIG. 6, the bubble library may be formed to
include bubble images that include both magnitude and
phase differentiation. As understood by one skilled in the art,
the phase in an MRI may relate to an encoding due to a
resonance in light of the MRI imaging process. Generally,
MRI imaging may include both a frequency encoding and a
phase encoding, to determine information regarding each
pixel or voxel in a slice image. Accordingly, phase encoding
may be used to assist in determining a temperature at a
selected voxel within the image. As illustrated in FIG. 6, the
model accessed in block 304, may be used to generate
library images. In FIG. 6, library images of a bubble of a
selected radius are illustrated as a magnitude image in a first
row 340 and a phase in a second row 350. The bubble image
in the bubble image library may identify gradations or
amounts of change as well. As illustrated in FIG. 6, an
amount or variation in the magnitude and phase variance
may be included in the bubble image in the bubble image
library and for correlation to the comparison image, as
discussed herein. The bubble library may further include the
bubble model that is rotated relative to the axis B, 354 of the
imaging system. Accordingly, the library images may
include a plurality of images that are rotated in both mag-
nitude and phase.

[0084] As illustrated in FIG. 6, a first column 360 illus-
trates a magnitude image 340a and a phase image 350q that
are parallel with the axis B, of the imager. In a second
column 364 a magnitude image 3405 and a phase image
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3505 is illustrated for the bubble. Finally, in a third column
368 the bubble is illustrated at substantially 90 degrees or
perpendicular to the axis B, as a magnitude image 340c¢ and
a phase image 350c.

[0085] The bubble image library may include a plurality of
images more than the six illustrated in FIG. 6, as discussed
further herein. Regardless, the bubble library may include a
plurality of images that allow for identification and analysis
of a heat image, as discussed further herein. It is understood
that an identification system may further interpolate between
different bubble images to assist in identifying a bubble in a
current heat image or comparison image.

[0086] With continuing reference to FIG. 4 and additional
reference to FIG. 7, the heat images that may be accessed in
blocks 198 and 202, may be similar to the heat images
illustrated in FIGS. 3A and 3B. Accordingly, a previous heat
image 150 and a current heat image 160 are illustrated. The
current heat image 160 may be recalled in block 198 while
the previous heat image 150 may be recalled or accessed in
block 202, as illustrated in FIG. 4.

[0087] The two images may be compared to one another
in block 210, as discussed above. To compare the two
images to one another a ratio may be made between the
current heat image 160 and the previous heat image 150.
That is, the current heat image 160 may be divided by the
previous heat image 150. In dividing the current heat image
160 from the previous heat image 150, a ratio of each of the
voxels or pixels within the current heat image 160 may be
determined. During acquisition of image data of the subject
28, the subject 28 may be held substantially fixed relative to
the imaging system 26. Accordingly, images may be
acquired over time of the subject 28 that may be substan-
tially registered to one another and in series. Accordingly, a
pixel or voxel location in the current heat image 160 may be
known relative to a pixel or voxel in the prior heat image at
the same position. Thus, a ratio between the two may be
determined. It is understood that other appropriate differ-
ences or comparisons may be made, and a ratio is merely
exemplary. Nevertheless, the ratio of the current heat image
160 to the previous heat image 150 may result in resultant
images in column 380, illustrated in FIG. 7.

[0088] The resultant images or generated comparison
images may include a magnitude generated comparison
image 384 and a phase comparison image 388. The magni-
tude comparison image 384 may include a ratio of each
voxel density or intensity between the current heat image
160 and the prior heat image 150. The pixel or voxel
intensities may be displayed in the magnitude comparison
image 384 for viewing by the user 25, such as on the display
22. It is understood, however, that the generated comparison
image 380 may simply be used for analysis by the work-
station 42 to identify a bubble, if present, and compensate
therefore.

[0089] The generated comparison images 380 may also
include the phase comparison image 388. As discussed
above, the image data acquired with the MRI system 26 may
acquire different types of data including the magnitude
image data, as illustrated in the magnitude comparison
image 384 and phase encoded image data as shown in the
comparison image 388.

[0090] As illustrated in FIG. 7, a hole or dark region 166
is present in the image 160. The resultant comparison
images may also include or identify a magnitude ratio where
the magnitude comparison image 384 includes a dark or low
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intensity region 392. The low intensity ratio region 392
illustrates that there is a small ratio between the current heat
image 160 and the prior heat image 150. In various embodi-
ments, as discussed further herein, a magnitude threshold
may be used to assist in determining whether a data set, such
as the comparison data set 380, includes a bubble. A
magnitude threshold may be about 0.20 to about 0.90, and
further include about 0.50 to about 0.750, and further
include about 0.65. In various embodiments, therefore, a
decrease in signal of about 32% to about 40%, and further
including about 35%, may be used to assist in identifying a
relevant comparison data set for including a bubble.
[0091] Further, the phase comparison image 388 may also
include a region of phase differentiation or comparison 398.
The phase comparison region 398 may also illustrate the
phase variations between the current heat image 160 and the
previous heat image 150. Thus, both a magnitude and a
phase difference may occur between the current heat image
160 and the prior heat image 150 when a bubble occurs in
the subject 28.

[0092] While FIG. 7 illustrates an example of a magnitude
comparison image 384 and a phase comparison image 388,
the bubble image library that is accessed in block 194 may
be compared to the comparison image data 380 to assist in
determining and/or to automatically identify a bubble, if one
is present in the comparison image data. Turning reference
to FIG. 8 the comparison image data 380 may include the
magnitude comparison image 384 and the phase comparison
image 388. The comparison image data 380 may be com-
pared to the accessed bubble library in block 220, as
illustrated in FIG. 4. As schematically illustrated in FIG. 8,
a bubble image library 420 is illustrated. The bubble image
library 420 may include a plurality or array of magnitude
bubble model 424 and an array or plurality of phase bubble
models 428.

[0093] In the bubble image library 420, the array of
magnitude bubble images 424 may include selected number
of bubbles, such as including a range between a bubble
having a two voxel radius in a first block 424a and a bubble
having a twelve voxel radius in cell 4245. It is understood
that a no bubble cell (e.g. no phase difference) 424¢ may also
be present in the library 420.

[0094] Similarly, the phase bubble image library 420 may
also include phase bubble images for a plurality of diameters
including a two voxel diameter cell 4284, a twelve voxel
diameter cell 4285, and a no bubble cell 428¢. As discussed
above, the bubble image library 420 may also include a
plurality of bubble images for bubbles rotated relative to the
image axis B,,. Accordingly, the bubble image library 420, as
exemplary illustrated in FIG. 8, is merely exemplary of the
plurality of bubble images that may be accessed in the
bubble image library in block 194.

[0095] Regardless of the number of bubble images
accessed in the library 194, which may be compared, either
a selected number or sub-plurality of all of the bubble
images from the bubble image library may be compared in
block 220. As illustrated in FIG. 8, each of the bubble
images from the library 420 may be compared to the
magnitude comparison image 384 as illustrated by compari-
son lines 450a and 4505.

[0096] As illustrated in FIG. 8, the magnitude image
comparison may be made to the magnitude comparison
image 384 and may allow for the generation of a correlation
image data set or array 460. The correlation array 460 may
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include representation of a correlation between each of the
images in the bubble image library 420 to the comparison
image data set 380. Accordingly, the correlation image array
460 may also include correlation regarding the phase bubble
images, as illustrated by the comparison lines 454a and
454b. The comparison lines illustrate the first and last bubble
image being compared to the comparison image data set
380. Accordingly, the correlation array 460 may include the
same number of cells as the bubble image library, where
each cell represents a comparison of the respective cell in the
bubble image library. The first cell 460qa includes a corre-
lation of the first magnitude cell 4244 to the comparison
magnitude image 384 and the first phase library cell 428a to
the comparison phase image 388. The correlation array 460
that includes cells relating to each of the library images, such
as including a largest radius correlation cell 4605 and a no
bubble cell 460c. Accordingly, the correlation array 460 may
include correlation between all of the bubble images to the
comparison image data 380.

[0097] The bubble image library 420 may include the
bubble images of bubbles of selected sizes and/or orienta-
tions. Further, the bubble images may be cropped to a
selected dimension, such as one or two pixels greater than
the bubble model. Accordingly, the dimensionality of the
bubble images may be less than the size of the comparison
image 380. To perform the comparison, therefore, the bubble
image from the bubble image library 420 may be moved in
a step wise manner across the comparison image 380.

[0098] A correlation between the bubble image from the
bubble image library 420 and a portion of the comparison
images 380 will cause a high correlation, which may be
depicted as a bright pixel or voxel in the correlation image
in the correlation image array 460. That is, as illustrated in
FIG. 8, each of the bubble images may have a selected
geometry or intensity or phase deviation, in the respective
bubble images of the bubble image library 420. As the
bubble image from the bubble image library 420 is com-
pared to a portion of the comparison image 380, each of the
pixels or voxels may include a selected correlation. The
correlation may be low or high. A high or large correlation
may be indicated as a high intensity or high correlation
which may be illustrated in the correlation array 460. Again,
it is understood, that the correlation data and the correlation
array 460 may be illustrated for use by the user 25 and/or
used in the system for identification of the bubble. Never-
theless, high correlations may be identified between the
bubble images from the bubble image library 420 and the
comparison images 380.

[0099] In various embodiments, the bubble images in the
bubble image library are masked to the voxels with greater
than a 0.1 radian phase shift. This masking assists in
localizing correlations between the bubble image library
image and the comparison images. In addition, the cross
correlations may be normalized by mean squared amplitude
of'the bubble images from the bubble image library to allow
for correlations to be compared between library entries. In
various embodiments, the correlation may be a comparison
and may occur in the Fourier domain, particularly for
complex value inputs of the comparison images.

[0100] In various embodiments generation of bubble
images in the bubble image library may include non-square
voxels, since imaging resolution may be different in different
dimensions. Also, bubble rotation may take place before or
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after synthesis of the bubble image, thus bubble coordinates
may rotated before calculating the image, or rotate the image
afterward.

[0101] The bubble image library may also be processed
using a technique such as singular value decomposition or
principle component analysis, to reduce its dimension for
more efficient computation. In other words, instead of
directly calculating correlations between the comparison
image and each bubble image library entry, correlations may
be determined between the comparison image and a smaller
number of optimized linear combinations of bubble image
library entries.

[0102] The correlation for each of the correlation images
in the correlation array 460 may be given a correlation score
S,; denoted by BEquation 6,

1,1 = 1X2)
S;j :max[uibu, 0
11X

[0103] In Equation 6, the correlation score may be a
maximum of a correlation between the bubble image having
a selected radius i and angle j, for each of the bubble images
from the bubble library. As noted in Equation 6, the corre-
lation score may attempt to remove background noise by
providing a correlation Xl.jb that is a correlation between
each of the bubble images in the bubble image library and
a tissue mask. The tissue mask may be based upon an initial
image, such as an image prior to any ablation or therapy
being applied to the subject 28 and/or an initial heat image.
Accordingly, a mask may be used to remove false correla-
tions that may occur in the image. For example, in various
embodiments, heat formation in the subject 28 may cause
phase change or phase deviation that may confound the
bubble detection. Accordingly, masking the image or remov-
ing background may assist in achieving a greater bubble
detection accuracy. It is understood that the optional tissue
mask may also be formed with the immediate previous
accessed heat image from block 202. Accordingly, a mask
may include image data or a correlation based upon possible
heat that cause a phase change over the course of the
treatment.

[0104] The bubble image library may have the bubble
images formed at a selected resolution that may be substan-
tially greater than the resolution of the comparison images.
The resolution of the bubble images may be at a resolution
great enough to allow for a detailed generation of the bubble
images for comparison to the comparison images. Accord-
ingly, during or after the generation of the correlation image
array 460, the correlation image array, including the images
therein, and/or the comparison images 380, if upscaled, may
be low pass filtered with a selected Gaussian function or
kernel, such as a normalized Gaussian kernel. The resolution
of the comparison image 380 and the correlation image 460
may be reduced to a resolution similar to that of the acquired
image data, such as the current heat image from block 194.
[0105] After the low pass filter, pixels within the correla-
tion images may be identified as bubble pixels if the pixel or
voxel has a magnitude that is below a selected magnitude, if
selected. As discussed above, a ratio magnitude of 0.65 may
be a selected threshold. Accordingly, if a voxel does not have
a signal reduction of at least 35%, it may not be included in
a possible bubble detection. In addition, if the signal in a
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voxel increases rather than decreases, it may not be included
in a possible bubble determination. Further, voxels having a
selected correlation score of at least 0.2, as discussed above,
may also not be included in a bubble detection. The corre-
lation score may have any appropriate value, such as 0.3,
0.4, or higher. A selected higher maximum may reduce a
number of voxels selected to possibly be within a bubble.
Accordingly, voxels that meet at least these two require-
ments may be included in a bubble detection. As illustrated
in FIG. 8, the correlation images 460 may be used to identify
an image or one of the correlation images as having a voxel
or group of voxels that are within a bubble as illustrated by
490q and/or 4905. The images that may be included in a
bubble may then be confirmed or processed, as discussed
further herein.

[0106] The comparison and determination of the correla-
tion images or correlations 460 may be executed instruc-
tions, such as with the processor system 40. Thus, the
correlations 460 may be determined substantially automati-
cally based on the instructions formed based on the dis-
closed method and process.

[0107] Further, as discussed above, the comparison of the
bubble images from the bubble image library 420 may be
made to the comparison images 380. However, as discussed
above, the determination of a bubble may be relevant at or
near the instrument 24 within the subject 28. Accordingly,
the comparison image 380 may be reduced in dimensional-
ity, such as by identifying a region of interest (ROI) within
the comparison image 380 and/or the heat image. In various
embodiments, the instrument 24 may be navigated by being
tracked with a selected tracking system, as discussed above.
[0108] As the current heat image accessed in block 198
may be generated with the imaging system 26, the position
of the instrument 24 within the image data may be deter-
mined, as discussed above. Thus, the comparison of the
bubble images from the bubble image library may be
minimized to a selected area or volume around a distal end
of the instrument 24 within the subject (such as when the
subject is registered to the image), such as the comparison
image 380. The amount of the image for comparison to the
bubble images may be selected to be only within a selected
volume or area relative to the tracked location of the
instrument.

[0109] In addition or alternatively thereto, the user 25 may
also identify a region of interest for comparison to the
bubble images from the bubble image library 420. The user
25 may identify the ROI by one or more input devices, such
as the keyboard 44. In various embodiments, the user 25
may draw or identify the ROI on the image 23 displayed
with the display device 22. Accordingly, an optional area or
volume of a region of interest may be identified for a
comparison in block 220. The comparison of the bubble
image to the generated comparison image may be in either
one or both of the whole image and/or a selected region of
interest. The region of interest, as noted above, may be based
upon selection by the user 25, a tracked location of the
instrument 24 such as being tracked with the navigation
system, or an inherently registered position of the image
relative to the subject 28. For example, the ROI may be
within a volume that is about 0.1 cm to about 5 cm from a
selected location of the end of the instrument 24. Neverthe-
less, the comparison of the bubble image may be made to an
appropriate portion of the comparison image for determining
whether a bubble is present within the image.
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[0110] Returning reference to FIG. 4, after identifying a
location of a bubble in the comparison image, a determina-
tion of whether to compensate or not may be made in block
248. If no compensation is determined, as discussed above
various steps may be followed, such as pausing therapy to
allow the bubble to dissipate. However, if compensation is
determined, the YES-path 260 may be followed to the
removed distortion/artifact caused by a bubble from the
current heat image in block 270.

[0111] The compensation may include the removal of the
distortion, such as phase variance, caused by a bubble in the
heat image and/or the comparison image. In various embodi-
ments, therefore, the compensation may include a subtrac-
tion of the bubble image from the bubble image library that
most matches the identified bubble. Thus, removing the
bubble distortion as the bubble image from the bubble image
library that is identified in the generated comparison images
may be removed. The bubble image may be removed as
being placed on the heat image or the comparison image as
a determined center of the identified bubble in the image. In
various embodiments, the center may be a weighted mean
center in the image. The bubble may be subtracted or
removed from the image by removing the information of the
bubble image from the bubble image library from the heat
image.

[0112] In various embodiments, with continuing reference
to FIG. 4 and additional reference to FIG. 9, the removed
distortion in block 270 is illustrated an alternative and/or
greater detail. As noted above, the removed distortion may
be identified or determined to be a sub-routine as a part of
the method 180. As also noted above, the remove distortion
270 and temperature determination 274 may be executed
instructions, such as with the processor system 40. Thus, the
distortion removal and compensation may be determined
substantially automatically based on the instructions formed
based on the disclosed method and process.

[0113] Accordingly, with reference to FIG. 9, the removed
distortion method or sub-routine is described in greater
detail. Once the bubble is identified in block 244, all of the
voxels in the comparison image that are part of the bubble
and/or likely part of a bubble may be identified. Accordingly,
all of the voxels inside of the bubble (i.e. as identified by the
bubble image from the bubble image library accessed in
block 194) may have a dipole field calculated for each voxel
centered at each of the voxels. The dipole field may be
generated as a matrix, which may be referred to as matrix A,
and be defined by Equation 7,

(x=x¢) = (y = yo))
((x=xc) + (y = yo))

[0114] Equation 7 is the difference of the squared x and y
coordinates in the image divided by their sums. The coor-
dinates are centered at the voxel location identified as xc and
yc. Accordingly, the calculation of the dipole field may be
made in block 480. The dipole field is a map based upon the
x and y locations within the image and may be formed into
vectors in block 484. The vectors may be formed into two
columns of a matrix. The dipole matrix may then be used to
analyze the comparison phase image 388, as discussed
above in FIG. 7 and FIG. 8.
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[0115] The dipole matrix may be fitted to the phase
comparison phase image, such as the image 388, in block
490. The fitted phase image may be subtracted from the
current heat image in block 494. The subtraction of the
comparison phase image 388 that is fitted with the dipole
matrix may be used to determine the proper heat or the phase
change due to heat within the current heat image that is not
affected by the bubble.

[0116] The dipole matrix may be used to identify or clarify
the voxels in the current heat image that are phase distorted
caused by the bubble rather than a phase change due to
heating of the tissue within the subject 28. Accordingly,
subtracting the comparison phase image fitted with the
dipole matrix from the current heat image removes the phase
distortion caused by the bubble, rather than heat. Thus, the
removed distortion/artifact of the bubble in block 270 may
allow for a determination of the temperature in block 274 at
all of the voxels within the current heat image 198.

[0117] With continuing reference to FIG. 9, and with
returning reference to FIG. 4, the determination of the
temperature in the current heat image may be based upon the
removal of the phase distortion caused by the bubble.
Accordingly, once the bubble phase is removed, the tem-
perature may be determined in block 274. Further, with
reference to FIG. 9, the temperature determination may
include various sub-steps or a sub-routine. For example,
temperature determination in block 274 may include a
temperature unwrapping in block 510. The temperature
unwrapping in block 510 may include correcting for phase
wrap when phase encoding the heat determination image
accessed in block 198. Accordingly, temperature unwrap-
ping may incur, due to the phase, in block 510.

[0118] The temperature determination may also include
drift removal in block 520. Drift removal may include
determination of a temperature drift over time. Temperature
drift over time may occur for various reasons, and drift
removal may include determination of a temperature drift
over time, such that the accumulation of phase drift is
monitored and temperature data are adjusted for this drift
artifact across the image anatomy. Accordingly, a summa-
tion of all heat images may be made to determine a masking
and/or subtraction of heat drift that may have occurred prior
to the current heat image accessed in block 194. Other
appropriate methods to determine drift and/or for its removal
may also be used. For example, a drift correction may be
derived from the instantaneous heating image (e.g. the
current heat image), by fitting a low order polynomial to the
entire phase difference image (e.g. the phase portion of the
comparison image (i.e. phase variance image 388, and then
subtracting it out of the temperature map that is based on the
current heat image.

[0119] Finally, a temperature map may be made in block
530 based upon the removal of the bubble phase distortion
and accounting for optional additional features such as
temperature unwrapping and drift removal in blocks 510,
520, respectively, as discussed above. The temperature map
may include a determined temperature for each voxel in the
current heat image access in block 198. The temperature
determination may also include or be a temperature differ-
ential from a previous heat image. Further, as noted above,
the determination may be based upon information collected
with the image data acquired with the imaging system 26 of
the subject 28. In various embodiments, the information may
include phase change or other information, such as relax-
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ation times, for each voxel in the image. In various embodi-
ments, the determination of the temperature may be per-
formed according to generally known techniques, such as
those used in the Visualase® cooling laser fiber system sold
by Medtronic, Inc. The temperature map created in block
530, however, may be made after a removal of a bubble or
possible bubble that is identified in the current heat image,
according to the method 180, including the various sub-steps
as noted above.

[0120] Accordingly, the procedure may be performed on a
subject and a temperature may be determined with an image,
as discussed above. The temperature may be determined
regardless of whether the formation of a bubble occurs or
not, including or based upon the method as noted above.
Thus, a bubble may occur in an image, it may be automati-
cally identified according to instructions executed with a
processor based upon the algorithm noted above, and a
corrected or undistorted temperature map may be generated
based upon the current heat image. Thus the user 25 may
determine or have determined the temperature map for the
subject.

[0121] Returning reference to FIGS. 1 and 2 and with
further reference to FIG. 4, at least one bubble image from
the accessed bubble image library may be compared to the
comparison image in block 220. In comparing the at least
one bubble image library, as noted above, all of the images
in the image bubble library may be compared to the com-
parison bubble image. As noted above, each of the bubble
images may include selected pixels or voxels (based upon
the type of image generated and the comparison image), for
allowing for a comparison between the bubble image and the
comparison image. Generally, a pair wise comparison
between pixels and/or voxels in the bubble image is made
with pixels and/or voxels in the comparison image. To
compare the bubble image to the entire heat image, however,
may include extraneous or supertluous correlations and/or
may increase analysis time. In various embodiments, there-
fore, as noted above, a region of interest (ROI) may be
determined for limiting or defining only an area or volume
in which the comparison of the bubble image is made to the
comparison image. In various embodiments, the ROI may be
determined based upon navigating the instruments 24 in the
subject 28.

[0122] With additional reference to FIG. 10, a navigated
determined region of interest 600 is illustrated. The navi-
gated determined region of interest may be incorporated into
the method 180 illustrated in FIG. 4, such as immediately
prior to the compared at least one bubble image from the
accessed bubble image library to the current image in block
220. It is further understood that, as illustrated in FIG. 4, the
determination of the ROI may be a sub-routine incorporated
into the comparison in block 220. Accordingly, the deter-
mined ROI 600 may be understood to be a sub-routine
incorporated into the method 180. Thus, as noted above, the
method 600 may be executed instructions, such as with the
processor system 40. Thus, the method 600 may be deter-
mined substantially automatically based on the instructions
formed based on the disclosed method and process.

[0123] Generally, when navigating the instrument 24 dur-
ing a selected procedure, the instrument 24 may be tracked
with a selected tracking system, such as the tracking system
50 discussed above, to determine a location of at least a
portion of the instrument 24. Accordingly, the determined
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ROI method 600 may begin within the method 180 with the
comparison block 210 and proceed to track the instrument in
block 614.

[0124] In tracking the instrument in block 614, a location
of the instrument 24 may be determined by the navigation
system 20. The location of the instrument 24 may be
determined relative to the subject 28, such as with the DRF
58. As noted above, the images of the subject 28, including
the image 23, may be registered to the patient 28. In various
embodiments, the image 23 may be registered to the subject
28 in block 618. Accordingly, the tracked location of the
instrument 24 may be known relative to the image 23 based
upon tracking the instrument in block 614. Registration may
occur in any appropriate manner, including those discussed
above, such as with identifying fiducial points in the subject
28 and the image 23 (fiducials may be natural or implanted
artificially). Regardless, the image may be registered in
block 618.

[0125] Thus, the tracked position of the instrument in
block 614 may be determined relative to the image in block
622. In determining the location of the instrument in block
622, a region within the image 23 may be identified in the
image space. As noted above, at least a portion of the
instrument may have its location determined, such as the
terminal end 110 of the instrument 24 and/or the distal end
104 of the energy delivery device 100. The location of the
portion of the instrument, such as the terminal end of the
fiber optic member or energy delivering device 100, may be
used to identify a region relevant for temperature determi-
nation.

[0126] A determined region of interest may be based upon
a determined location of the instrument in block 622 by
determining a region of interest in block 628. The deter-
mined region of interest may include a selected area or
volume around or near the determined location of the
instrument or portion of the instrument. For example, a
determined region of interest may be defined as a volume
having a radius of a selected length (e.g. about 1 cm to about
6 cm and/or about 2 pixels or voxels to about 12 pixels or
voxels). The region of interest may be centered on or near
the determined location of the portion of the instrument and
may be determined in block 628.

[0127] In various embodiments, the processor, such as the
processor system 40 discussed above, may recall a prede-
termined or determine a size of a region of interest. It is
understood, however, that the user 25 may also define a
region of interest relative to the tracked position of the
instrument and the determined position of the instrument in
block 622. Accordingly, determining the region of interest in
block 628 may be identifying the portion of the image 23
(e.g. tracked center of the heating portion of the instrument
and a volume in a selected radius therefrom).

[0128] As noted above, the determining of the ROI may be
a sub-routine of the block 220. As illustrated in FIG. 10,
however, the determination of the ROI 600 may be inserted
between the generated comparison image in block 210 and
the compared at least one bubble image from the accessed
bubble image library to the current comparison image in
block 220. Accordingly, the determined ROI with the navi-
gation of the instrument 24 may be understood to be
inclusive or included, as a selected option, within the
method 180.

[0129] Returning reference to FIG. 4, as noted above, the
comparison to determine portion of an image as to whether
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a bubble is present or possibly present in an image occurs in
the method 180 at block 220. As discussed above, with
reference to FIG. 4 and FIG. 5, a bubble image may be
generated/or accessed for comparison to the comparison
image. The bubble image may be based upon a model of a
bubble and an image of the model bubble, including a
magnitude and phase variance. In various embodiments,
however, in addition to the bubble image model and/or
alternatively thereto, a bubble may be identified and/or a
possible bubble may be identified by analysis of the com-
parison image directly. In various embodiments, a heuristic
method may be applied in addition to and/or alternatively to
the bubble image model as discussed above.

[0130] With continuing reference to FIG. 4 and additional
reference to FIG. 11, a method 2205 is illustrated. The
method 2205 may be an addition to and/or alternative to the
comparison of the bubble image from the bubble image
library, as discussed above. The comparison method 2205,
however, may be included in the method 180, as illustrated
in FIG. 4, to determine whether a bubble is present in block
230 and the identified location of the bubble in the com-
parison image in block 244. Thus, the comparison method
2205 may be included or understood to be a sub-routine
within the method 180, as discussed above.

[0131] Thus, the bubble image comparison algorithm or
system, as discussed above and illustrated in various figures
such as FIG. 6 and FIG. 8, may also be an alternative and/or
addition to the method 2204. The method illustrated in FIG.
6 and FIG. 8 including the bubble image library may also be
understood to be a sub-routine of the method 180.

[0132] The heuristic or non-model comparison 2205 may
begin at block 210, as discussed above. The comparison
image may be generated in block 210 and received for
comparison in block 660. The received comparison image or
images may include the comparison image data 668, as
illustrated in FIG. 12. The comparison image data 668 may
be similar to the image data 380, as discussed above.
Generally, the comparison image data may be a ratio of the
current heat image 160 and the prior or previous heat image
150. As discussed above, the current heat image 160 may or
may not include one or more voxels or pixels that include a
selected or have a selected change when compared to the
prior heat image 150. In various embodiments, as discussed
above, the comparison image data 668 may be based upon
a ratio of the current heat image 160 and the previous heat
image 150. As also discussed above, the comparison image
data 668 may include a magnitude image data 670 and a
phase variance image data 674. As exemplary illustrated in
FIG. 12 the magnitude image data 670 may include a region
of magnitude change or decrease 678 and the phase variance
initiated 674 may include a phase variance region or area
682.

[0133] Inthe comparison method 2205, a filter 692 may be
moved over the comparison image in block 688. The filter
may be defined and/or saved in a selected memory, such as
in the memory 46. The processor system 40 may then recall
the filter and compare it or move it over the comparison
image data 668, as discussed further herein.

[0134] The filter may be defined to attempt to identify or
to identify clusters or localized regions of voxels or pixels
that include selected criteria or variances. The variances may
be predefined and included within the filter stored in the
memory 46. In various embodiments, however, the user 25
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may also identify selected features or criteria to include in
the filter for comparison to the comparison image in block
688.

[0135] The filter may include a selected size such as about
2 voxels to about 15 voxels, including about 7 voxels to
about 11 voxels, and further including about 9 voxels. The
filter may have a selected dimension, therefore, and may be
moved within a selected dimension of the comparison
image. As discussed above the filter may be moved within
the entire image. In various embodiments, however, the filter
may also be moved within a region of interest. As noted
above, the region of interest may include a manually
selected region of interest (e.g. a region of interest identified
by the user 25, such as by drawing or identifying with an
input a ROI in the image 23) and/or automatically deter-
mined based upon selected features, such as within the ROI
determination 600 illustrated in FIG. 10. Accordingly, it is
understood that the filter may be applied to the comparison
image in any appropriate region, including the entire image
or only a region of interest which may be less than the entire
image.

[0136] The filter may be to determine or identify selected
voxels within the comparison image 668 that may include or
be determined to be within a bubble. The filter, therefore,
may be applied to the comparison image data 668 by the
processor system 40, in a manner similar to applying the
bubble image as discussed above. Thus, the filter may be
applied in a substantially pairwise manner relative to the
comparison image 668 to determine a comparison and/or
determination of whether a voxel meets a selected threshold,
as discussed further herein.

[0137] The filter 692, as illustrated in FIG. 12 may be
illustrated as an area or volume filter 692, as discussed
above. In various embodiments, the filter may include or be
inclusive of at least two features or criteria, but are illus-
trated separately in FIG. 12. For example, in the magnitude
image 670, the filter 692 may include the selected dimen-
sions, as discussed above, and identify or be compared to the
magnitude image 670 to determine a selected signal drop.
The selected signal drop may include or be defined as a
magnitude change in the ratio or comparison image data 668
of a voxel of at least about 0.5 to about 0.95, and further
including about 0.7 to about 0.9, and further including a
magnitude variance in the comparison image 668 of about
0.8. In other words, the filter may identify a signal decrease
of about 20% from the heat image to the current heat image
as slightly being inclusive within a bubble.

[0138] The filter 6926 may include a second criterion that
is compared or moved across the phase variance image 674.
The filter may identify in the phase variance image 674
voxels that have a phase variance of about 0.5 radians to
about 1.5 radians, further including about 1 radian. The
phase variance may be identified or determined on a per-
voxel basis, such as in a pair wise comparison between the
filter 6925 and the voxels in the phase variance image 674.
[0139] The filter 692, therefore, is moved over or com-
pared to the comparison image data 668, including either the
entire image and/or within a region of interest, as discussed
above. Based upon the evaluation of the voxels within the
filter, a determination of whether identified voxels are pos-
sibly within a bubble is made in block 698. As discussed
above, the filter may be used to identify voxels that are
possibly within a bubble based upon the selected criteria
and/or thresholds noted above, regarding the magnitude and



US 2020/0268434 Al

phase variance. All of the voxels identified as possibly
within a bubble, based upon the filter 692, may then be
determined or saved in block 698. Generally, a voxel may be
determined to possibly be within a bubble if the voxel meets
both criteria, such as having a magnitude variance of about
0.8 (i.e. signal decrease of about 20%) and a phase variance
of about 1 radian.

[0140] Once the voxels are determined or identified to be
possibly within a bubble in block 698, a dimension of voxels
within a selected distance of one another may be made in
block 702. As discussed above, the filter 692 may be used to
determine whether selected voxels or whether voxels have a
selected magnitude change (e.g. signal drop) and/or phase
variance. Generally, a voxel determined to be possibly
within a bubble will be required to include both thresholds,
as discussed above.

[0141] A bubble may be determined to have a selected
dimension and/or geometry. For example, a bubble may be
assumed to have a radius of at least about 2 voxels and/or
equal to or less than about 12 voxels. Accordingly, deter-
mining a dimension of a cluster of voxels in block 702 may
be used to identify whether a bubble is present in the
comparison image 668. A cluster may be voxels that meet
the bubble filter criteria that are adjacent (e.g. touching) one
another or within a selected distance (e.g. 0.5 voxels apart).
All voxels that meet the distance criteria may be identified
as a cluster. Once the dimension of any cluster of voxels is
determined in block 702, a determination of whether a
bubble is present in block 230 may be made.

[0142] The determination of whether a bubble is present in
the comparison image in block 230, based upon the heuristic
comparison 2205, may include whether any determined
voxels in block 698 meet an identified or selected dimension
in block 230 once the cluster has been determined in block
702. Accordingly, if the cluster of voxels has been identified
and includes a dimension of at least 2 voxels, a determina-
tion that a bubble is present in the comparison image may be
made in block 230. Accordingly the YES-path 238 may be
followed, as illustrated and discussed in FIG. 4 above.

[0143] If no cluster or no cluster of voxels is not deter-
mined to meet a size criterion, such as less than 2 voxels
and/or greater than 12 voxels, determination that a bubble is
not present in the image may be made in determination block
230 and the NO-path 234 may be followed. It is understood
that the dimension of a cluster may be predetermined, and
included in the filter, for analysis by the processor system
40. It is also understood that the user 25 may also input a
selected cluster dimension for analysis of the comparison
image 668. Accordingly, the comparison method 2205 may
be used to compare and/or assist in identifying or determin-
ing whether a bubble is present in the comparison image.
Either alone and/or in combination to the comparison with
the bubble image library image, as discussed above.

[0144] Example embodiments are provided so that this
disclosure will be thorough, and will fully convey the scope
to those who are skilled in the art. Numerous specific details
are set forth such as examples of specific components,
devices, and methods, to provide a thorough understanding
of embodiments of the present disclosure. It will be apparent
to those skilled in the art that specific details need not be
employed, that example embodiments may be embodied in
many different forms and that neither should be construed to
limit the scope of the disclosure. In some example embodi-
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ments, well-known processes, well-known device struc-
tures, and well-known technologies are not described in
detail.

[0145] Instructions may be executed by a processor and
may include may include software, firmware, and/or micro-
code, and may refer to programs, routines, functions,
classes, data structures, and/or objects. The term shared
processor circuit encompasses a single processor circuit that
executes some or all code from multiple modules. The term
group processor circuit encompasses a processor circuit that,
in combination with additional processor circuits, executes
some or all code from one or more modules. References to
multiple processor circuits encompass multiple processor
circuits on discrete dies, multiple processor circuits on a
single die, multiple cores of a single processor circuit,
multiple threads of a single processor circuit, or a combi-
nation of the above. The term shared memory circuit encom-
passes a single memory circuit that stores some or all code
from multiple modules. The term group memory circuit
encompasses a memory circuit that, in combination with
additional memories, stores some or all code from one or
more modules.

[0146] The apparatuses and methods described in this
application may be partially or fully implemented by a
special purpose computer created by configuring a general
purpose computer to execute one or more particular func-
tions embodied in computer programs. The computer pro-
grams include processor-executable instructions that are
stored on at least one non-transitory, tangible computer-
readable medium. The computer programs may also include
or rely on stored data. The computer programs may include
a basic input/output system (BIOS) that interacts with hard-
ware of the special purpose computer, device drivers that
interact with particular devices of the special purpose com-
puter, one or more operating systems, user applications,
background services and applications, etc.

[0147] The computer programs may include: (i) assembly
code; (ii) object code generated from source code by a
compiler; (iii) source code for execution by an interpreter;
(iv) source code for compilation and execution by a just-in-
time compiler, (v) descriptive text for parsing, such as
HTML (hypertext markup language) or XML (extensible
markup language), etc. As examples only, source code may
be written in C, C++, C #, Objective-C, Haskell, Go, SQL,
Lisp, Java®, ASP, Perl, Javascript®, HTMLS, Ada, ASP
(active server pages), Perl, Scala, Erlang, Ruby, Flash®,
Visual Basic®, Lua, or Python®.

[0148] Communications may include wireless communi-
cations described in the present disclosure can be conducted
in full or partial compliance with IEEE standard 802.11-
2012, IEEE standard 802.16-2009, and/or IEEE standard
802.20-2008. In various implementations, IEEE 802.11-
2012 may be supplemented by draft IEEE standard 802.
1lac, draft IEEE standard 802.11ad, and/or draft IEEE
standard 802.11ah.

[0149] A processor or module or ‘controller’ may be
replaced with the term ‘circuit.” The term ‘module’ may refer
to, be part of, or include: an Application Specific Integrated
Circuit (ASIC); a digital, analog, or mixed analog/digital
discrete circuit; a digital, analog, or mixed analog/digital
integrated circuit; a combinational logic circuit; a field
programmable gate array (FPGA); a processor circuit
(shared, dedicated, or group) that executes code; a memory
circuit (shared, dedicated, or group) that stores code
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executed by the processor circuit; other suitable hardware
components that provide the described functionality; or a
combination of some or all of the above, such as in a
system-on-chip.

[0150] The foregoing description of the embodiments has
been provided for purposes of illustration and description. It
is not intended to be exhaustive or to limit the disclosure.
Individual elements or features of a particular embodiment
are generally not limited to that particular embodiment, but,
where applicable, are interchangeable and can be used in a
selected embodiment, even if not specifically shown or
described. The same may also be varied in many ways. Such
variations are not to be regarded as a departure from the
disclosure, and all such modifications are intended to be
included within the scope of the disclosure.

[0151] Further areas of applicability of the present teach-
ings will become apparent from the detailed description
provided above. It should be understood that the detailed
description and specific examples, while indicating various
embodiments, are intended for purposes of illustration only
and are not intended to limit the scope of the teachings.

What is claimed is:

1. A method of selecting a region for determining a
presence of a bubble in an image, comprising:

determining a tracked location of an instrument posi-

tioned within a subject in a subject space defined by the
subject;

accessing a current image of the subject in which the

instrument is positioned;

registering an image space of the current image to the

subject space of the subject;

determining a location of the instrument within the image

space based on the determined tracked location of the
instrument;
determining a region of interest relative to the determined
location of the instrument within the image space; and

analyzing the current image to determine if a bubble is
present in the current image within the region of
interest.

2. The method of claim 1, further comprising:

tracking the instrument within the subject space with a

tracking system.

3. The method of claim 2, further comprising:

operating the tracking system to determine the tracked

location separate from an imaging system configured to
acquire an image of the subject.

4. The method of claim 3, further comprising:

acquiring the current image with the imaging system.

5. The method of claim 3, further comprising:

generating the current image as a comparison image

generated by comparing a first image and a second
image;

wherein the first image and the second image are acquired

with the imaging system.

6. The method of claim 1, wherein analyzing the current
image to determine if the bubble is present in the current
image within the region of interest, comprises:

comparing at least one bubble image to the current image;

determining a correlation between the at least one bubble

image and the current image; and

outputting a correlation value based on the determined

correlation.
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7. The method of claim 6, further comprising:

accessing a bubble image library including a plurality of

bubble images.

8. The method of claim 6, wherein analyzing the current
image to determine if the bubble is present in the current
image within the region of interest, further comprises:

selecting a first region within the region of interest;

performing a pairwise comparison of voxels from the at
least one bubble image to the selected first region;

selecting a second region within the region of interest; and

performing a pairwise comparison of voxels from the at
least one bubble image to the selected second region.

9. The method of claim 1, wherein determining the
tracked location of the instrument positioned within the
subject in the subject space defined by the subject, com-
prises:

associating a tracking device with the instrument; and

operating a tracking system to track the tracking device

associated with the instrument.

10. The method of claim 1, wherein determining the
region of interest relative to the determined location of the
instrument within the image space, comprises:

determining a dimension of the region of interest; and

centering the region of interest on the determined tracked
location of the instrument.

11. The method of claim 10, wherein the determined
tracked location of the instrument includes the tracked
location of only a portion of the instrument.

12. A system to select a region for determining a presence
of a bubble in an image, comprising:

a tracking system operable to track a tracking device;

a navigation system operable to:

determine a tracked location of an instrument posi-
tioned within a subject in a subject space defined by
the subject, wherein the tracking device is associated
with the instrument,

access a current image of the subject in which the
instrument is positioned, and

determine a location of the instrument within the image
space based on the determined tracked location of
the instrument and a registration of the subject space
and an image space of the current image; and

an image analysis processor system operable to execute

instructions to:

identify a region of interest relative to the determined
location of the instrument within the image space,
and

analyze the current image to determine if a bubble is
present in the current image within the region of
interest.

13. The system of claim 12, further comprising:

a display device to display a heat map image of the subject

based on the current image.
14. The system of claim 13, further comprising:
an imaging system operable to acquire a first image and
a second image;

wherein the image analysis processor system is operable
to execute further instructions to generate the current
image by comparing the first image and the second
image.

15. The system of claim 13, further comprising:

a memory system having stored thereon a bubble image

library including a plurality of bubble images;
wherein the image analysis processor system is operable
to recall the bubble image library.
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16. The system of claim 15, wherein the image analysis
processor system is operable to execute further instructions
to analyze the current image to determine if the bubble is
present in the current image within the region of interest by:

comparing at least one bubble image recalled from the

bubble image library to the current image;
determining a correlation between the at least one bubble
image and the current image; and

outputting a correlation value based on the determined

correlation.

17. The system of claim 12, wherein the image analysis
processor system is operable to execute further instructions
to identify the region of interest by determining a region
centered on the determined location of the instrument within
the image space.

18. A method of selecting a region for determining a
presence of a bubble in an image, comprising:

accessing a first image and a second image of the subject

in which an instrument positioned;

generating a comparison image by comparing the first

image and the second image;

determining a location of the instrument within an image

space of at least the comparison image based on a

determined tracked location of the instrument;
determining a region of interest relative to the determined

location of the instrument within the image space; and
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correcting at least the second image for determining a
temperature of at least the region of interest in the
second image.

19. The method of claim 18, further comprising:

tracking the instrument in the subject space; and

registering an image space of the comparison image to the
subject space of the subject.

20. The method of claim 19, further comprising:

comparing a plurality of bubble images to the comparison
image;

determining a correlation between at least one bubble
image of the plurality of bubble images and the com-
parison image; and

outputting a correlation value based on the determined
correlation of the at least one bubble image.

21. The method of claim 20, further comprising:
identifying image portions of the comparison image
including the bubble based on the correlation value;
removing an effect of the bubble on the second image by
removing the identified age portions of the comparison

image including the bubble; and

determining a heat map within the second image after
removing the effect of the bubble on the second image.

22. The method of claim 21, wherein the second image is

acquired after the first image.
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