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(57) Abstract: A thermal ablation system is operable to perform thermal ablation using an x-ray system to measure temperature
changes throughout a volume of interest in a patient. Image data sets captured by the x-ray system during a thermal ablation pro-
cedure provide temperature change information for the volume being subjected to the thermal ablation. Intermediate image data
sets captured during the thermal ablation procedure may be fed into a system controller, which may modify or update a thermal
ablation plan to achieve volume coagulation necrosis targets. The thermal ablation may be delivered by a variety of ablation modes
including radiofrequency ablation, microwave therapy, high intensity focused ultrasound, laser ablation, and other interstitial heat
delivery methods. Methods of performing thermal ablation using x-ray system temperature measurements as a feedback source are
also provided.
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METHODS AND SYSTEMS FOR PLANNING, PERFORMING AND
MONITORING THERMAL ABLATION

FIELD OF THE INVENTION

The present invention relates to thermal ablation systems and methods and, in
particular, to improved systems and methods for planning and performing thermal

ablation.

BACKGROUND OF THE INVENTION

Thermal ablation involves the creation of temperature changes sufficient to
produce coagulation necrosis in a specific volume of tissue within a patient, typically one
or more benign and/or cancerous tumors. In the case of the application of temperatures
elevated to above about 50 degrees C, the proper application of heat can result in tissue
destruction primarily due to the destruction of proteins within the cells. In the case of
reducing the temperature of the targeted area, cycles of proper freezing and thawing can
result in tissue destruction primarily due to cell rupture.

Traditional methods of treating cancerous tumors include surgery to physically
remove the tumor, chemotherapy to provide systemic treatment by chemical means or
radiation, which produces apoptosis in the cells treated with radiation. Frequently these
methods are combined to produce the greatest chance of cure. Although these procedures
may be life saving, there are serious side effects and risks associated with radiation,
chemotherapy, and surgery, any of which may significantly affect patient quality of life.

As a result, there is increasing interest and development of non-invasive or
minimally invasive methods to kill tumor cells. In particular, thermal ablation is being
investigated as an alternative and/or supplement to traditional methods of tumor
destruction. Several methods have been developed and are being developed for various
forms of cancer including, among others, cancers of the breast, prostate, lung, kidney,
and liver. Methods of introducing localized heat include Radio Frequency Ablation
(RFA), microwave therapy, extracorporeal or direct focused ultrasound, laser ablation,
and other interstitial heat delivery methods including therapeutic ultrasound applicators.

These methods may be applied percutaneously or extracorporeally. Cryoablation, i.e. the
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freezing of tissue to produce necrosis, is also being used to treat tumors. A significant
challenge in ablation therapy is to provide adequate treatment to the targeted tissue while
sparing the surrounding structures from injury.

RFA uses electrical energy transmitted into a VOI through an electrode to
generate heat in the area of the electrode tip. The radio waves emanate from the non-
insulated distal portion of the electrode. The introduced radiofrequency energy causes
ionic agitation in the area surrounding the electrode as the current flows from the
electrode tip to ground. The resulting agitation causes the temperature in the arca
surrounding the electrode tip to rise. Temperature calibration or measurement devices,
for example thermocouples, in the electrode may provide feedback and allow precise
control of the temperatures produced at the electrode tip, while other devices rely on
tissue impedance changes to indicate tissue thermal injury. In microwave therapy,
applicators function as antennae that concentrate the transmitted microwave energy
around the antennae. As in microwave ovens, polar molecules attempt to align
themselves with the shifting electromagnetic fields resulting in movement, friction and
subsequent heating of the area around the antennas.

Extracorporeal or direct focused ultrasound ablation uses focused sound waves to
deliver enough energy to heat a specific volume of tissue to cause coagulation necrosis.
To produce coagulation necrosis in larger volumes of tissue the target point is rastered
across the target arca. Prior to being focused, the sound waves pass through tissue
without causing significant heating, only causing destructive heat around the focal point.
Therefore, extracorporeal focused ultrasound ablation may be performed without an
incision. Laser ablation uses high intensity light to raise the temperature of a target area
to produce coagulation necrosis in that area. Generally, needles or applicators containing
thin optical fibers are interstitially placed within a tumor. The intense light is transmitted
through the optical fibers to the applicator tip and scattered into the targeted area.

Various methods of thermal ablation are being investigated for various types of
cancer and various tumor types. For example, cryoablation, focused ultrasound ablation,
RFA, microwave thermal ablation, and interstitial self-regulating thermal rods, have all

been the subject of studies of the treatment of prostate cancer. However, significant
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challenges remain with respect to an approach for planning and performing thermal

ablation.

SUMMARY OF THE INVENTION

The present invention is directed toward methods and apparatuses for the
planning and performing of a thermal ablation procedure. The planning aspect may
comprise inputting a target volume where coagulation necrosis is desired and, based on
characteristics of the target volume and surrounding area, generating a set of thermal
ablation parameters to produce the desired coagulation necrosis. The parameters may, for
example, include selecting a mode or modes of thermal ablation delivery from a plurality
of available modes. The planning may also include simulating the thermal ablation
procedure according to the generated parameters. The thermal ablation performance
aspect comprises monitoring the progress of thermal ablation and comparing the progress
of the thermal ablation procedure to a thermal ablation plan, e.g. to assess the prospective
outcome of the procedure. In turn, in certain instances, the procedure may be modified
accordingly to achieve the overall goals of the thermal ablation procedure. The planning
aspect may be performed prior to the performance of thermal ablation and/or during a
thermal ablation procedure. In the case of planning occurring during thermal ablation,
the planning may include modifying an existing plan based on the progress of the thermal
ablation or developing a new plan based on the progress of the thermal ablation.

The term “thermal ablation” used herein includes the application of energy to
increase the temperature of a targeted region or the application of cryoablation to reduce
the temperature of a targeted region, or some combination thereof. The term “thermal
ablation procedure” used herein refers to a single intervention episode that consists of one
or more thermal ablations. For example, a thermal ablation procedure may include
positioning a patient, imaging a Volume Of Interest (VOI) in the patient multiple times,
performing thermal ablation multiple times, and removing any applicators after the
thermal ablations are completed. “Thermal ablation treatment” consists of one or more
thermal ablation procedures and as such may take place at several discreet points in time
over several days or more, similar to how chemotherapy may take place over the course

of several days or more. The term “applicator” used herein is used to indicate any device
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that may be used to deliver thermal ablation. The delivery of thermal ablation using an
applicator may take the form of delivering energy to a targeted volume of a patient and/or
the removal of energy (e.g. in the case of cryoablation) from a targeted volume of a
patient. Therefore, for example, RFA electrodes and microwave antennas are two
specific types of applicators.

A primary step in the planning of a thermal ablation procedure is to obtain an
accurate image data set of the VOI, which contains the tumor or structure to be ablated.
The inventors have recognized that there exists a need for, and have provided, the
integration of multiple imaging modalities to produce a full thermal properties profile of
a VOl in a patient. In this context, “thermal properties profile” means a thermal data set
associating one or more physical properties of the VOI, for example including one or
more of density, thermal conductivity, specific heat and electrical conductivity of
structures and tissue within the VOI, with an array of three-dimensional spatial locations
within the VOI. The thermal properties profile may be generated through computational
techniques such as finite element analysis.

The present inventors have also recognized the need for, and have provided an
improved thermal ablation planning system that is capable of modeling multiple modes of
thermal ablation delivery. Therefore, the present invention is capable of integrating
multiple images produced by differing imaging modalities along with the thermal
properties profile of structures within the VOI to generate a model of the VOI. This
model can then be used as a basis for simulating the effects of various thermal ablation
procedures. A physician may demarcate regions or volumes within the model that are to
be subjected to thermal ablation to produce coagulation necrosis. The term “physician,”
as used herein, may include one or more physicians, practitioners, interventionalists,
users or any other specialty or individual who may be involved in planning and/or
performing thermal ablation. The physician may also indicate regions or volumes within
the model whose exposure to effects of the thermal ablation is to be limited. These
indications may further include desired temperature limits, time limits or a combination
of temperature and time limits.

The model of the VOI and the physician inputs may be used to develop a

proposed plan for the thermal ablation procedure. This plan may be in four dimensions: a
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spatial three-dimensional representation of the expected temperature profile throughout
the VOI at any given time during the planned thermal ablation. The proposed plan may
recommend a particular mode or modes for delivery of the thermal ablation. The
planning system may choose the particular mode or modes from a plurality of modes
available for use by the physician. Alternatively, the choice of thermal ablation delivery
mode may be made by the physician prior to generating the thermal ablation plan. After
the plan is generated by the system, the physician may alter or substitute modes for
delivery of the thermal ablation. The system may then regenerate a new proposed plan
for the thermal ablation procedure which may be reviewed by the physician. In this
manner, the physician is able to simulate the effects of different modes for delivery of the
thermal ablation with respect to the thermal ablation goals and limitations inputted by the
physician.

Similarly, the thermal ablation planning system may suggest thermal ablation
applicator type, quantity, placement, and power levels throughout the proposed thermal
ablation procedure. The plan itself may be stored in a memory module after creation and
accessed prior to the performance of the thermal ablation procedure. The memory
module may be, for example, a networked computer that may be accessed from the
surgical area or a portable memory device that may be brought into the surgical area and
accessed by a local computer system. As with the mode of therapy delivery discussed
above, these aspects of the thermal ablation plan may be altered or substituted by the
physician. After any change, the system may regenerate the thermal ablation plan and
display the effects of the change to the physician. Planned in-process monitoring
methodologies and intervals may also be suggested by the thermal ablation planning
system and may also be altered or substituted by the physician.

In addition to the parameters discussed above, other parameters may be generated
and included in the thermal ablation plan. By way of example, the thermal ablation plan
generated during the planning stage may include any one or more of the following:

expected temperature changes throughout the VOI as a function of time during the
thermal ablation procedure;

target coagulation necrosis volume;

planned coagulation necrosis volume;
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thermal ablation applicator quantity;

thermal ablation applicator type (in the case of a single applicator) or types (in the
case where multiple applicators are required);

thermal ablation applicator power level (for each applicator);

thermal ablation applicator position (for each applicator);

thermal ablation applicator target (for each applicator);

temperature differential image triggering parameters (used to determine when a
temperature differential image should be captured); and

supplemental imaging modalities.

Each of the above parameters may be contained in the plan as a function of time during
the thermal ablation procedure. For example, the plan may include changing applicator
power level from a first level to a second level two minutes into the procedure. Other
parameters that may also be part of the plan include:

patient positioning; and

temperature differential image capture schedule.

Other parameters typically part of planning a surgical procedure may also be contained
within the plan, such as the location and time of the procedure, surgical personnel
required and medications or anesthesia to be administered.

The target coagulation necrosis volume may differ from the planned coagulation
necrosis volume for several reasons. For example, the target coagulation necrosis volume
may be a cancerous tumor. However, in order to ensure complete coagulation necrosis of
the target volume, some surrounding tissue may need to be subjected to temperatures that
will cause coagulation necrosis. Therefore, the final planned coagulation necrosis
volume in this case may be slightly larger than the target necrosis volume.

The present inventors have recognized the need for, and have provided, a
treatment methodology with improved in-process monitoring and process updating. An
x-ray imaging system may be used during the thermal ablation to provide in-process
images of thermal profiles within the VOI. The x-ray imaging system may also provide
guidance for applicator placement within the VOI and the locations of structures (such as
organs, veins, arteries, etc.) within the VOI. The in-process images may be two-

dimensional or three-dimensional. The in-process images may be generated using
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computed tomography. The imaging may be performed using conventional x-ray
computed tomography, where a VOI is imaged by indexing the position of the x-ray
scanner relative to the patient between the capturing of two-dimensional slices. The
imaging may be performed using helical x-ray computed tomography where the patient is
translated through the field of view of the x-ray scanner while an x-ray source and x-ray
detector or rotated about the VOI. The imaging may be performed using other computed
tomography scanning methodologies where novel scan paths are incorporated.

Novel imaging reconstruction techniques associated with the novel scan paths
may allow an x-ray computed tomography scanner, moving in non-conventional, non-
helical scan paths, to create three-dimensional computed tomography images of the VOI.
Novel imaging reconstruction techniques may also reduce image capture times. Novel
image reconstruction algorithms may be used. To further reduce image capture times, the
computed tomography scanners may possess multi-detector cone-beam volume imaging
capability, e.g. conical x-ray beams may be used and detected by two-dimensional flat-
panel x-ray detectors.

As used herein, the term “CT” refers to a process or system (e.g., computed
tomography) operable to aggregate multiple individual readings or a stream of readings
into composite images. Therefore, for example, an x-ray CT scanner refers to an x-ray
scanner capable of aggregating multiple x-ray measurements into a composite image.
Additionally, as used herein, the term “scanner” refers to a device operable to move
imaging means relative to an area or volume of interest to be imaged. Subsequently, the
term “x-ray scanner” refers to a device operable to move an x-ray source and detector
relative to an area or volume of interest to be imaged. Accordingly, the term “x-ray CT
scanner” refers to a device operable to move an x-ray source and detector relative to an
arca or volume of interest for scanning and generating a composite image of that area or
volume.

An x-ray system comprising an arcuate support member may be used to perform
the in-process temperature monitoring, wherein at least one pair of an x-ray source and an
x-ray detector are arranged in an opposed relationship on the arcuate support member and
are operable to be rotated about and/or translated in relation to the VOI within the patient.

An example of such a system is an x-ray system known to those skilled in the art of
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medical imaging wherein the x-ray source and x-ray detector are mounted on the ends of
a C-shaped member. Such an x-ray system, which provides improved access to the
patient during image capture, may reduce the amount of or eliminate patient movement
that may be required during the acquisition.

As used herein, the term “C-arm” refers to any open or openable imaging system
including, for example, x-ray systems with a C-shaped member as described above. The
present invention is intended to include x-ray systems capable of imaging a VOI in
patient where opposed x-ray sources and detectors are mounted to a support member
which is not a permanent closed ring through which the patient must be passed in order to
perform imaging. Therefore, other open or openable configurations, ¢.g. those known in
the art as U-arm or O-arm (which is described below) systems are included within the
definition of C-arm as used herein. The x-ray system may be isocentric in that it may be
operable to rotate the opposed x-ray sources and detectors about a single point. The x-ray
system may be non-isocentric.

As discussed above, the x-ray system may use conical beams. The x-ray system
may be an x-ray scanner. The x-ray system may use CT. The x-ray system may include
a C-arm. The x-ray system may be operable to generate three-dimensional temperature
maps of a VOI. Any two or more of these features may be combined. For example, the
x-ray system may be an x-ray Cone Beam CT (CBCT) C-arm scanner which refers to an
open or openable system that uses an x-ray source which produces a conical beam which
can be detected by a two-dimensional detector array, wherein the x-ray source and
detector are operable to be scanned relative to a VOI to produce a three-dimensional
image and temperature map of the VOI. Accordingly, such a system may be used to
monitor temperature changes during a thermal ablation procedure. Additionally, the
monitored temperature changes may be compared to expected temperature changes in a
thermal ablation plan.

Acoustic Radiation Force Impulse (ARFI) ultrasound imaging may be used in licu
of or in conjunction with x-ray CT imaging to determine tissue stiffness within the VOI.
ARFI imaging involves the application of a force impulse in the form of an acoustic wave
to the VOI. The movement of structures within the VOI in reaction to the impulse is

measured with ultrasound equipment. The structures within the VOI will react
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differently to the stress imposed by the impulse. These differences can then be measured
by the ultrasound equipment and correlated to structure properties including temperature.

Ultrasound imaging may be used to create images of elastic properties of tissue
using elastography or strain imaging applications. In these applications, an external force
(typically either robotically or manually applied) is used to compress tissue. Ultrasound
images are acquired during compression and relaxation, taking advantage of speed of
sound changes with tissue density. Tissue properties similar to those measured with
ARFT ultrasound imaging are derived. Ultrasound elastography may be used in licu of or
in conjunction with x-ray CT imaging to determine tissue stiffness within the VOI. The
structures within the VOI will react differently to the stress imposed by the pressure,
similar to the pressure pulse generated by ARFI. These differences can then be measured
by the ultrasound equipment and correlated to structural tissue properties, such as
Young’s modulus, and may include temperature.

Elastography and/or ARFI may be used to detect changes within the VOI due to
the application of thermal ablation. These changes may indicate temperature or other
changes in the VOI such as coagulation. Once these changes surpass a predetermined
level, an x-ray CT image may be triggered.

The temperature profile determined by the in-process imaging may be compared
to the expected temperature profile of the thermal ablation plan. The plan can then be
modified accordingly to meet the overall goals of the thermal ablation procedure inputted
by the physician. The physician may be presented with 3-D images of the thermal
profiles of both the plan and the in-process measurements. These images may include a
prediction of cell death based on the application of temperature changes to the VOI for a
specified period of time. These images may also include the positioning of any
applicators or devices within the VOI. The plan may be updated automatically by
altering power levels of the thermal ablation applicators. The plan may also be updated
by indicating new applicator positions and/or quantities. These new applicator
specifications may be achieved by physician repositioning or by automatic repositioning
means.

The present inventors have also recognized a need for, and have provided, post-

operative diagnostic tools to compare original condition, post operation expected results



10

15

20

25

30

WO 2008/112005 PCT/US2007/075287

and actual post operation results to develop further therapy plans for the thermal ablation
patient and to improve therapy prediction capabilities in general.

Advantages of employing thermal ablation procedure plans and dynamic intra-
procedural controls of thermal ablation applicators as disclosed herein include more
accurate thermal ablation with less morbidity, shorter overall procedure times, lower
procedure costs, and lowered anesthesia risk to the patient. Furthermore, lesions close to
critical structures such as bowel, ureter, spinal canal, or large vessels including the aorta
or vena cava which carry heat away in the blood (or may carry heat to the ablation site in
the case of cryoablation) may be safely addressed by ablation, increasing the number of
patients that may be helped by thermal ablation.

According to one aspect there is provided an apparatus for performing thermal
ablation within a VOI in a patient wherein the apparatus includes an x-ray system
operable to measure temperature changes across the VOI in the patient. The apparatus
may be capable of measuring temperature changes for each spatial location in an array of
spatial locations throughout the VOI. In one embodiment, each spatial location may be a
voxel representing a volume of at most 1 cm’. In another embodiment, each voxel may
represent a volume of at most 1 mm’.

The x-ray system of the present aspect may be an x-ray CT scanner. In an
embodiment, the x-ray CT scanner may be operable to produce x-ray beams at a plurality
of different kilovolt (kV) levels. The x-ray CT scanner may be operable to emit and
detect a plurality of x-rays incident on the VOI in a plurality of orientations and from
signals generated by the detection of x-rays generate a data set depicting the VOI using
computed tomography. Furthermore, the x-ray system may be an x-ray C-arm CT
scanner which may be operable to be positioned around the VOI in a plurality of
orientations. In one embodiment, the x-ray beam from the x-ray source may be conical
and the x-ray detector may include a two-dimensional x-ray detector array. The conical
beam may illuminate an entire three-dimensional volume with each illumination and
detection cycle.

According to another aspect there is provided an apparatus for performing thermal
ablation within a VOI in a patient wherein the apparatus includes at least one thermal

ablation applicator. The thermal ablation applicator or applicators may be radio
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frequency ablation electrodes, laser ablation fibers, microwave antennas, extracorporeal
focused ultrasound transducers, direct focused ultrasound transducers, cryoprobes, and
interstitial ultrasound therapy systems. Other types of applicators known to those skilled
in the art may also be used. In one embodiment, the apparatus includes one thermal
ablation applicator wherein the applicator may be any one of the aforementioned types of
applicators. In another embodiment, multiple thermal ablation applicators may be
included in the apparatus. These multiple applicators may all be of the same type (i.e.
multiple instances of one type of applicator) or of a plurality of different types of
applicators (i.c. single or multiple instances of multiple types of applicators). The
apparatus may include at least one robotic arm operable to automatically position some or
all of the thermal ablation applicators.

In another aspect there is provided an apparatus for performing thermal ablation
within a VOI in a patient wherein the apparatus includes a controller operable to compare
measured temperature changes across the VOI measured by the x-ray system to expected
temperature changes contained in a thermal ablation plan. The plan may include
expected temperature changes at each spatial location as a function of time during the
thermal ablation procedure. The controller may include a registration module operable to
register three-dimensional images of the VOI to other three-dimensional images of the
VOI. In one embodiment, artificial fiducial markers may be included in the apparatus
where the artificial fiducial markers may be locatable by the x-ray system. These fiducial
markers may be internal to the patient and may have been implanted into the patient in
order to assist in the registration of images. The fiducial markers may be external to the
patient, such as markers placed on the skin of the patient, to assist in the registration of
images. A combination of internal and external fiducial markers may be included in the
apparatus. The registration module may utilize the fiducial markers to assist in the
registration process. The registration process may also use only natural structures as
fiducial markers within the VOI to register multiple images to each other. Such natural
structures may include, but are not limited to, organs, bones, and blood vessels. The
registration process may also use a combination of artificial and natural fiducials to

register images to one another.
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In embodiments including an x-ray CT scanner, the apparatus may be operable to
generate two-dimensional images of the measured temperature changes corresponding to
a physician selected two-dimensional plane. The apparatus may be operable to generate
images of the measured temperature changes in three spatial dimensions. Furthermore,
the apparatus may be operable to generate sequential images, representing sequential
points in time, of the measured temperature changes in three spatial dimensions.

In another aspect, the system controller may be operable to trigger an image
capture sequence by the x-ray system. The controller may be operable to adjust at least
one characteristic of any or all of the thermal ablation applicators in closed-loop control.
The adjustment of characteristics may be as per a thermal ablation plan or in response to
temperature measurements made by the apparatus. The adjustments to the thermal
ablation applicators may be to applicator power, applicator position, applicator type,
applicator quantity, or any combination thereof. The controller may make the
adjustments automatically or the controller may indicate to a physician any adjustments
to the thermal ablation applicators that are required. Also, the apparatus may utilize a
combination of automatic and manual adjustments.

In yet another aspect there is provided an apparatus for performing thermal
ablation within a VOI in a patient wherein an ultrasound imaging device is included
operable to generate images of the VOI in the patient. The ultrasound imaging device
may be operable to capture ultrasound images of the VOI or portions of the VOI between
imaging cycles of the x-ray system. The ultrasound imaging device may be operable to
determine the location of any thermal ablation applicator within the VOI. The ultrasound
imaging device may be operable to measure changes within the VOI that can then be
used to trigger image capture cycles by the x-ray system.

The ultrasound imaging device may be capable of operating in an ARFI imaging
mode. The ARFI imaging mode may be operable to detect thermal ablation induced
changes in the VOI. The ARFI imaging mode may be operable to trigger an image
capture by the x-ray system. The ultrasound imaging device may be capable of
clastography imaging. The ultrasound imaging device with elastography imaging

capabilities may be operable to detect thermal ablation induced changes in the VOI. The
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ultrasound imaging device with elastography imaging capabilities may be operable to
trigger an image capture by the x-ray system.

According to one aspect there is provided a method for performing a thermal
ablation procedure within a VOI in a patient that includes capturing a baseline digital
image of the VOI in the patient with an x-ray system. In this aspect, the baseline digital
image includes a first set of detected image signal data corresponding with an array of
spatial locations substantially throughout the VOI.

According to another aspect, the capturing of the baseline digital image includes
illuminating the VOI with x-rays. The illumination of the VOI may be accomplished
with a cone shaped beam. The illumination of the VOI may be accomplished with a
dynamically shaped beam of x-rays where the beam may be shaped by at least one multi-
leaf collimator. In accordance with another aspect, the capturing of the baseline digital
image includes detecting a plurality of portions of the x-rays that passed through the VOI.
The illuminating and detecting may be performed by an x-ray CT scanner. The x-ray CT
scanner may be a C-arm x-ray CT scanner.

In accordance with another aspect, the capturing of the baseline digital image
includes at least partially generating the baseline digital image based on the detected x-
rays. The baseline digital image may include information obtained through a
supplemental imaging modality. The supplemental imaging modality may utilize image
enhancing software. The supplemental imaging modality may also employ visualization
software to better communicate with the physician regarding the structure and features of
the VOI. In one embodiment of the present aspect, the baseline digital image is also
generated using one or more of the following imaging modalities: ultrasound, ultrasound
with ARFI capabilities, ultrasound with elastography capabilities, PET, SPECT, and
MRI. These additional imaging modalities may be enhanced by using contrast agents. In
another embodiment, the capturing of the baseline digital image includes calibrating the
baseline digital image. This calibration may include measuring the temperature of at
least a first spatial location within the VOI and correlating the measured temperature to
the baseline digital image at the same spatial location.

In accordance with another aspect, the capturing a baseline digital image step may

include producing x-ray beams at first and second kV levels where the first set of
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detected image signal data comprises data collected at the first and second kV levels.
Furthermore, the capturing a first temperature differential digital image step may include
producing x-ray beams at the first and second kV levels where the second set of detected
image signal data comprises data collected at the first and second kV levels.

In an embodiment of the current aspect, the inferring step may be performed at
one or both of the first and second kV levels to produce kV-level-specific inferred
temperature changes at substantially each spatial location within the array. The inferring
step may further include combining the kV-level-specific inferred temperature changes at
substantially each spatial location within the array to generate the inferred temperature
changes at substantially each spatial location within the array.

In another embodiment of the current aspect, the inferring step may be based on
the kV-level-specific inferred temperature changes at the first kV level in a first portion
of the spatial locations within the array. Moreover, the inferring step may be based on
the kV-level-specific inferred temperature changes at the second kV level in a second
portion of the spatial locations within the array. In the embodiment, the first portion may
be different than the second portion.

In another embodiment, the baseline digital image may be spatially filtered. The
filter used may be a Gaussian filter. In another embodiment, software may be employed
to automatically identify structures within the baseline digital image. These structures
may include, but are not limited to, organs, vessels, and tumors. In one embodiment of
the method, each spatial location may be a voxel representing a volume of at most 1 cm”,
In another embodiment, each voxel may represent a volume of at most 1 mm®. The
method may further include the aspect of spatially displaying the baseline digital image.
The displaying of the image may assist the physician in visualizing the VOI.

In another aspect, the method includes accessing a preliminary thermal ablation
plan and comparing the baseline digital image to the preliminary thermal ablation plan.
The plan may include expected temperature changes at each spatial location as a function
of time during the thermal ablation procedure. In one embodiment, software is employed
to register the baseline digital image to an image form the preliminary thermal ablation
plan. This registration may be performed without the use of artificial fiducial markers by

using natural structures within the VOI as fiducial markers.
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In one embodiment, the comparison of the baseline digital image to the
preliminary thermal ablation plan may include spatially displaying the baseline digital
image along with a planned thermal distribution at a selectable point in time during the
preliminary thermal ablation plan. This spatial display may include the planned thermal
distribution throughout the VOI. This spatial display may include a planned coagulation
necrosis target volume.

In another aspect, the method for performing thermal ablation within a VOl in a
patient may include modifying the preliminary thermal ablation plan to produce a
modified thermal ablation plan based, at least in part, on the comparison of the baseline
digital image to the preliminary thermal ablation plan. This modification may be
performed to compensate for any changes that may have occurred within the VOI
between the time of the preliminary thermal ablation plan and the time of the capture of
the baseline digital image. Such changes may, for example, include tumor growth or
tumor shrinkage.

According to yet another aspect there is provided a method for performing
thermal ablation within a VOI in a patient that includes performing thermal ablation on at
least a first sub-volume of the VOI according to at least a portion of a first thermal
ablation plan. In one embodiment, the thermal ablation may be performed using one or
more of the following modes: RFA, laser ablation, microwave, extracorporeal focused
ultrasound ablation, direct focused ultrasound ablation, and cryoablation. The thermal
ablation may be performed using a plurality of different modes of thermal ablation
delivery.

In another embodiment of the current aspect, one or more of the thermal ablation
applicators may include features to enable a stereotactic location system to track the
position of the applicator. This may be used to aid a physician in the positioning of the
applicator for delivery of the thermal ablation. In another embodiment, an automated
insertion system may be present operable to insert a thermal ablation applicator into a
position to deliver the thermal ablation. In still another embodiment of the current aspect,
the thermal ablation applicator may be guided into position using ultrasound imaging and

once in position, the thermal ablation may be delivered. One or more of the thermal
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ablation applicators may be actively controlled through a closed-loop feedback thermal
ablation delivery control system.

Applicator positioning may be attempted to be within spatial tolerances of the
planned applicator position. Once positioned, the accuracy of the positioning may be
verified. The verification may be performed, for example, by ultrasound or x-ray
imaging, or by a stercotactic location system. If the applicator position is found to be out
of plan tolerances, the plan may be modified to accommodate the actual applicator
position. The plan modification may include modifying a non-positional aspect of the
plan (e.g. thermal ablation applicator power level or thermal ablation delivery time).
Alternatively, the applicator may be repositioned to be within plan tolerances.

In another aspect there is provided a method for performing thermal ablation
within a VOI in a patient that includes performing thermal ablation on at least a first sub-
volume of the VOI and periodically imaging a predetermined location within the VOI
and triggering the capturing of a temperature differential digital image based at least in
part on the periodic imaging. A temperature differential image is an image that contains
information that may be used to determine temperature changes. For example, a
temperature differential image may be compared to another image of substantially the
same VOI and temperature changes may be inferred from the differences in the two
images. In the case of temperature differential images generated using an x-ray system,
the temperature changes may be derived from differences in the Hounsfield unit data for
cach spatial location captured in the images. The periodic imaging may be accomplished
by one or more of the following methods: ultrasound, ultrasound with ARFI capabilities,
and ultrasound with elastography capabilities. An additional aspect includes periodically
measuring temperature at a predetermined location within the VOI and triggering the
capturing of a temperature differential digital image based at least in part on the periodic
measuring. The periodic temperature measurement may be accomplished through the use
of temperature sensors attached to thermal ablation applicators or other types of
temperature sensors known to those skilled in the art such as separate temperature probes
situated within or around the VOL

According to still another aspect there is provided a method for performing

thermal ablation within a VOI in a patient that includes capturing a temperature
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differential digital image of the VOI with an x-ray system, wherein the temperature
differential digital image includes a set of detected image signal data substantially
corresponding with the array of spatial locations throughout the VOI. In one embodiment
of the current aspect, the capturing of the temperature differential digital image includes
illuminating the VOI with x-rays, detecting a plurality of portions of the x-rays that
passed through the VOI and at least partially generating the temperature differential
digital image based on the detected x-rays. The temperature differential digital image
may include information obtained through a supplemental imaging modality. The
supplemental imaging modality may utilize image enhancing software. The
supplemental imaging modality may also employ visualization software to better
communicate with the physician regarding the structure and features of the VOIL. In
addition to the information gathered from the x-ray imaging process, the temperature
differential digital image may also be at least partially based on information obtained
through an additional imaging modality such as ultrasound, ultrasound with ARFI
capabilities, ultrasound with elastography capabilities, PET, SPECT and MRI. These
additional imaging modalities may use contrast agents to assist in the capturing of image
information. The capturing of the temperature differential digital image may include
calibrating the temperature differential digital image. This calibration may include
measuring the temperature of at least a first spatial location (corresponding to the same
locations measured when calibrating the baseline digital image previously described)
within the VOI and correlating the measured temperature to the temperature differential
digital image at the same spatial location. This correlation between temperature
differential digital image and temperature may then be combined with the correlation
previously discussed between the baseline digital image and temperature to develop a
mathematical relationship between the values obtained from the imaging process (e.g.
Hounsfield units measured at a particular location) and actual temperature. This
relationship may then be applied across the VOI to yield calibrated temperatures across
the VOI.

In one embodiment of the current aspect, the temperature differential digital
image may be spatially filtered. The spatial filter may be a Gaussian filter or any other

filter, known to those skilled in the art, which may enhance the utility of the generated
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images. In an additional embodiment, the temperature differential digital image may be
displayed to communicate information pertaining to the VOI to a physician.

According to yet another aspect there is provided a method for performing
thermal ablation within a VOI in a patient that includes capturing a baseline digital image
of the VOI, capturing a temperature differential digital image of the VOI and registering
the temperature differential digital image to the baseline digital image. In one
embodiment of the present aspect, the baseline digital image and the temperature
differential digital image may be registered to a single external coordinate system. In
another embodiment, software may be employed to register the temperature differential
digital image to the baseline digital image without the use of artificial fiducial markers.
In such an embodiment, the software may be able to use internal structures within the
images as natural fiducial markers and register the images by aligning those natural
fiducial markers.

In yet another aspect, there is provided a method for performing thermal ablation
within a VOI in a patient that includes capturing a baseline digital image of the VOI,
capturing a temperature differential digital image of the VOI and inferring, based at least
in part on the baseline digital image and the temperature differential digital image, an
amount of temperature change at substantially each spatial location within an array of
spatial locations within the VOI. This is accomplished by calculating image signal data
changes between the baseline digital image and the temperature differential digital image
for substantially each spatial location within the array in one particular embodiment.
This embodiment may further include determining Hounsfield unit changes for
substantially each spatial location within the array.

One embodiment of the current aspect includes calculating a predicted
coagulation necrosis volume based, at least in part, on the inferred amount of temperature
change at substantially each spatial location within the array. This embodiment may
further include displaying the predicted coagulation necrosis volume. This embodiment
may also include comparing the predicted coagulation necrosis volume to a planned
coagulation necrosis volume.

Still another embodiment of the current aspect may include displaying the

temperature changes of the current aspect in the form of isothermal regions wherein each
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of the isothermal regions represent temperature ranges of at most 15° C. More
preferably, the isothermal regions may represent temperature ranges of at most 1° C.

Yet another embodiment of the current aspect may include displaying an image of
at least a portion of the VOI in which the inferred temperature changes are visually
discernable. In one embodiment, this may include displaying at least a portion of the
image of at least a portion of the VOI in a volume rendered three-dimensional view
including shaded isothermal three-dimensional regions within the VOI. In another
embodiment, this may include displaying at least a portion of the image of at least a
portion of the VOI as a selectable two-dimensional slice through the VOI. In still another
embodiment, this may include displaying at least a portion of the image of at least a
portion of the VOI as isothermal regions in a selectable two-dimensional slice through
the VOI. And in yet another embodiment, this may include displaying the inferred
temperature changes relative to a display of planned temperature changes from a thermal
ablation plan. In another embodiment, the display may be a Multi-Planar Reformatted
display or a three-dimensional volume rendered display. The display may be in the form
of a combination of two or more of the aforementioned display techniques or any other
display technique known to those skilled in the art.

According to another aspect there is provided a method for performing thermal
ablation within a VOI in a patient that includes comparing inferred temperature changes
at substantially each spatial location within an array of spatial locations within the VOI to
expected temperature changes at substantially each spatial location within the array from
a first thermal ablation plan. In one embodiment, the method further includes continuing
thermal ablation according to the first thermal ablation plan if the inferred temperature
changes are within a predetermined range of the expected temperature changes. In
another embodiment of the current aspect, the method further includes adjusting the first
thermal ablation plan to create a second thermal ablation plan, wherein the adjusting is
based at least in part on the comparison of the present aspect. These embodiments may
further include storing the second thermal ablation plan in a memory module. The
second plan may be a new plan or it may be a modified version of the first plan. With

respect to the second plan being a modified version of the first plan, by way of example,
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any one or more of the following aspects of the first plan may be modified to create the
second plan:

target coagulation necrosis volume;

planned coagulation necrosis volume;

thermal ablation applicator quantity;

thermal ablation applicator type or types;

thermal ablation applicator power level (for each applicator);

thermal ablation applicator position (for each applicator);

thermal ablation applicator target (for each applicator);

temperature differential image triggering parameters (used to determine when a
temperature differential image should be captured);

supplemental imaging modalities;

patient positioning; and

temperature differential image capture schedule.

The second plan may further contain expected temperature changes throughout
the VOI as a function of time during the portion of the thermal ablation procedure
conducted according to the second plan. Where thermal ablation applicator position is
different in the second plan from the first plan, the adjustment of thermal ablation
applicator position may be performed by a physician or robotic system. In one
embodiment, the adjustment of thermal ablation parameters is at least partially performed
by a closed-loop feedback control system. In another embodiment, the closed-loop
feedback control system uses the inferred temperature changes as a basis for control.

According to another aspect there is provided a method for performing thermal
ablation within a VOI in a patient that includes performing thermal ablation according to
a first thermal ablation plan on a first sub-volume within the VOI, modifying the first
thermal ablation plan during the thermal ablation to create a second thermal ablation plan
and continuing thermal ablation on at least a second sub-volume within the VOI
according to at least a portion of the second thermal ablation plan. In one embodiment of
the current aspect, the first sub-volume is substantially the same as the second sub-
volume. In an alternative to this embodiment, the first sub-volume is not substantially the

same as the second sub-volume.
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According to still another aspect there is provided a method for performing
thermal ablation within a VOI in a patient that includes capturing a plurality of
temperature differential digital images, registering the plurality of temperature
differential digital images to a baseline digital image and inferring an amount of
temperature change at substantially each spatial location within an array of spatial
locations within the VOI relative to a previously captured digital image. In one
embodiment, the previously captured image is the baseline digital image. In another
embodiment, the previously captured image is a previously captured temperature
differential digital image.

According to another aspect there is provided a method for performing thermal
ablation within a VOI in a patient that includes performing thermal ablation on at least a
first sub-volume of the VOI according to at least a portion of a first thermal ablation plan,
capturing a first temperature differential digital image of the VOI, registering the first
temperature differential digital image to a baseline digital image, inferring, based at least
in part on the baseline digital image and the first temperature differential digital image,
an amount of temperature change at substantially each spatial location within an array of
spatial locations within the VOI, comparing the inferred temperature changes to expected
temperature changes from the first thermal ablation plan, continuing thermal ablation on
at least a second sub-volume within the VOI according to at least a portion of a second
thermal ablation plan, and repeating the registering, inferring, comparing and continuing
steps at least one additional time. In one embodiment of the current aspect, the repeated
steps may be repeated until a coagulation necrosis goal is met.

According to another aspect there is provided a method for performing thermal
ablation within a VOI in a patient that includes generating a post-procedure report
describing the performed thermal ablation. In one embodiment of the present aspect, the
post-procedure report is at least partially conforming to the DICOM standard.

According to still another aspect there is provided a method for performing
thermal ablation within a VOI in a patient including the capturing of images of the VOI
wherein the capturing includes positioning an x-ray C-arm CBCT scanner so that the VOI
is within a field of view of the scanner and x-rays emanating from the scanner will

intersect the VOI at a first orientation. This aspect further includes illuminating, with an
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x-ray source of the x-ray C-arm CBCT scanner, the VOI with a first conical beam of x-
rays emanating from the scanner at a first time, detecting, with a two-dimensional x-ray
detector array of the x-ray C-arm CBCT scanner, a plurality of portions of the first
conical beam of x-rays that passed through the VOI during the illuminating at the first
time, and generating a first x-ray image signal from the plurality of portions of x-rays of
the detected first conical beam, the first x-ray image signal including x-ray image values
corresponding with an array of spatial locations throughout the VOL.

In one embodiment of the current aspect, the capturing of images of the VOI
further includes repositioning the scanner so that the VOI remains within the field of
view of the scanner and x-rays emanating from the scanner intersect the VOI at a second
orientation, illuminating the VOI with a second conical beam of x-rays emanating from
the scanner at a second time, detecting, with the two-dimensional x-ray detector array, a
plurality of portions of the second conical beam of x-rays that passed through the VOI
during the illuminating at the second time, and generating a second x-ray image signal
from the plurality of portions of x-rays of the detected second conical beam. In a further
embodiment, the repositioning, detecting, and generating steps are repeated to generate
additional image signals until a sufficient number of x-ray image signals have been
generated to enable a three-dimensional image data set of a predetermined resolution to
be created. In a further embodiment, the three-dimensional image data set may be
generated from the generated image signals of the previous embodiment.

In another embodiment, the entire present aspect may be repeated a plurality of
times during the performance of the method of thermal ablation to generate a plurality of
temperature differential digital images during the thermal ablation. In a related
embodiment, three-dimensional resultant image data sets may be generated from the
comparison of two of the plurality of generated three-dimensional image data sets,
wherein the three-dimensional resultant image data sets contain thermal information
indicative of relative magnitudes of temperature changes between the three-dimensional
image data sets.

In still another related embodiment, one of the two generated three-dimensional
image data sets used in the comparison of the preceding embodiment may be the baseline

digital image wherein the baseline digital image provides a static reference for generating
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successive resultant image data sets. In yet another related embodiment, both of the two
generated three-dimensional image data sets used in the comparison may be temperature
differential digital images wherein one of the two generated three-dimensional image
data sets used in the comparison provides a dynamic reference for generating successive
resultant image data sets. A physician may select between using a static reference or a
dynamic reference for use in generating successive resultant image data sets. A physician
may switch back and forth between static and dynamic references during the thermal
ablation.

In yet another related embodiment, the thermal information may be displayed so
that the relative magnitudes of temperature changes throughout the VOI are visually
discernable.

In an additional embodiment of the current aspect, the x-ray C-arm CBCT scanner
may define an access corridor that is a sector of a circle centered at the center of a C-arm
and in the same plane as the C-arm. In this embodiment, the VOI may be accessed
during the thermal ablation through the access corridor. In a related embodiment, the
steps of positioning applicators, delivering thermal ablation and manipulating applicators
may all be accomplished by accessing the VOI through the access corridor. Indeed,
access to the VOI may be maintained through the access corridor throughout the entire
thermal ablation procedure.

According to another aspect, there is provided a method for performing thermal
ablation within a VOI in a patient wherein the patient remains substantially stationary
relative to a patient bed throughout the entire thermal ablation procedure. In a related
embodiment, the patient bed may not need to be moved substantially more than a
maximum lineal dimension of the VOI during the entire thermal ablation procedure. For
example, the only patient movement during the thermal ablation procedure may be the
movement of the patient bed relative to the x-ray system during imaging. Since the
purpose of the movement is to position portions of the VOI within the field of view of the
scanner, the movement may need to only be about the length of the VOI in the direction
of patient bed movement.

In a further related embodiment, the x-ray system may be operable to translate in

the direction perpendicular to a plane defined by a vertical plane in which the x-ray
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source and detector may rotate. In such an embodiment, the patient may remain
stationary throughout the entire thermal ablation procedure.

In a further related embodiment, the scanner may be operable to image a three-
dimensional volume without translating. Such configurations include where the scanner
is operable to raster a one-dimensional scan beam across a second dimension, or where
the scanner is operable to produce a conical x-ray beam. Such scanners may be operable
to produce a three-dimensional image of the VOI with no substantial patient movement,
allowing the patient to remain stationary throughout the entire thermal ablation
procedure. Combinations of the aforementioned embodiments may be used to minimize
or eliminate patient movement.

According to one aspect, there is provided a method of performing a thermal
ablation procedure within a VOI in a patient including the steps of capturing a baseline
digital image of a VOI in a patient, performing thermal ablation on at least a first sub-
volume of the VOI according to at least a portion of a first thermal ablation plan,
capturing a first temperature differential digital image of the VOI, registering the first
temperature differential digital image to the baseline digital image, inferring temperature
changes throughout the VOI, and comparing the temperature changes to expected
temperature changes from the plan. In this aspect, the capturing steps include the steps of
positioning an x-ray CT scanner so that the VOI is within a field of view of the scanner ,
illuminating the VOI with a first beam of x-rays , detecting a plurality of portions of the
first beam of x-rays that passed through said VOI during the illuminating, and generating
a first x-ray image signal from the plurality of portions of x-rays, where the first x-ray
image signal includes x-ray image values corresponding with an array of spatial locations
throughout the VOI.

According to another aspect, the capturing of images includes repositioning the
scanner so that the VOI remains within the field of view of the scanner, illuminating the
VOI with a second beam of x-rays, detecting the second beam of x-rays, and generating a
second x-ray image signal. In one embodiment, the steps of repositioning, illuminating,
detecting and generating may be repeated a plurality of times to generate additional x-ray
image signals until a sufficient number of x-ray image signals have been generated to

enable a three-dimensional image data set of a predetermined resolution to be created.
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Three-dimensional image data sets may then be generated from the generated image
signals.

In yet another aspect, the performing of thermal ablation may include positioning
at least one thermal ablation applicator relative to the VOI, delivering thermal ablation
via the at least one applicator, manipulating the at least one applicator; and maintaining
access to the VOI through an access corridor throughout each of the inserting, delivering
and manipulating steps.

According to one aspect there is provided a method for performing thermal
ablation within a VOI in a patient that includes positioning a patient so that the VOI is
within a field of view of an imaging device. Also in this aspect, the imaging device
encircles less than all of the VOI and may be capable of illuminating the VOI with a
conical beam of x-rays which may then be detected by a two-dimensional flat panel
sensor array.

According to another aspect there is provided a method for performing thermal
ablation within a VOI in a patient that includes capturing a baseline digital image of the
VOI with the imaging device described in the discussion of the previous aspect. In one
embodiment of the present aspect, the baseline digital image may be calibrated by
measuring temperature of at least a first spatial location within the VOI and correlating
the measured temperature to the baseline digital image at that location.

According to another aspect there is provided a method for performing thermal
ablation within a VOI in a patient that includes performing thermal ablation on at least a
first sub-volume of the VOI according to at least a portion of a thermal ablation plan. In
one embodiment, the performing of the thermal ablation is performed using a mode
selected from RFA, laser ablation, microwave, extracorporeal focused ultrasound
ablation, direct focused ultrasound ablation, and cryoablation. In another embodiment,
the performing of thermal ablation is done using at least two of the aforementioned
modes.

According to another aspect there is provided a method for performing thermal
ablation within a VOI in a patient that includes adjusting a thermal ablation plan based at
least in part on differences between a baseline digital image and a temperature

differential digital image. The temperature differential digital image may be calibrated
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by measuring temperature of at least a first spatial location (corresponding to the same
locations measured when calibrating the baseline digital image previously described)
within the VOI at or near the time the temperature differential is being captured and
correlating the measured temperature to the temperature differential digital image at that
location. This correlation between temperature differential digital image and temperature
may then be combined with the correlation previously discussed between the baseline
digital image and temperature to develop a mathematical relationship between the values
obtained from the imaging process (¢.g. Hounsfield units measured at a particular
location) and actual temperature. This relationship may then be applied across the VOI
to yield calibrated temperatures across the VOL.

In one embodiment of the current aspect, the adjusting the thermal ablation plan
creates an adjusted thermal ablation plan, which is then stored in a memory module. In
another embodiment of the current aspect, the adjusted thermal ablation plan includes
adjusting at least one of thermal ablation applicator quantity, thermal ablation applicator
type, thermal ablation applicator power, thermal ablation applicator delivery direction,
thermal ablation applicator position, and thermal ablation applicator target point. The
adjustment may be completed by a physician, automatically (e.g. by a robotic system), or
by some combination therecof. The adjustment parameters may be generated by a closed-
loop feedback control system. The thermal ablation method of the current aspect may be
continued until a coagulation necrosis goal is achieved.

According to another aspect, once the patient is positioned, the patient position
may be maintained throughout the thermal ablation procedure. Alternatively, the patient
position may be maintained relative to the patient bed and the position of the patient and
patient bed together may be only moved a short distance perpendicular to a transverse
plane of the patient during scanning, such as the length of the VOI in the direction
perpendicular to the plane defined by a vertical plane in which the x-ray source and
detector may rotate.

According to one aspect, there is provided a method of inferring thermal changes
within a VOI in a patient occurring during thermal ablation that includes capturing a
baseline image with an x-ray system, performing thermal ablation, capturing a

temperature differential image with the x-ray system, registering the temperature
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differential image to the baseline image, calculating image signal data changes for
substantially each voxel within the VOI, and inferring temperature changes for
substantially each voxel. According to this aspect, the baseline digital image of the VOI
in the patient is made up of detected image signal data corresponding with a baseline
array of spatial locations substantially throughout the VOI. In this aspect, each voxel
represents a volume of at most 1 cm®. Furthermore, in this aspect the patient position
may be maintained throughout the thermal ablation procedure.

In one embodiment of the present aspect, the image capturing of the baseline
digital image and the first temperature differential digital image are performed at least in
part by an x-ray CT scanner. Furthermore, the x-ray CT scanner may be an x-ray CBCT
scanner. Another embodiment of the present aspect includes displaying an image before
the physician in which the inferred temperature changes are visually discernible. This
display may, for example, take the form of a display of the VOI with an overlay of
isothermal lines or regions representing temperatures within the VOI. The display may
also include shaded isothermal three-dimensional volumes or isothermal lines or
isothermal regions superimposed on an image of a two-dimensional slice of the VOI, or
any combination of three-dimensional and two-dimensional representations. In one
embodiment each voxel represents a volume of at most 1 mm’.

In an embodiment of the present aspect, the capturing of the baseline digital
image step and the capturing of the first temperature differential digital image step may
each include producing x-ray beams at a plurality of different kV levels. The inferring
step may be performed at each of the plurality of different kV levels to produce kV-level-
specific inferred temperature changes. The inferring step may also include combining
cach of the kV-level-specific inferred temperature changes to determine temperature
changes for substantially each voxel within the VOI.

According to one aspect, there is provided a method of predicting a coagulation
necrosis volume caused by thermal ablation performed during a thermal ablation
procedure that includes capturing a baseline digital image of a VOI in a patient with an x-
ray system, performing thermal ablation, capturing a first temperature differential digital
image of the VOI with the x-ray system, registering the first temperature differential

digital image to the baseline digital image, calculating image signal data changes for
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substantially each spatial location within the first temperature differential, inferring
temperature changes based on the calculating step, and predicting a coagulation necrosis
volume based on time-temperature integration caused by the thermal ablation up to a user
selected point in time where the time-temperature integration is based on the inferred
temperature changes. The method may include displaying the predicted coagulation
necrosis volume. The display may include displaying the predicted coagulation necrosis
volume along with a planned coagulation necrosis volume from a thermal ablation plan.

In one embodiment of the present aspect, the capturing of the baseline digital
image and the first temperature differential digital image are performed at least in part by
an x-ray CBCT scanner. The display may comprise different colored regions where each
different color corresponds to a different inferred temperature within the VOI.

In accordance with another aspect, a method of performing a thermal ablation
procedure within a Volume Of Interest (VOI) in a patient is provided. The method may
include capturing a first temperature differential digital image (e.g., for comparison to a
baseline digital image) with an x-ray system of a VOI in a patient. The first temperature
differential digital image may be comprised of a first set of detected image signal data
corresponding with an array of spatial locations substantially throughout the VOI. The
method may further include performing cryoablation on at least a first sub-volume of the
VOI. The cryoprobe used to perform the cryoablation may be a percutaneous cryoprobe.
The method may further include capturing a second temperature differential digital image
(e.g., for comparison to the baseline digital image and/or the first temperature differential
digital image) with the x-ray system of the VOI. The second temperature differential
digital image may include a second set of detected image signal data substantially
corresponding with the array of spatial locations. The second temperature differential
digital image may be registered to the first temperature differential digital image. The
method may further include inferring, based at least in part on at least one of the first
temperature differential digital image and the second temperature differential digital
image, a size and shape of an iceball within the array of spatial locations. The method
may also include inferring, based at least in part on at least one of the first temperature

differential digital image and the second temperature differential digital image, an
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amount of temperature change at substantially each spatial location within the array of
spatial locations and outside of the iceball.

In an embodiment of the current aspect, the method may further include
estimating an amount of temperature change at substantially each spatial location within
the array of spatial locations and inside of the iceball. In an arrangement, the estimating
of temperature changes inside of the iceball may be based at least partially on the changes
in Hounsfield units within the VOI and outside of the iceball, and at least one operational
parameter of the cryoprobe. The at least one operational parameter of the cryoprobe may,
for example, be coolant flow, coolant temperature, probe temperature, and/or probe
position. Accordingly, in an embodiment, the position and temperature of the cryoprobe
may be known, the iceball size and shape may be determined by the x-ray system, and the
temperature at the edge of the iceball may be determined by the x-ray system. In such an
embodiment, a temperature at a spatial location within the iceball may be estimated from
the spatial location’s distance from the cryoprobe, the spatial location’s distance from an
edge of the iceball, and the temperatures at the cryoprobe and at the edge of the iceball.
This estimation may be further refined by factoring in the thermal properties (e.g.,
thermal conductivity) of the tissue within the iceball. A similar analysis may be used
during the procedure planning process to generate predicted temperatures throughout the
predicted iceball as a function of time during the planned procedure. In another
arrangement, the estimating of temperature changes at substantially each spatial location
within the iceball may be based at least partially on the location of the cryoprobe within
the iceball, the size and shape of the iceball, duration of activation of the cryoprobe, and
data from previously measured applications of cryoablation. The location of the
cryoprobe within the iceball and the size and shape of the iceball may be measured by the
x-ray system. The previously measured applications of cryoablation may, for example,
include temperature profiles measured during previously conducted experiments where
cryoprobes were operated in material with similar thermal characteristics to the tissue
presently undergoing cryoablation. In such an arrangement, the cryoprobe may include a
temperature sensor operable to measure the temperature of the cryoprobe. Such a
measurement may be used as a verifying point in relation to the estimation of temperature

changes at substantially each spatial location within the iceball.
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The method may further include calculating a predicted coagulation necrosis
volume based at least in part on the estimated amount of temperature change at
substantially each spatial location within the array of spatial locations. The predicted
coagulation necrosis volume may be displayed. The predicted coagulation necrosis
volume may be compared to a planned coagulation necrosis volume.

In an arrangement, the method of performing a thermal ablation procedure within
a VOI in a patient may include displaying an image of at least a portion of the VOI in
which the inferred temperature changes are visually discernable. In the display, the
iceball may be visually discernable. The iceball may, for example, be displayed in a two
dimensional display (e.g., a slice of the iceball may be displayed), a three-dimensional
display, or a combination thereof (e.g., a Multi-Planar Reformatted display).

In an embodiment, the steps of capturing a first temperature differential digital
image, performing cryoablation, capturing a second temperature differential digital
image, registering the images, inferring a size and shape of an iceball, inferring an
amount of temperature change within the array and outside of the iceball, and estimating
the amount of temperature change at substantially each spatial location within the iceball
may be repeated at least one additional time. Moreover, the steps may be repeated a
plurality of times to capture a plurality of freeze and thaw cycles during performance of
the ablation procedure.

In an embodiment, the cryoablation may be performed according to at least a
portion of a first thermal ablation plan. The plan may include expected temperature
changes at substantially each spatial location within the array as a function of time during
the thermal ablation procedure. Furthermore, the method may include comparing the
inferred temperature changes at substantially each spatial location within the array to
expected temperature changes at substantially each spatial location within the array from
the plan.

Additional aspects and advantages of the present invention will become apparent
to one skilled in the art upon consideration of the further description that follows. It
should be understood that the detailed description and specific examples are intended for

purposes of illustration only and are not intended to limit the scope of the invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present invention and further
advantages thereof, reference is now made to the following Detailed Description of the
Invention taken in conjunction with the accompanying drawings, wherein:

Fig. 1 is a schematic diagram of a system for performing thermal ablation in
accordance with an embodiment of the present invention.

Fig. 2 is a perspective view of a C-arm x-ray CT scanner in accordance with an
embodiment of the present invention.

Fig. 3 is a perspective view of a thermal ablation procedure being performed on a
patient in accordance with an embodiment of the present invention.

Fig. 4 is a flowchart for a method of performing thermal ablation within a VOI in
a patient in accordance with another embodiment of the present invention.

Figs. SA and 5B illustrate a flowchart for a method of performing thermal
ablation within a Volume Of Interest (VOI) in a patient in accordance with an
embodiment of the present invention.

Figs. 6A through 6F are illustrations of images generated by an embodiment of
the present invention depicting the progression of isothermal regions during a thermal
ablation procedure within the VOI.

Figs. 7A through 7C are illustrations of images generated by an embodiment of
the present invention depicting isothermal regions within the VOI wherein multiple
thermal ablation applicators are being used.

Figs. 8A through 8C are illustrations of Multi-Planar Reformatted (MPR) display
generated by an embodiment of the present invention during a thermal ablation
procedure.

Fig. 9 is a flowchart for a method of performing thermal ablation within a VOI in
a patient in accordance with another embodiment of the present invention.

Fig. 10 is a flowchart for a method of inferring thermal changes within a VOI
occurring during thermal ablation.

Fig. 11 is a flowchart for a method of predicting a coagulation necrosis volume

caused by a thermal ablation procedure.
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DETAILED DESCRIPTION OF THE INVENTION

In the following description, the invention is set forth in the context of apparatus
and methods for planning, simulating and performing thermal ablation in a patient.

Figure 1 illustrates, in schematic form, a thermal ablation apparatus 100 for
performing thermal ablation on a patient 101. The illustrated components, each of which
will be described in detail, are an x-ray imaging system 102, a thermal ablation delivery
system 103 and a system controller 104. Interfaces for the thermal ablation apparatus
100 are represented schematically by an output device 105 and an input device 106.

The thermal ablation apparatus 100 is capable of performing a thermal ablation
procedure within a Volume Of Interest (VOI) within a patient 101. During the procedure,
the x-ray imaging system 102 may capture images of the VOI which may then be used by
the system controller 104 to control the thermal ablation delivery system 103 to achieve
the goals of a thermal ablation plan. The primary goal of the thermal ablation plan may
be to produce coagulation necrosis in a targeted area or areas, such as a cancerous tumor,
contained within the VOI. By way of example, the thermal ablation plan may include
any one or more of the following:

expected temperature changes throughout the VOI as a function of time during the
thermal ablation procedure;

thermal ablation applicator quantity;

thermal ablation applicator type or types;

thermal ablation applicator power level (for each applicator);

thermal ablation applicator position (for each applicator);

thermal ablation applicator target (for each applicator);

temperature differential image triggering parameters;

supplemental imaging modalities;

patient positioning; and

temperature differential image capture schedule.

The x-ray imaging system 102 may be an x-ray CT scanner operable to measure
temperature changes across a VOI in a patient 101. Generally, x-ray imaging systems

measure the radiodensity of objects within their field of view. The radiodensity may be
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determined in terms of Hounsfield Units (HUs). In the thermal ablation apparatus 100,
the x-ray imaging system 102 may comprise an x-ray source 107 and a detector 108. The
x-ray source 107 will be operable to emit x-ray energy in the direction of the detector
108. Objects, such as the patient 101, between the x-ray source 107 and the detector 108
are said to be in the field of view of the x-ray imaging system 102.

Various materials will absorb x-ray energy at different rates. Bone, for example,
will absorb more x-ray energy than muscle tissue. Traditional film based x-ray imaging
systems exploit this variation to produce two-dimensional images of bone and other
tissue structures within a patient. The difference between the radiodensity of bone and
muscle is relatively large and therefore high contrast images may be produced.
Radiodensity can also vary with temperature. For example, the radiodensity of water will
change as a function of temperature for a given pressure. Compared to the difference
between bone and muscle, the changes are relatively small. However, the changes are
detectable. Since human tissue is largely made up of water, it too will experience
changes in radiodensity as a function of temperature. Measuring this phenomenon is the
basis for the ability of the x-ray imaging system 102 to detect temperature changes within
the VOI of the patient 101.

The x-ray imaging system 102 may be a CT scanner capable of producing
rendered three-dimensional views of a VOI within a patient 101 within the field of view
of the scanner. In one embodiment, the x-ray imaging system 102 is capable of
producing three-dimensional views where the voxels, or volume elements of the image,
may be no larger than 1.0 mm?®. And in an alternate embodiment, the voxels of the three-
dimensional views may be no larger than 0.35 mm?®.

The x-ray imaging system 102 may be in the form of a C-arm x-ray imaging
system 201 as illustrated in Figure 2. The C-arm configuration, as opposed to a
traditional closed configuration, provides greater access to the patient 202. X-ray CT
scanners with a traditional closed configuration use a ring or doughnut to house the x-ray
source and detector. The patient must be moved through the ring in order to obtain an
image. The ring may limit access to the patient during the imaging process. In contrast,
a C-arm x-ray imaging system 201 may allow access to the patient even during the

imaging process. This access may be through an access corridor defined by the C-arm x-
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ray imaging system. The access corridor may be a sector of a circle centered at the center
of the C-arm and in the same plane as the C-arm in which the C-arm does not enter as it
moves during the imaging process. Therefore, apparatuses, for example cables attached
to applicators or sensors, may pass through the access corridor to the VOI and remain
attached during the imaging process.

In Figure 2, the C-arm x-ray CT scanner 201 comprises an x-ray source 203 and a
detector 204 connected by a C-arm 205. The C-arm 205 is connected to the base 207 by
a support arm 206. As illustrated in Figure 2, the base 207 may be mounted to the ceiling
along a structure that enables the entire C-arm 205 to be moved in and out of an imaging
position along a movement axis 215. In this manner, the C-arm 205 may be moved away
from the patient 202 when it is not actively imaging the patient 202. Alternatively, the C-
arm 205 may remain in proximity to the patient 202 during the entire thermal ablation
procedure, thus reducing imaging cycle times and simplifying image registration. The C-
arm 205 may move relative to the support arm 206 so that it rotates about the center of
the "C" as shown by directional indicator 208. The C-arm 205 may also be operable to
rotate about an axis parallel to the support arm 206. The patient bed 209 may also be
operable to translate relative to the C-arm 205 as shown by directional indicator 212. The
patient bed 209 may not need to be moved substantially more than a maximum lineal
dimension of the VOI. In other words, during the entire thermal ablation procedure, the
only patient 202 movement that may be required is to translate the patient 202 and the
patient bed 209 in the direction shown by the directional indicator 212 during imaging,
and that the distance moved may not need to be longer than the length of the VOI along
the axis 212 of patient bed movement. This minimal amount of patient movement, along
with access afforded by the C-arm design may allow physician and instrument access to
be maintained uninterrupted throughout the entire thermal ablation procedure. Moreover,
the C-arm 205 may be operable to translate relative to the patient bed 209 in the same
direction as shown by directional indicator 212 thereby eliminating all need to move the
patient 202 during the entire thermal ablation procedure. The flexibility of movement of
the C-arm 205 also results in the ability of a VOI 210 within the patient 202 to be imaged

from a plurality of angles and C-arm 205 positions.
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The aforementioned features may allow thermal ablation applicators and related
equipment to remain in place within and around the patient 202 during the imaging
process or throughout the entire thermal ablation procedure. This is illustrated in Figure
3, which depicts a thermal ablation procedure in progress. As shown in Figure 3, the
base 314 of the C-arm x-ray CT scanner 311 may be mobile and operable to be wheeled
or moved into an imaging position. Alternatively, the C-arm x-ray CT scanner 311 may
be fixedly mounted to the floor or in any other manner known to those skilled in the art.
Similar to the C-arm 205 depicted in Figure 2, the C-arm 315 shown in Figure 3 may
move in a variety of ways. The C-arm 315 may move relative to the support arm 316 so
that it rotates about the center of the "C" as shown by directional indicator 312. The C-
arm 315 may also be operable to rotate 313 about an axis parallel to the support arm 316.
The patient bed 209 may also be operable to translate relative to the C-arm 315 as shown
by directional indicator 317. Moreover, the C-arm 315 may be operable to translate
relative to the patient bed 209 in the same direction as shown by directional indicator
317.

The C-arm x-ray CT scanners disclosed herein may be fixed or mobile. In Figure
2, the C-arm x-ray CT scanner 201 is fixed in that it is rigidly attached to a base 207
which is attached to the ceiling 213. The fixed C-arm x-ray CT scanner 201 may be
attached to the ceiling as shown or to the floor or any other permanent structure. In
Figure 3, the C-arm x-ray CT scanner 311 is mobile in that it is not rigidly attached to
any structure. The illustrated C-arm x-ray CT scanner 311 is mounted on wheels and
may be moved freely throughout the procedure area.

Earlier generations of x-ray CT scanners utilized a doughnut shaped enclosure to
house the x-ray source and detector. The x-ray source and detector would rotate about
the VOI to produce a two-dimensional slice of the VOI. The patient would then be
moved relative to the doughnut and an additional image slice would be generated. Slices
may then be aggregated to produce a rendered three-dimensional view of the VOI. Later
generations of x-ray CT scanners, often called helical CT scanners, would move the
patient through the doughnut simultaneously with the imaging process producing a
helical scan. The helical scan may then be used to generate a rendered three-dimensional

view of the VOI. A C-arm x-ray CT scanner 201 such as shown in Figure 2, may be
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capable of generating rendered three-dimensional views of the VOI 210 utilizing circular
or helical scans. The C-arm x-ray CT scanner 201 may also be operable to generate
images using other scan paths, including paths in which the x-ray source 203 and detector
204 are rotated about an axis 214 perpendicular to the patient 202, paths 212 in which the
patient bed is moved, and 215 in which the x-ray source 203 and detector 204 are moved.
Also, images may be generated using any combination of any of the aforementioned
paths.

The present invention may utilize novel scan paths to create images of the VOI.
The scan paths may be designed to avoid interference with devices, such as thermal
ablation applicators or monitoring equipment, in proximity to or within the patient. The
scan paths may also be designed to reduce scanning times, minimize overall exposure to
x-rays and/or to minimize exposure to a particular portion of the patient.

Scan resolution and scanning speed are related in that longer scan times of a
particular VOI may result in improved resolution images. Therefore, image resolution
may be varied to reduce scan times and/or reduce x-ray exposure. For example, a
baseline image may be generated at a high resolution, whereas later images, which, for
example, may be used to determine temperature changes within the VOI, may be
generated at a lower resolution. Therefore, scan resolution may be dependent on the
required resolution for a particular situation. For example, intermediate temperature
differential images may not need to be at as high a resolution as the baseline image.

Also, it may be desired to have a higher resolution temperature differential image to
record peak temperatures during a thermal ablation procedure or to closely monitor the
temperature of or around a critical structure within the VOL

The C-arm x-ray CT scanners disclosed herein may also have angiographic
capabilities in that the scanners may be operable to capture images of blood vessels. This
imaging may be enhanced through the use of a contrast medium introduced into the
patient 202.

The patient 202 of Figure 3 has had a thermal ablation applicator 301 inserted into
his mid section. A control cable 302 extends from the applicator 301 to an applicator
controller 303. As can be appreciated, the C-arm 315 may rotate and/or translate and the

bed 209 may translate without interfering with either the applicator 301 or the control
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cable 302. Additionally, a physician 304 may also have greater access to the patient 202
due to the C-arm 315 configuration. In addition, since the applicators can remain in place
during the imaging process, the applicators may be operable to perform thermal ablation
while the VOI is being imaged. The patient 202 may remain stationary throughout the
entire thermal ablation procedure including pre and post thermal ablation imaging. The
patient 202 may remain stationary relative to the patient bed 209 throughout the entire
thermal ablation procedure including pre and post thermal ablation imaging.

Earlier generations of x-ray CT scanners typically produced a narrow beam of x-
rays between the x-ray source and detector. These narrow beams of x-rays were detected
several times at different angles as the x-ray source and detector were rotated about the
VOI of the patient. The results of the detection of these individual beams of x-rays is
aggregated in the CT process by methods known to those skilled in the art, to produce a
two-dimensional slice of the VOI. Adjoining two-dimensional slices may then be imaged
and combined to produce rendered three-dimensional views of a VOI.

Current x-ray CT scanners often utilize fan shaped beams of x-rays to generate
CT images. The fan shaped beams may be detected by a one-dimensional array of x-ray
detectors (i.c. a single row of detectors). Although it is computationally more complex to
produce a two-dimensional image from a fan shaped beam and one-dimensional detector,
the system has the advantage of producing more information per x-ray emission and
detection cycle leading to shorter scan times and potentially lower x-ray radiation doses.
An x-ray CT scanner utilizing a fan shaped beam may also incorporate a two-dimensional
detector array. In this configuration, the fan beam may be rastered across the array to
acquire a series of one-dimensional image data sets, which can then be aggregated to
produce a two-dimensional image data set. By incorporated image data sets captured
with the x-ray source and detector in varying orientations, three-dimensional data sets
may be created which may be used to generate rendered three-dimensional views of the
VOL

It is intended that the present invention include the use of any known or yet to be
developed x-ray imaging system. This may include, but not be limited to, x-ray imaging
systems that use narrow beams of x-rays, fan shaped beams of x-rays, cone shaped beams

(discussed below), or any other shape of x-ray beam. Other shapes of x-ray beams may
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include dynamically shaped x-ray beams where the beams are shaped to target specific
arcas of the VOI without irradiating (or minimizing exposure to) other areas of the VOI.
In a similar manner, the x-ray detector used in the x-ray CT scanner may be a single point
detector, a one-dimensional array of detectors or a two-dimensional array of detectors.
The two-dimensional detector may be a multi-slice detector or it may be a flat panel
detector. The term flat panel detector is intended to included truly flat panels, panels
curved so that each detecting element in the detector is equidistant from the x-ray source
and flexible panels. Furthermore, it is intended that the present invention include the use
of x-ray imaging systems that produce x-ray beams at a plurality of different energy
levels such as dual energy x-ray imaging systems.

Although for exemplary purposes the present invention is generally discussed and
illustrated in connection with C-arm x-ray CT scanners, it is intended that the present
invention include the use of other configurations of x-ray CT scanners. Theses other
configurations include, but should not be limited to, traditional doughnut type x-ray CT
scanners (with one or more x-ray sources and one or more detectors) and O-arm x-ray CT
scanners. O-arm x-ray CT scanners have a C-shaped section wherein the scanner may be
moved into position by virtue of the opening in the “C” and then a section is moved into
place to form an “O” around the patient, wherein the x-ray source and detector (or
sources and detectors) may then be rotated about the patient within the “O.”

As shown in Figure 2, an embodiment may utilize a cone shaped beam 211 to
illuminate the VOI 210. This embodiment may also include a two-dimensional detector
array in the detector 204. A cone shaped beam 211 may be operable to image a two-
dimensional area with each emission and detection cycle leading to even shorter scan
times and even lower x-ray radiation doses when imaging the VOI 210 as compared to
point to point or fan beam imaging systems. High scan speeds and low radiation doses
are beneficial features of the systems and methods disclosed herein where the generated
rendered three-dimensional views of the VOI may be used in a closed-loop feedback to
control the thermal ablation delivery system 103. Additionally, the shape of the beam
used to illuminate the VOI 210 may be dynamically modified by multi-leaf collimaters.

By dynamically shaping the x-ray beams, x-ray dosages may be minimized.
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In addition to using an x-ray CT scanner to generate temperature differential
images of the VOI, the x-ray CT scanner may also be operable to be used as a two-
dimensional fluoroscope. In the case of scanners utilizing cone beams or rastering fan
beams with two-dimensional detector arrays or flat panel detector arrays, the scanner may
be operable to capture and display real-time two-dimensional images of the VOI. Also,
the scanner may be operable to present a series of two-dimensional images from varying
angles to give the physician a perception of the VOI in three-dimensions similar to a
rotational angio C-arm scanner. These capabilities may assist the physician in visualizing
the VOI for tasks such as applicator placement.

The x-ray imaging system 102, as discussed above, may be operable to measure
radiodensity or HU properties of a VOI 210 within a patient 202. This ability may then
be used to determine temperature changes within the VOI 210 that may take place during
a thermal ablation procedure. This may be accomplished by first generating a baseline
data set with the x-ray imaging system 102. The baseline data set may be a three-
dimensional data set wherein each data point is a voxel and represents a unit of volume
within the VOI 210. A HU measurement value may be associated with each voxel in the
baseline data set. After a portion of the thermal ablation procedure has been performed, a
second three-dimensional data set may be generated by the x-ray imaging system 102.

As in the baseline data set, each voxel in the second three-dimensional data set may have
an associated HU measurement value. The two images may then be registered
(registration is discussed below) to each other and each voxel of the baseline data set may
be compared to each corresponding voxel of the second data set. The differences in
measured HU may be due to the temperature changes induced by the thermal ablation
procedure. These data sets may be filtered prior to comparing in order to improve the
signal to noise ratio. The filter may, for example, be a Gaussian filter wherein each voxel
is averaged with a number of surrounding voxels. The resulting difference image data set
may have a spatial resolution or voxel size of about 1 cm”® or smaller. This level of
resolution may be adequate to determine if a particular target coagulation necrosis
volume has been subjected to enough of a temperature change over a long enough period
of time to eventually result in the death of the targeted cells. However, as discussed

above, the spatial resolution of the CT scanner may be as good as 0.35 mm® or smaller.
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Therefore, one embodiment of the present invention may be capable of generating a
three-dimensional image data set representative of temperature changes throughout the
VOI with a voxel size of Imm” or smaller.

The resulting difference image data set may be displayed in a variety of ways to
communicate temperature changes to the physician 304. For example, as shown in
Figure 6E, a two-dimensional image, or thermal map, may be generated comprising a
two-dimensional slice 603 through the VOI 601 and multiple demarcated regions 606,
607 and 608 of elevated temperature. Each region 606, 607 and 608 may indicate a
different range of temperatures. The position of the two-dimensional slice 603 relative to
the VOI 601 may be physician selected. The demarcated regions 606, 607 and 608 may
be indicated by a colored mask or overlay over the VOI 601 wherein the color of the
mask indicates the temperature range of each demarcated region 606, 607 and 608. Other
methods of indicating a temperature difference known to those skilled in the art may also
be used.

The indication of temperature may be an absolute indication or a relative
indication. In the case of an absolute indication of temperature, the demarcated regions
606, 607 and 608 may represent the measured temperature of the region. For example,
prior to the application of thermal ablation, the entire VOI 601 may be at a relatively
even temperature of 37°C. This is illustrated in Figure 6A where no isothermal regions
or bands are shown. After the application of thermal ablation, a region 602, as shown in
Figure 6B, may be at an elevated temperature of, for example, 45°C. As such, a legend
may be provided in the display of Figure 6B indicating that the color of the overlay for
the demarcated region 602 is representative of the temperature of 45°C. Alternatively,
the indication of temperature may be a relative indication in which case the legend
provided in the display of Figure 6B may indicate that the color of the overlay for the
demarcated region 602 is representative of an 8°C elevation over the baseline digital
image temperature (in this example 37°C).

To achieve these results, the HU data may be calibrated. This may be
accomplished by, for example, using temperature calibration devices, e.g. thermocouples,
mounted to the thermal ablation applicator 604 to measure the temperature at a point

within the VOI 601. Prior to the application of any thermal ablation, the temperature
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calibration devices may be used to measure the temperature at points within the VOI 601
and these measurement points can then be correlated to the HU measurements made by
the x-ray imaging system 102. During application of thermal ablation and subsequent
imaging, the temperature calibration devices may continue to measure temperatures
within the VOI 601 and these measurements may be correlated to subsequent HU
measurements made by the x-ray imaging system 102. This correlation factor may then
be applied across the VOI 601 to infer the temperature (absolute or relative) at all points
throughout the VOI 601.

In a similar fashion, the resulting difference image set may be displayed in three
spatial dimensions. Figure 8 illustrates an embodiment of a display 800 in which a VOI
801 is illustrated in three dimensions. The display 800 may be a computer monitor. As
illustrated, the VOI 801 may be shown in perspective view 802 relative to three
orthogonal axes. The VOI 801 may also be shown in three dimensions by showing two-
dimensional slices of three orthogonal planes 803, 804, 805 cutting through the VOI 801.
Additionally, the display may incorporate time elements. In this regard, multiple
resulting difference image sets may be generated and shown in sequence to communicate
temperature change throughout the VOI 801 as a function of time. This is illustrated in
Figures 6A through 6E and Figures 8A through 8C, which depict the propagation of
temperature change throughout a VOI as a result of the application of thermal ablation
emanating from the thermal ablation applicators 604 and 810.

As noted above, subsequently generated image data sets may be registered to the
baseline digital image data set so that voxel by voxel comparisons may be made. This
registration may be accomplished through the use of the artificial fiducial markers. These
fiducial markers may be placed either internal or external to the patient 202. External
fiducials may be placed on the skin of the patient 202. The fiducials may be locatable by
the x-ray imaging system and serve as landmarks within the images to assist in the
alignment of images to other images. Software may then be used to align the fiducials in
the separate images to and therefore align the images. The registration between image
data sets may also be accomplished without artificial fiducials through software. Such
software may recognize natural structures within the image data sets and align and orient

the structures to register the images (in effect using the natural structures as natural
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fiducial markers). The structure used may, for example, be the vascular structure within
the VOI. The system controller 104 may comprise a registration module or subsystem
for performing the registration tasks.

Returning to Figure 3, the thermal ablation applicator 301 may be any device
capable of affecting a temperature change within a VOI of a patient 202. As illustrated,
the system may perform the thermal ablation procedure with a single thermal ablation
applicator 301. Alternatively, multiple thermal ablation applicators may be used. The
thermal ablation apparatus may include a plurality of different types of thermal ablation
applicators and may also include multiple thermal ablation applicators of each different
type. The thermal ablation applicators may be interstitial or extracorporeal. Among the
types of thermal ablation applicators that may be included in the apparatus are Radio
Frequency Ablation (RFA) electrodes, laser ablation fibers, microwave antennas, focused
ultrasound transducers, and cryoprobes.

The heating effects of RFA are determined mostly by the electrical conductivity
properties of the tissues being subjected to the therapy. Laser ablation heating effects are
mostly determined by photon absorption and diffusion in the tissue. Microwave heating
effects are a function of the dielectric properties of the targeted tissue. Focused
ultrasound heating effects are determined by mechanical coupling of the ultrasonic
energy into the tissues. Cryoablation uses cold applicators delivered interstitially (e.g.,
percutaneous cryoablation) to cause coagulation necrosis through a temperature reducing
process. Each of the above types of applicators may produce different temperature
change effects in different tissues resulting in differing coagulation necrosis volumes.
The thermal ablation apparatus 100 may be operable to control a plurality of applicators
of a plurality of different types of applicators to achieve effective coagulation necrosis of
the targeted volume while keeping coagulation necrosis of the non-targeted volume to a
minimum.

The system controller 104 may be operable to compare a difference image data
set containing information as to temperature changes during thermal ablation, described
above, to the expected temperature changes described in a thermal ablation plan. The
thermal ablation plan may have been generated prior to the thermal ablation procedure

and stored within the system controller 104. This comparison of temperature changes
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may be across the VOI. The system controller may also be operable to adjust, based on
that comparison, at least one characteristic of a thermal ablation applicator. The
applicator controller 109 of the thermal ablation delivery system 103 may be operable to
control all of the system applicators in a closed-loop fashion. For example, the
applicators may contain temperature calibration devices, such as thermocouples, or
feedback mechanisms to measure the amount of energy being transmitted into (or out of
in the case of a cryoprobe) the VOI. Data may be available from the device such as
power, impedance, and temperature at specific areas of the device, e.g. at the tip of the
deployable tines, for interstitial delivery modes. This feedback may be fed back to the
applicator controller 109 to enable a closed-loop control of the applicators. In a similar
fashion, the system controller 104 may control the system applicators through a closed-
loop control system consisting of the x-ray imaging system 102, the system controller
104 and the applicator controller 109. In this regard, the system controller 104 may
adjust the energy transmission targets of an applicator controller 109 based on the results
of images generated by the x-ray imaging system 102. Also in this regard, the system
controller 104 may be operable to command the x-ray imaging system 102 to generate
new images of the VOI to enable the control of the applicator controller 109 and
subsequently the system applicators. The commands to generate new images of the VOI
may be based on, for example, the passage of a specific amount of time, an imaging
schedule as per the thermal ablation plan, results of previous image generations, or
applicator feedback.

The applicator controller 109 may be operable to control applicator power.
Generally, this may be through a feedback loop wherein the system controller 104
instructs the applicator controller 109 to maintain or produce a specific temperature at the
applicator. The applicator controller 109 may be able to use feedback mechanisms in the
attached applicators to produce the targeted specific temperature profiles. Applicator
power may also be controlled by the system controller 104. In this regard, the system
controller 104 may instruct the applicator controller 109 to change its power delivery
based on results from the x-ray imaging system 102. Other characteristics may be
controlled by the system controller 104. These include sensor feedback to allow

positioning of the applicator or devices, image-derived positioning of the applicator or
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devices, the types of applicators used, and the quantities of applicators used. For
example, if a RFA applicator was not producing the expected results, the system
controller 104 may determine that the RFA applicator should be replaced with a laser
ablation applicator. Generally, the repositioning of applicators, the changing of the types
of applicators, or the addition or removal of applicators will be performed by the
physician 304 at the suggestion of the system controller 104. However, at least one of the
applicators may be mounted on a robotic arm. Applicators so mounted may be inserted,
repositioned, or removed automatically.

To aid the physician 304 in the placement of applicators, the thermal ablation
apparatus may include an ultrasonic imaging device. As shown in Figure 3, the
ultrasound device may include a handheld transducer 305 which may be used by the
physician 304 to assist in proper applicator 301 placement. An image 306 may be
presented to the physician 304 showing the applicator position 308 relative to the VOI
307. The image 306 may be a real-time ultrasound image or may be an image generated
by the system controller 104 overlaid with a representation of the applicator position 308.

The ultrasound system may be capable of operating in an Acoustic Radiation
Force Impulse (ARFI) and/or elastography mode, which may be capable of indicating
changes in the mechanical properties of tissue. The detection of changes to mechanical
properties by an ARFI and/or elastography capable system may be used by the system
controller 104 to aid in determination of when to generate an x-ray CT image data set.
For example, the application of heat by a laser ablation fiber may cause a volume of
tissue to coagulate. This coagulation may be accompanied by changes to the mechanical
properties of the coagulated volume that may be detected by an ARFI and/or
elestography capable system. This detected change may then be fed into the system
controller 104 which may, based on this information, cause an x-ray CT image data set to
be generated to determine the temperature profile of the volume. Other mechanical
changes such as charring or percolation may also be detected by an ARFI and/or
elestography capable system and be the basis for the system controller 104 to cause an x-
ray CT image data set to be generated.

Figure 4 is a flowchart of a method of performing thermal ablation within a VOI

in a patient. The first step of the method is to capture 400 a baseline digital image of a
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VOI in a patient with an x-ray system. Typically, the VOI will be a volume within a
patient which will contain a sub-volume that is a tumor, lesion or some other growth or
formation to be subjected to thermal ablation. The ultimate goal of the thermal ablation
procedure will typically be complete cellular coagulation necrosis of the targeted sub-
volume within the VOI. The baseline digital image may generally be a digital rendered
three-dimensional image comprised of detected and computed signal data corresponding
to an array of spatial locations substantially throughout the VOI.

Prior to capturing the baseline digital image, a preliminary thermal ablation plan
may be accessed. The preliminary thermal ablation plan may be accessed from a
memory storage module. This plan may include pre-therapy images of the targeted area,
along with a preliminary plan of thermal ablation applicator placement, power levels, and
times. The baseline digital image may be compared to the pre-therapy images. This
comparison may be used to verify tumor and surrounding tissue positions. The image
may also be used to verify tumor size and shape. If changes have occurred that surpass a
predetermined threshold, the preliminary thermal ablation plan may be updated to take
into account the measured differences. For example the tumor may have grown larger or
smaller since the therapy planning images were acquired.

The preliminary thermal ablation plan may be accessed from a memory module.
The memory module may be present in a system controller, having been stored their prior
to the start of the thermal ablation procedure. Alternatively, the thermal ablation plan
may be stored remotely from the equipment used during the thermal ablation procedure
and retrieved when needed during the thermal ablation procedure. The information
contained within the thermal ablation plan may at least be partially stored in a
standardized form such as a DICOM data set.

The baseline digital image may be registered to the pre-therapy images so that the
planned positions of the applicators to be used in the thermal ablation procedure may be
determined relative to the baseline digital image. As described above, registration may
be accomplished through the use of the fiducials internal or external to the patient. The
fiducials may be locatable by the x-ray imaging system and serve as landmarks within the

images to assist software in the alignment of the baseline digital image to the pre-therapy
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images. Also as described above, the registration may also be accomplished without the
use of artificial fiducials through software.

The capturing of the baseline digital image may comprise illuminating the VOI
with a plurality of x-rays and detecting a plurality of portions of the x-rays that have
passed through the VOI. A rendered three-dimensional view of the VOI may then be
generated using CT methods known to those skilled in the art based on the detected x-
rays. As noted above, the x-ray beams used to illuminate the VOI may be a narrow
beam, a fan beam, or a cone beam. The x-ray system may be an X-ray C-arm system that
can produce cone beam CT images while providing greater access for a physician to
interface with the VOI.

Furthermore, the quality and accuracy of the baseline digital image may be
enhanced by combining CT generated images with images generated by other imaging
modalities. These other imaging modalities may be, for example, ultrasound (including
ARFI and or elastography capabilities), Positron Emission Tomography (PET), Single
Photon Emission Computed Tomography (SPECT), Magnetic Resonance Imaging
(MRI), other molecular imaging methods, or any other modality of generating rendered
three-dimensional views of a VOI in a patient known to those skilled in the art.
Additionally, these imaging modalities may or may not use contrast agents to enhance the
generated images. Furthermore, these additional imaging modalities may employ
visualization software to aid in the comprehension of the VOI. Software for enhancing
the images and/or information generated by these other imaging modalities may also be
used.

The step of capturing 400 a baseline data image set of a VOI may include
spatially filtering the baseline data image set. As part of the capturing 400 step,
structures within the VOI may be identified. This identification may be automatic or may
be performed by an operator or technician as part of the capturing 400 step. For example,
if the targeted area of the thermal ablation procedure was a cancerous tumor located
within the liver, the VOI may include the liver and some surrounding structures and
tissue. Image segmentation software may automatically identify the liver and
surrounding structures such as the vena cava. Alternatively, or in combination, structures

may be identified by a physician. This identification may take the form of using a
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software program to select a structure or volume within the captured image and
appropriately demarcating or labeling the structure. Physician identified inputs may also
be used to guide or constrain image segmentation software which may segment the
various tissue structures.

The captured image may be calibrated to determine the relationship between
measured HUs and temperature as previously described. By correlating these factors, HU
changes measured by subsequent image capturing steps may be correlated to temperature
changes. Generally, the capturing 400 of the baseline digital image will take place at the
beginning of a thermal ablation procedure. Although an image of the VOI may have
been captured earlier and used to develop a thermal ablation plan, a new, current image,
may still be captured at the beginning of the thermal ablation procedure. Since the
planning image may have been captured on a different scanner or by the currently used
scanner at a different time, the new baseline digital image may be used to develop a
current temperature correlation between measured HUs and temperature.

The captured baseline digital image may be displayed in a variety of ways. For
example, the baseline digital image may be displayed as discussed above in relation to
the image display depicted in Figure 8. The image display may be in the form of a two-
dimensional slice wherein a physician selects the orientation and position of the sliced to
be displayed. The display may also incorporate elements of the thermal ablation plan.
For example, the physician may select to overlay the temperature changes calculated to
occur according to the thermal ablation plan throughout the plan procedure. This may
take a form similar to the series of images shown in Figures 6A through 6E, where each
image may depict the planned temperature profile for a separate point in time during the
planned thermal ablation procedure. Other methods of presenting rendered three-
dimensional views known to those skilled in the art may be used including the use of
special glasses to project different images to each of the observer's eyes.

The next step as shown in Figure 4 may be to perform 401 thermal ablation on at
least at first sub-volume of the VOI according to a thermal ablation plan. As noted
above, this may be performed with a single thermal ablation applicator or a plurality of
thermal ablation applicators wherein the plurality of thermal ablation applicators may

operate simultaneously using different modes of thermal ablation delivery. These modes
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may be interstitial or extracorporeal. These modes may include, but are not limited to,
RFA, laser ablation, microwave, focused ultrasound and cryoablation. Accordingly,
“thermal ablation” as used in this description refers to therapy where the thermal changes
are introduced into a VOI to produce coagulation necrosis in a targeted volume. The
thermal changes may either be positive in the case of devices used to heat the targeted
coagulation necrosis volume or negative in the case of devices used to lower the
temperature within the targeted coagulation necrosis volume.

The positioning and orientation of the thermal ablation applicators is an important
aspect in producing the desired target coagulation necrosis volumes. The initial
positioning of the thermal ablation applicators may be determined by the thermal ablation
plan. The proper thermal ablation applicator positioning may be achieved in several
ways.

Ultrasound imaging may be used to assist the physician in the proper location of
the thermal ablation applicators. For example, as shown in Figure 3 a physician 304 may
make a preliminary determination of the area in which the applicator 301 is to be inserted
using ultrasound imaging. The physician 304 may then insert the thermal ablation
applicator 301 and verify the proper position of the thermal ablation applicator 301 by
looking at an ultrasound image 306 of the VOI 307 with the applicator 301 inserted. The
applicator 301 may be displayed 308 in the ultrasound image 306 relative to the VOI 307.
Once the physician 304 is satisfied that the applicator 301 is in the proper location
according to the plan, the thermal ablation may be delivered to the VOI 307. The
ultrasound image 306 may be overlaid over the baseline digital image. As discussed
above, the baseline digital image may be registered to the pre-therapy images and the
planned applicator positions may be then transferred to the baseline digital image.
Therefore, the baseline digital image may contain the planned applicator positions.
Accordingly, when the ultrasound image 306 is overlaid over the baseline digital image,
the planned applicator positions may be visible to assist the physician 304 in inserting the
applicator 301 in a proper position.

The thermal ablation applicator may be interconnected to a sterecotactic, optical
tracking, or magnetic tracking positioning system. In such a system, sensors located in

proximity to the surgical area are operable to detect the position and orientation of the
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stereotactic applicator relative to coordinate system in the surgical area. The patient, or at
least the VOI in the patient, must also be registered to the coordinate system in the
surgical area. In this manner, the orientation and position of the applicator relative to the
VOI may be known. The position of the applicator may then be displayed relative to the
VOI and may aid the physician in proper applicator placement. Such systems are known
to those skilled in the art, and one such system is marketed by General Electric under the
name InstaTrak.

Fiducials may be used to assist in registering the VOI of the patient to the
coordinate system in the surgical area. These fiducials may be placed on the skin of the
patient or internal to the patient and serve as markers visible to imaging systems such as
CT scanners and ultrasound imagers and to aid in registering the VOI to the same
coordinate system as the applicators. In addition, natural anatomic markers, such as ribs,
spine, borders of organs, etc., may be used as internal fiducials for image registration
software methods. Accordingly, applicator positioning may be overlaid onto images of
the VOI to help guide the physician in inserting the applicator into a proper position
according to the plan.

The thermal ablation applicator may be interconnected to a stereotactic applicator
positioning system and be mounted on an automated applicator handling system. In this
embodiment, once a patient is registered to the same coordinate system as the automated
applicator handling system, a robotic arm may be used to position the thermal ablation
applicator into the planned position. Although the above discussion was described in
terms of a single thermal ablation applicator, systems and methods described may also be
used to control and/or locate multiple thermal ablation applicators.

Once the applicator or applicators are in an acceptable position, they may be
activated to deliver thermal ablation. The following passages will generally described the
thermal ablation as being the introduction of energy into the VOI to produce an increase
in temperature in a specific sub-region of the VOI to produce cell coagulation necrosis.
However it should be appreciated that cryoprobes may also be utilized in which case the
thermal ablation may be performed by removing heat from the VOI to decrease the

temperature in a specific sub-region of the VOI to produce cell coagulation necrosis.
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As discussed above, the different modes of thermal ablation delivery may produce
different heating effects. For example, focused ultrasound will produce a point source of
heat with heat emanating in all directions from that point source, wherein other types of
heating, such as bipolar RFA, may be configured to only direct energy primarily to a
particular, physician selectable volume. The different properties of different types of
heating may be combined to produce coagulation necrosis volumes within tissue shaped
to match the targeted areas. Such a situation is illustrated in Figures 7A through 7C.
Figure 7A depicts a target coagulation necrosis volume 700 within a VOI 701. The target
coagulation necrosis volume 700 may be a cancerous tumor or other lesion where it is
desired that the cells of the target coagulation necrosis volume 700 be subjected to
elevated temperature to produce coagulation necrosis throughout the target coagulation
necrosis volume 700 which may include a thermal surgical margin. However, critical
structures that may be damaged by elevated temperatures may be in proximity to the
target coagulation necrosis volume 700. In such cases, the application of thermal
ablation must be carefully monitored to not damage the critical structure. It should be
appreciated that the critical structure may be any structure, such as organs, veins, arteries
nerves, bowel, ureter, spinal canal, aorta or vena cava wherein the application of heat to
that structure may cause unwanted or serious complications. Therefore, a goal of a
thermal ablation plan developed for such a situation may be to produce coagulation
necrosis in the target coagulation necrosis volume 700 without producing significantly
elevated temperatures in the critical structure.

Also, structures which may act as heat sinks or sources may be within the VOI.

In Figures 7A through 7C, one such structure is represented by a major vein 702. In such
situations it may be beneficial to use different types of heating modes and different types
of thermal ablation applicators to achieve the targeted coagulation necrosis. In Figure
7A, thermal ablation applicators 703 and 704 are applicators operable to uniformly
deliver energy in all directions relative to the applicator tips 705 and 706. However, the
vein 702 may act as a heat sink as flowing blood carries away the heat energy produced
by the thermal ablation applicator 703. Therefore the thermal ablation applicator 703
must be positioned as to take into account the target coagulation necrosis volume 700 and

the heat sink characteristics of the vein 702. As can be seen from Figures 7A through 7C,
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this positioning of applicators may be operable to produce sculpted elevated temperatures
within the target coagulation necrosis volume 700 despite the heat sink effect of the vein
702. The circular bands emanating from the applicator tips 705, 706 represent isothermal
bands depicting regions of elevated temperatures. As discussed above, the isothermal
regions may be color-coded to represent specific temperature ranges thereby
communicating with the physician the progress of the thermal ablation. The relative
closeness of the isothermal bands in the region between the applicator tip 705 and the
vein 702 represent a greater temperature gradient in that direction due to the flowing
blood in the vein 702 carrying away heat.

Figure 7 illustrates the use of two monopolar thermal ablation applicators to
deliver the thermal ablation to the VOI. The applicators may also be bipolar where
energy is delivered to a region between the nodes of the thermal ablation applicator. For
example, an RF electrode may be bipolar where two sets of multiple tines each form a
node and the heat inducing RF energy is directed between the nodes, preferentially
heating the region between the nodes.

As the thermal ablation is being performed, certain events may trigger the system
to capture an x-ray or x-ray CT image of the VOI. The trigger may be the passage of a
predetermined amount of time as per the thermal ablation plan. For example, the plan
may include capturing an x-ray CT image after performing thermal ablation for one
minute. In another embodiment, the capturing of a subsequent x-ray CT image may be
triggered by the amount of energy deposited into the VOI through the thermal ablation
applicators. In another embodiment, the capturing of a subsequent x-ray CT image may
be triggered by a request from a physician performing the thermal ablation procedure.
Alternatively, additional and complementary imaging modalities may be incorporated to
determine when an x-ray CT image of the VOI should be generated. For example,
ultrasound may be used to detect changes to tissue within the VOI that may indicate
changes in temperature. Changes detectable by ultrasound may include changes such as
charring, coagulation, or percolation in the targeted area. Once such changes are detected
by ultrasound, the ultrasound controller 309 may send a signal to the system controller
104 which may subsequently request or direct the x-ray imaging system to produce an x-

ray CT image of the VOI.
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Ultrasound systems with ARFI or elastography capabilities may be used to trigger
the capture of additional x-ray CT images. Such systems may be operable to detect
mechanical changes (e.g., elastic tissue properties) associated with the elevation in
temperature caused by thermal ablation. These detected changes may then be fed into the
system controller 104 and once they surpass a predetermined threshold, the system
controller 104 may direct the x-ray imaging system 102 to capture an x-ray CT image of
the VOI. ARFI and other ultrasound methods including elastography (strain imaging)
methods use nominally diagnostic ultrasound power range sound waves to produce
images. While there are concerns and regulatory limits concerning tissue heating from
ultrasonic power deposition in tissues, when used to monitor the effects of ablative heat
sources there is little added concern about long-term effects of exposure to these
procedures. However, these imaging modalities may only serve to indicate gross tissue
property changes when compared to the relatively fine temperature changes that may be
able to be detected by the x-ray CT scanner. Therefore, the ARFI, elastography and other
ultrasound imaging modalities may be used throughout the thermal ablation procedure to
monitor for temperature related changes reducing the amount of x-ray images needed
during the thermal ablation procedure.

The next step of the method illustrated in Figure 4 may be to capture 402 a first
temperature differential image of the VOI. As described immediately above, the capture
402 may be triggered in a variety of ways. Although the ultrasound imaging systems
(including ARFI and elastography capable systems) discussed above may be operable to
detect changes which are indicative of temperature changes, the term “temperature
differential image” used herein refers to x-ray or x-ray CT images which, when compared
to other x-ray or x-ray CT images, may be operable to determine relatively small
temperature variations throughout the VOI. The first temperature differential digital
image (and subsequent temperature differential digital images if required) may be an
image substantially corresponding to the same spatial volume as the baseline digital
image. The first temperature differential digital image may be captured with the same
equipment in substantially the same configuration as was used to capture the baseline
digital image. The image may be generated using substantially the same techniques as

those used to generate the baseline digital image. Also similar to the baseline digital
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image, additional imaging modalities may be used to enhance the first temperature
differential digital image, and the first temperature differential digital image may be
filtered. Finally, the first temperature differential digital image may be displayed
separately from, but in a similar fashion to, the baseline digital image.

The delivery of thermal ablation may be suspended during the capturing 402 of
the first temperature differential digital image. Alternatively, the thermal ablation
applicators may remain active during the process of capturing the first temperature
differential digital image. As discussed above, the configuration of the CT scanner, such
as the C-arm configuration, may allow the applicators to remain in place during the
imaging process and therefore there may be no need to move the patient for imaging or
thermal ablation delivery. Therefore the patient may remain stationary throughout the
entire thermal ablation procedure. This is advantageous in that no re-registration may be
required during the thermal ablation procedure.

The next step of the method illustrated in Figure 4 may be to register 403 the first
temperature differential digital image to the baseline digital image. As described above,
registration may be accomplished through the use of fiducials internal or external to the
patient or through software. The computational requirements of the registration process
may be greatly simplified if the patient has remained stationary since the capture of the
baseline digital image. The reduced computational requirements may result in a faster
registration process. If the patient has moved since the capture of the baseline digital
image, the registration of the first temperature differential digital image to the baseline
digital image may be performed in a similar fashion to the registration of the baseline
digital image to the pre-therapy images. That is, the registration may be performed using
hardware such as fiducials or without fiducials using software which functions by
aligning elements of the two images.

The next step of the method illustrated in Figure 4 may be to infer 404
temperature changes at substantially each spatial location within the VOI. This inference
may be made based on the baseline digital image and the first temperature differential
digital image. At each measured spatial location within the VOI, radiodensity or HU data
for the first temperature differential digital image may be subtracted from data from the

baseline digital image. The resulting difference for each spatial location may be a result
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of radiodensity changes due to temperature changes. Since, as previously described, the
HU data may be calibrated, the resulting calculated differences for each spatial location
may be converted into a temperature differential for each spatial location.

The temperature differentials inferred for each spatial location may be aggregated
and displayed to communicate temperature changes throughout the VOI in an inferred
temperature changes image. As discussed earlier with respect to the apparatus disclosed
herein, the display may be in the form of a two-dimensional slice through the VOI or a
representation of the VOI in three dimensions may be provided. The location of the two-
dimensional slice or three-dimensional region may be selected by the physician or
generated by the system. For example, Figure 6A may illustrate a baseline digital image
showing a thermal ablation applicator 604 inserted into an internal structure 605 prior to
any application of thermal ablation. The internal structure 605 may be an organ such as a
liver. Alternatively, the structure may be a breast, prostate, lung, kidney, or any other
organ or region where a tumor or other thermal ablation target may be located.
Subsequently, a first temperature differential digital image may be captured and
subtracted from the baseline digital image to produce a data set representative of changes
in temperature throughout the VOI. This data set may then be superimposed over the
baseline digital image to produce an inferred temperature changes image as shown in
Figure 6B where the demarcated region 602 represents a region of elevated temperature
over the temperature prior to the application of any thermal ablation. The demarcated
region 602 may be indicated by an isothermal line representing an isothermal surface
within the VOI 601. Alternatively, the demarcated region 602 may be indicated by a
shaded isothermal region. The isothermal lines or regions may be color-coded and a
legend may be provided to communicate to a physician temperature changes induced
throughout the VOI 601. The legend and isothermal line or region may be in terms of
temperature differentials or absolute temperatures. For example, the demarcated region
602 may represent an area that is generally 8°C warmer relative to the surrounding area
of the internal structure 605 or the demarcated region 602 may represent an area that is
generally at about 45°C whereas the rest of the internal structure 605 may be indicated to
be at 37°C. Generally, the apparatus described herein may be capable of discerning and

displaying changes in temperature in the VOI in 15°C or smaller increments. In many

54



10

15

20

25

30

WO 2008/112005 PCT/US2007/075287

circumstances, displaying temperature changes or differences in 15°C increments
provides sufficient information to determine if the coagulation necrosis goals have been
met. As discussed above, resolution and scanning time are interrelated. Therefore, 15°C
increments may be used to keep scan times and x-ray exposures to a minimum.
However, through signal-to-noise ratio reduction techniques such as extending the scan
times of the x-ray CT scanner or averaging multiple x-ray CT scans and filtering the
image data sets, the apparatus described herein may be capable of discerning and
displaying changes in temperature in the VOI in 1° C increments.

The inferred temperature changes image may also represent temperature changes
in three dimensions. This may be displayed in a manner similar to that described above
with reference to Figure 8.

A predicted coagulation necrosis volume may be calculated based on the inferred
temperature changes. This prediction, which is an estimate as to the extent of tissue
destruction, may be based on the time vs. temperature profile experienced by a particular
area within the VOI. The coagulation necrosis volume prediction may also be
accompanied by information as to the rate of change of the predicted coagulation necrosis
volume. The calculations may be performed on a computer and may use methods such as
finite element analysis or other computational methods to generate the prediction. Brief
exposure to massive temperature changes (for example 50° C above normal body
temperature for one minute) as well as prolonged exposure to milder temperature changes
(for example 10° C above normal body temperature for one hour) may eventually
produce cell coagulation necrosis. In the case of massive temperature changes, the cell
coagulation necrosis may be detectable immediately as charred or otherwise physically
damaged volumes. In the case of prolonged exposure at milder temperature changes, the
cell coagulation necrosis may occur over time after the thermal ablation procedure is
completed and may not be immediately detectable. In either case, the present method
may include the step of predicting the eventual volume of necrotic cells caused by the
thermal ablation procedure. This prediction may be dynamic in that it may be continually
updated during a thermal ablation procedure to reflect the effects of additional thermal
ablation being applied during the procedure. The predicted coagulation necrosis volume

made be displayed as an overlay similar to the displays previously discussed. The
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predicted coagulation necrosis volume may also be displayed relative to the target
coagulation necrosis volume.

The next step of the method illustrated in Figure 4 may be to compare 405 the
inferred temperature changes to the expected temperature changes from a thermal
ablation plan. This comparison may compare the changes inferred at substantially each
spatial location within the VOI to the expected temperature changes at each spatial
location within the VOI. If this comparison reveals a difference between the inferred
temperature changes and expected temperature changes that is not greater than a
predetermined level, the next step may be to continue the thermal ablation procedure
according to the thermal ablation plan. However, if this comparison reveals a difference
between the inferred temperature changes and expected temperature changes that is
greater than a predetermined level, the thermal ablation plan may be adjusted or modified
to create a second thermal ablation plan. The second thermal ablation plan may be
designed to compensate or correct for the deviations between the inferred temperature
changes and the expected temperature changes to achieve the coagulation necrosis goals.
The comparison may be performed by at least one computer. The adjustments to the
thermal ablation plan may be determined by computer algorithms.

The second thermal ablation plan may be stored in a memory module. The
memory module may be present in the system controller. The second thermal ablation
plan may also be stored remotely from the equipment used during the thermal ablation
procedure. The information contained within the second thermal ablation plan may at
least be partially stored in a standardized form such as a DICOM data set.

The adjusting of the thermal ablation plan may include adjusting the power output
of the thermal ablation applicators, the orientation or direction of the output of the
thermal ablation applicators, and the target point of the thermal ablation applicators.
Some thermal ablation applicators may be operable to change the focal point for the
delivery of the thermal ablation without changing the physical location of the device. For
example, in the case of laser ablation fibers, methods of directing the laser light through
intra-catheter collimation or catheter rotation may alter the tissue field to which the
ablative energy is directed. Similarly, the power and control directed to an ultrasound

applicator may change the area that may receive energy from the applicator.
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The position of the applicator may also be adjusted or repositioned. These
adjustments may be performed by the physician, wherein the physician adjusts the
characteristics of the output of some or all of the thermal ablation applicators or
repositions some or all of the thermal ablation applicators. Alternatively, these
parameters may be adjusted automatically by the system controller. In the case of device
repositioning, this may be adjusted automatically by the system controller in
embodiments that include robotic manipulation of the thermal ablation applicators. The
system controller may also determine that to best achieve the coagulation necrosis goals a
different quantity of thermal ablation applicators or a different type of thermal ablation
applicators may be required. All of the above-mentioned adjustments may then be
incorporated into an updated second thermal ablation plan.

These adjustments may be performed in a closed-loop feedback control system.
The closed-loop may be comprised of the system controller that may be operable to
adjust parameters of the thermal ablation procedure, the x-ray or x-ray CT scanner that
may then detect changes as a result of the adjustment of parameters and subsequently
feed the changes back to the system controller which may make further parameter
adjustments. In this sense, the system controller, x-ray or x-ray CT scanner, and the
thermal ablation applicators form a closed-loop control system. In this regard, the system
may have the ability to control the extent of the ablative zone dynamically through
computer control. The physician may then be able to monitor the status of the ablative
zone as well as the overall condition of the patient. Data regarding the estimated time to
completion of the thermal ablation procedure may also be generated and displayed.

While monitoring the status of the ablative zone and the overall condition of the
patient, the physician may make the determination to alter various parameters of the
thermal ablation procedure. Under these circumstances, the system controller may
recalculate a predicted coagulation necrosis volume based on the new parameters
initiated by the physician. This new predicted coagulation necrosis volume may then be
displayed for the physician to inform the physician of potential effects of the altered
parameters.

The next step of the method illustrated in Figure 4 may be to continue 406 the

thermal ablation according to the updated second thermal ablation plan. The second
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thermal ablation plan may target a different sub-volume of the VOI than was targeted by
the original thermal ablation plan. As shown in Figure 4, the next step may be to return
to step 402 and capture an additional temperature differential digital image. The
capturing of the additional temperature differential digital image may be triggered in the
same manner as the first temperature differential digital image (e.g. passage of time, etc.).
This may be followed by repeating step 403 and registering the additional temperature
differential digital image to the baseline digital image and then inferring 404 temperature
changes across the VOI. If at this point, the calculated predicted coagulation necrosis
volume meets the coagulation necrosis goals, the thermal ablation procedure may be
halted. Otherwise, the next step may be to compare 405 the newly determined inferred
temperature changes to the expected temperature changes and adjust the thermal ablation
plan accordingly and continue the thermal ablation procedure. This loop of capture 402,
register 403, infer 404, compare 405, and continue 406 may continue until the predicted
coagulation necrosis volume meets the coagulation necrosis goals.

During the procedure, the physician may select to have the inferred temperature
changes images all displayed relative to the baseline digital image. In other words, each
subsequently generated inferred temperature changes image may display temperature
changes relative to the temperature of the VOI measured at the time of the capturing of
the original baseline digital image. Such a series of images is illustrated in Figures 6A
through 6F. Figure 6B illustrates a first inferred temperature changes image wherein the
demarcated region 602 is indicative of a small temperature change occurring in the early
stages of a thermal ablation procedure. The inferred temperature changes images have
been overlaid over the baseline digital image in Figures 6B through 6F. The demarcated
region 602 may, for example, indicate a region that is at least 8° C above the surrounding
arca. As the thermal ablation applicator 604 continues to introduce energy into the VOI
601, the volume within the VOI 601 experiencing elevated temperatures will increase in
size. This is illustrated by the subsequent inferred temperature changes images shown in
Figures 6C through 6E. In these figures, each demarcated region may denote a particular
range of temperatures. For example, in Figure 6E, the non-demarcated region (the region
outside of line 606) may represent areas within the VOI 601 that have not experienced

more than a 8° C rise in temperature. The area between line 606 and line 607 may
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represent an area within the VOI 601 that has experienced a rise in temperature between
8° C and 16° C. Similarly, the area between line 607 and line 608 may represent an arca
within the VOI 601 that has experienced a rise in temperature between 16° C and 24° C.
In this manner the lines provide a temperature or thermal map of the VOI where the
individual regions represent 8° C temperature differences. As noted above, isothermal
regions may be used to communicate temperatures throughout the VOI 601 in which case
of the area between lines 606 and 607 may be shaded in a particular color that
corresponds with a rise in temperature between 8° C and 16° C. Similarly, the area
between line 607 and line 608 may be shaded in another color to represent an area within
the VOI 601 that has experienced a rise in temperature between 16° C and 24° C. Figure
6F may represent an inferred temperature changes image generated subsequent to the
repositioning of the thermal ablation applicator 604, which as discussed above, may be
required to achieve the coagulation necrosis goals.

Alternatively, the physician may select to have the inferred temperature changes
images displayed relative to any previously captured temperature differential image. For
example, the physician may elect to have an image displayed that only reflects the
temperature differences between the latest image generated by the x-ray or x-ray CT
scanner and the previous image generated by the x-ray or x-ray CT scanner. In this
regard, the inferred temperature changes image may reflect temperature changes that
have occurred between the latest two temperature differential digital image capture times.
This may be useful to the physician to highlight aspects of how temperature changes are
progressing during the thermal ablation procedure.

After the thermal ablation portion of the thermal ablation procedure has been
completed, additional temperature differential images may be captured to record
temperatures within the VOI as they return to normal or stable body temperature. The
thermal ablation procedure may include the step of generating a report or record of the
procedure. The report may be archived along with images and may at least partially
follow the Digital Imaging and Communications in Medicine Structured Reports
(DICOM SR) model.

Figure 9 is a flowchart of an additional method of performing thermal ablation

within a VOI in a patient. The first step of the method is to position 900 a patient within
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a field of view of an imaging device. Once the patient is positioned the patient may
remain stationary throughout the entire thermal ablation procedure of the present method.
The image capture device used may be an x-ray CBCT C-arm scanner with a two-
dimensional flat-panel sensor array to detect the x-rays.

The next step as shown in Figure 9 may be to capture 901 a baseline digital image
of a VOl in a patient with an x-ray system. This step may be similar to the capturing step
400 described in relation to the method illustrated in Figure 4. Similar to the capturing
step 400, the capturing step 901 may include augmenting or enhancing the images
generated by the x-ray C-arm CBCT scanner with other imaging techniques such as
ultrasound, ARFI, PET, SPECT, MRI, and/or other imaging methods. These other
techniques may incorporate contrast agents to improve image quality. The image
generated by the x-ray C-arm CBCT scanner may also be calibrated using methods
similar to those previously described.

The next step as shown in Figure 9 may be to perform 902 thermal ablation on at
least at first sub-volume of the VOI according to a thermal ablation plan. This step may
be similar to the performing step 401 described in relation to the method illustrated in
Figure 4. This step is followed by capturing 903 a first temperature differential digital
image. The step may be followed by adjusting 904 a thermal ablation plan based at least
in part on the differences between the baseline digital image and the first temperature
differential digital image. The adjusting 904 of the thermal ablation plan may create an
adjusted thermal ablation plan. The adjusted thermal ablation plan may be stored in a
memory module. The memory module may be present in the system controller and/or
remote from the equipment used during the thermal ablation procedure. The information
contained within the adjusted thermal ablation plan may at least be partially stored in a
standardized form such as a DICOM data set.

The thermal ablation may then be continued 905. Additional cycles of capturing
903 temperature differential digital images, adjusting 904 the thermal ablation plan, and
continuing 905 the thermal ablation procedure may be repeated until predicted
coagulation necrosis volumes meet coagulation necrosis targets.

Figure 10 is a flowchart of a method of inferring thermal changes within a VOI in

a patient occurring during a thermal ablation procedure. The first step of the method is to
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capture 1000 a baseline digital image of a VOI in a patient wherein the baseline digital
image contains data corresponding with a baseline array of spatial locations substantially
throughout the VOI. Each spatial location may be a voxel representing a volume of at
most 1 cm®. The capturing 1000 of the baseline digital image may be performed at least
in part by an x-ray or x-ray CT scanner. The x-ray or x-ray CT scanner may use a cone
shaped x-ray beam and a two-dimensional x-ray detection array to generate the baseline
digital image.

The next step of the method is to perform 1001 thermal ablation on at least a first
sub-volume of the VOI. The thermal ablation may take the form of elevating or lowering
temperatures within the sub-volume of the VOI in order to induce cellular coagulation
necrosis in the sub-volume.

The next step of the method is to capture 1002 a first temperature differential
digital image of the VOI. Similar to the baseline digital image, the first temperature
differential digital image contains data corresponding with a first temperature differential
digital image array of spatial locations substantially throughout the VOI. The following
step is to register 1003 the first temperature differential digital image to the baseline
digital image. The image registration may be performed as the image registration
described previously with respect to the method illustrated in Figure 4.

The next step is to calculate 1004 the image signal data changes between the first
temperature differential digital image and the baseline digital image for substantially each
spatial location within the first temperature differential digital image array. This step
may take the form of comparing the measured value at each spatial location or voxel of
the first temperature differential digital image array with the measured value at each
corresponding spatial location or voxel of the baseline digital image. The comparison
may take the form of subtracting HU measurements for each spatial location of the first
temperature differential digital image from HU measurements for each spatial location of
the baseline digital image. The result of this comparison may be a spatial array
representing changes in HU measurements for each spatial location of the first
temperature differential digital image array.

The final step of the method is to infer 1005, based at least in part on the

calculated image signal data changes, temperature changes at substantially each spatial
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location within the first temperature differential array from the results of the calculating
step 1004. The inferred temperature changes may be displayed in a manner to
communicate to a physician the inferred temperature changes across the VOI.

The patient may be stationary during the entire method illustrated in Figure 10.
The patient may be positioned prior to the capturing of the baseline digital image and that
position may be maintained throughout the entire thermal ablation procedure.

Figure 11 is a flowchart of a method of predicting a coagulation necrosis volume
caused by a thermal ablation procedure. The first step of the method is to capture 1100 a
baseline digital image of a VOI in a patient wherein the baseline digital image contains
data corresponding with a baseline array of spatial locations substantially throughout the
VOI. The capturing 1100 of the baseline digital image may be performed at least in part
by an x-ray or x-ray CT scanner. The x-ray or x-ray CT scanner may use a cone shaped
x-ray beam and a two-dimensional x-ray detection array to generate the baseline digital
image.

The next step of the method is to perform 1101 thermal ablation on at least the
first sub-volume of the VOI according to at least a portion of a thermal ablation plan.
The next step of the method is to capture 1102 a first temperature differential digital
image of the VOI followed by registering 1103 the first temperature differential digital
image to the baseline digital image.

The next step is to calculate 1104 the image signal data changes between the first
temperature differential digital image and the baseline digital image for substantially each
spatial location within the first temperature differential digital image array and then infer
1105, based at least in part on the calculated image signal data changes, temperature
changes at substantially each spatial location within the first temperature differential
array from the results of the calculating step 1104.

The next step is to predict 1106 a coagulation necrosis volume caused by the
thermal ablation performed during the thermal ablation procedure. The predicted
coagulation necrosis volume may be calculated real-time or it may be calculated for a
user selected point during the thermal ablation procedure. For example, a physician may
choose to calculate and display a real-time predicted necrosis volume during the thermal

ablation procedure. The physician may also choose to display the predicted coagulation
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necrosis volume at various points earlier in the thermal ablation procedure, perhaps to
review and better understand the development and behavior of the predicted coagulation
necrosis volume throughout the thermal ablation procedure.

The prediction of coagulation necrosis based on time-temperature integration may
take into account factors such as the time-temperature profile seen by cells during the
thermal ablation procedure (including the cooling period after thermal ablation as the
cells return to normal body temperature) and the types of cells. For example, it is known
to those skilled in the art that cell death may be caused by relatively short periods of
exposure to temperatures above 50°C. However, cellular death may also be caused by
longer exposure to temperatures above normal body temperature but below 50°C. The
death may occur over time after the cells have returned to normal body temperature.
Basing predicted necrosis volume on time-temperature integration takes these factors into
account to predict the ultimate coagulation necrosis volume caused by the thermal
ablation procedure.

The next step, not illustrated in Figure 11, may be to display an at least two-
dimensional image of at least a portion of the VOI wherein the display includes at least
one of the following features: a planned coagulation necrosis volume; colored isothermal
regions representing temperature within at least portion of the VOI; colored isothermal
regions representing temperature changes relative to temperatures at the commencement
of the thermal ablation; colored isothermal regions representing temperature changes
relative to the physician selected point in time occurring earlier during the thermal
ablation procedure; a predicted coagulation necrosis volume based on time-temperature
integration caused by the thermal ablation up to the physician selected point in time; and
colored regions representing inferred temperature variances relative to planned
temperature distribution from the thermal ablation plan at a physician selected point in
time. The display may be a Multi-Planar Reformatted display or a three-dimensional
volume rendered display. The display may be in the form of a combination of these
techniques or any other display technique known to those skilled in the art.

Figures 5A and 5B contain a flowchart of a method 500 of performing an entire
thermal ablation procedure. The previously discussed flowcharts in Figures 4 and 9-11

illustrated the performance of specific portions of a thermal ablation procedure whereas
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Figures 5A and 5B illustrate a thermal ablation procedure from the step of accessing 502
a thermal ablation plan to monitoring 531 temperature changes in a VOI as the VOI
returns to normal temperature after the removal of all applicators.

To start 501 a thermal ablation procedure the first step may be to access 502 a
thermal ablation plan. The thermal ablation plan may have been previously developed
from previously captured images of a tumor (or tumors) and/or other structure (or
structures) to be subjected to thermal ablation (hereinafter referred to as the coagulation
necrosis target). The previously captured images may also encompass a VOI surrounding
the coagulation necrosis target. The VOI may include critical structures, as discussed
above, wherein it is desirable that exposure of the critical structures to the thermal
ablation be limited. The thermal ablation plan may also include a script of events to
occur during the thermal ablation procedure. The script may include details such as
applicator type as a function of time, applicator quantity as a function of time, applicator
position as a function of time, applicator power levels as a function of time, and expected
temperatures throughout the VOI at any given point during the thermal ablation
procedure. The thermal ablation plan may have been developed with knowledge of the
specific capabilities of embodiments of apparatuses for performing thermal ablation
disclosed herein.

The thermal ablation plan may be stored locally in the area where the thermal
ablation procedure is to be performed. For example, the thermal ablation plan may have
previously been stored on the system controller 104. The thermal ablation plan may also
have been stored remotely and may be accessed by the system controller 104 over a
network or loaded on to the system controller 104 from a portable data storage device.

After the thermal ablation plan has been accessed 502, the next step may be to
position and anesthetize 503 the patient. The thermal ablation plan may have included a
specific patient position to provide access to the VOI within the patient for optimal
performance of the thermal ablation plan. The patient may be positioned on a table or
surface made of materials substantially transparent to x-rays, such as carbon fiber. The
table may be movable and its movement may be controlled to position the patient within
the field of view of an x-ray scanner. The patient may remain substantially stationary

relative to a patient bed throughout the entire thermal ablation procedure. During the
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thermal ablation procedure, the patient bed may not need to be moved substantially more
than a maximum lineal dimension of the VOI. For example, the only patient movement
during the thermal ablation procedure may be the movement of the patient bed relative to
the x-ray system during imaging. Additionally, the x-ray system may be operable to
translate in the direction perpendicular to the vertical plane in which the x-ray source and
detector may rotate. In such an embodiment, the patient and patient bed may remain
stationary throughout the entire thermal ablation procedure.

Also, the scanner may be operable to image a three-dimensional volume without
translating. Such configurations include where the scanner is operable to raster a one-
dimensional scan beam across a second dimension, or where the scanner is operable to
produce a conical x-ray beam. Such scanners may be operable to produce a three-
dimensional image of the VOI with no substantial patient movement, allowing the patient
and patient bed to remain stationary throughout the entire thermal ablation procedure.

The x-ray system may be an x-ray CT scanner, an x-ray C-arm scanner, an x-ray
CBCT scanner or any combination thercof. For illustrative purposes, the current
methodology will be described using an x-ray C-arm CBCT scanner.

Once the patient is positioned and anesthetized 503 to be immobile during the
thermal ablation procedure, a baseline three-dimensional image data set of the VOI may
be captured prior to the application of any thermal ablation. This step may be needed
since a significant amount of time may have passed between the time that the images
were captured that formed the basis for the thermal ablation plan and the scheduled
thermal ablation procedure. During this time the coagulation necrosis target may have
grown, shrunk, or otherwise changed position, shape or size. Structures surrounding the
coagulation necrosis target may have also changed.

The first step in capturing the baseline image of the VOI may be to position 504
the C-arm CBCT scanner so that the VOI is within the field of view of the scanner.
Since, in a C-arm CBCT scanner, the x-ray source and x-ray detector are connected by a
structure that is open or openable, a C-arm CBCT scanner may be moved into and out of
an imaging position without moving the patient. Also, the open design of a C-arm CBCT
scanner may allow devices, such as sensors or applicators, to remain in place with respect

to the patient while the C-arm CBCT scanner captures images of the VOI. Once the C-
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arm CBCT scanner is in position 504, the next step may be to illuminate 505 the VOI
with a conical beam of x-rays. Since the beam is conical, more information may be
captured with a single emission and detection cycle than may be captured with a fan
shaped beam or narrow beam of x-rays. Next, x-rays that have passed through the VOI
may be detected 506 with a two-dimensional x-ray detector array. The next step may be
for the C-arm CBCT scanner to determine 507 if enough information has been captured
in the performed emission and detection cycles to generate a rendered three-dimensional
view of the VOI at at least a predetermined required resolution. If enough information
has not been gathered to generate the rendered three-dimensional view of the VOI, the
system may return to step 504 and perform another cycle of positioning 504 the C-arm
CBCT scanner, illuminating 505 the VOI, and detecting 506 x-rays that have passed
through the VOI. The system may then again make the determination 507 if enough
information has been captured to generate a rendered three-dimensional view. This cycle
may continue until enough information has been gathered to generate a rendered three-
dimensional view of the VOI at which point, a three-dimensional baseline image data set
for the VOI may be computed 508. At this point, the C-arm may be positioned to allow
for maximum access to the VOI, or the C-arm may be withdrawn from the area around
the VOI. The three-dimensional baseline image data set may then be displayed using
methods known to those skilled in the art. The next step may be to compare 509 the
three-dimensional baseline image data set to a three-dimensional image data set of the
VOI from the thermal ablation plan. This comparison may compare the coagulation
necrosis target of the thermal ablation plan to the coagulation necrosis target of the three-
dimensional baseline image data set. Surrounding structures from each data set may also
be compared. The thermal ablation plan which contains the three-dimensional image
data set of the VOI to be compared to the three-dimensional baseline image data set may
be accessed from a memory storage module such as a networked computer or portable
memory storage device.

The next step may be to display 510 the comparison of the three-dimensional
baseline image data set to the three-dimensional image data set of the VOI from the
thermal ablation plan. This may allow the physician to review any changes that may

have occurred between the time of the original imaging for the thermal ablation plan and
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the time of capture of the baseline image data set. Also within this display 510 may be a
display of the planned positions of any applicators to be used in the planned thermal
ablation procedure along with expected temperature changes throughout the VOI as a
function of time during the planned thermal ablation procedure.

The next step may be to determine 511 if the three-dimensional baseline image
data set is similar enough to the three-dimensional image data set of the VOI from the
thermal ablation plan to use the thermal ablation plan as is. This step may be performed
by the system controller and then presented to the physician for approval. In other words,
the system controller may make a determination that the plan may or may not be able to
be used as is and present this information to the physician at which point the physician
may agree with the system controller or override the determination of the system
controller. This determination may be made on the basis of a comparison of the size,
shape or other parameter of the coagulation necrosis target at the time of the capture of
the image of the VOI used by the thermal ablation plan to the coagulation necrosis target
at the time of the capture of the three-dimensional baseline image data set. If the
physician determines that no changes significant enough to warrant the alteration of the
thermal ablation plan have occurred, the thermal ablation procedure may proceed
according to the original thermal ablation plan. This determination by the physician may
be a result of the physician agreeing with a determination by the system controller that
the original thermal ablation plan is adequate or it may be a result of the physician
overriding a determination by the system controller that the original thermal ablation plan
should be modified prior to proceeding. In another embodiment, the system controller
may simply present the information to the physician and the entire comparison and
determination of whether or not to proceed with the thermal ablation plan as originally
constructed may be made by the physician.

If the determination 511 is made that enough changes have occurred in the VOI to
warrant changes to the thermal ablation plan, the next step may be to update 512 the
thermal ablation plan. This update may include alteration of any of the plan parameters
discussed above, including applicator parameters or patient position. This alteration of
the thermal ablation plan may be performed by the system controller 104 (automatically

or with the approval of the physician) or by the physician.
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After it has been determined 511 that the thermal ablation plan may be used as is
or after the thermal ablation plan has been updated 512, the thermal ablation procedure
may continue. The first step of the procedure may be to select 513 the thermal ablation
applicator types as per the current thermal ablation plan. This selection 513 may include
multiple applicator types and/or multiple applicators of those multiple applicator types.
The next step may be to position 514 the selected thermal ablation applicators as per the
thermal ablation plan. This positioning 514 may be performed in a variety of ways
known to those skilled in the art. For example, the applicator positioning may be
performed manually using image guided positioning. An image of the desired applicator
position (from the thermal ablation plan) may be overlaid or projected onto an image of
the VOI. Moreover, an image of the real-time position of the applicator may also be
overlaid or projected onto the image of the VOI to help guide, and provide feedback to,
the physician to attain the proper applicator position. This real-time image guided
positioning may, for example, use CT or ultrasound imaging to register, capture and
display real-time applicator position as it is being positioned within the VOI. This image
guided positioning may also supply data to the physician regarding actual applicator
position relative to planned applicator position. Such data may include, for example, a
distance between the planned applicator positioning and the current real-time positioning
of the applicator. The positioning may then be verified by the x-ray system or a
supplemental imaging method such as ultrasound. The applicators may be equipped with
devices or features which may enable a stereotactic positioning system to monitor the
real-time position of the applicators with respect to the VOI to help guide the physician to
a proper applicator position. Alternatively, some or all of the applicators may be
mounted to robotic arms which may then automatically position the applicators within the
VOI according to the current thermal ablation plan.

The positioning 514 of the applicators may not be within acceptable tolerances of
the planned positions contained in the thermal ablation plan. This may occur for several
reasons. For example, there may be internal structures within the patient that prevent
applicator placement in accordance with the plan or the physician may simply miss the
targeted applicator placement. If applicator placement is not within the acceptable

tolerances of the planned position, the applicators may either be repositioned to be within
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acceptable tolerances of the planned position or the plan may be modified to use the
applicators in their current out-of-tolerance position. The plan modification may include
modifying a non-positional aspect of the plan (e.g. thermal ablation applicator power
level or thermal ablation delivery time). Modifying the plan at this stage may be
preferable to repositioning the applicators since repositioning the applicators may involve
removing and replacing the applicators within the VOI, a potentially invasive process.
The plan may be modified in several ways to accommodate the out-of-tolerance
applicator position. For example, power levels during the thermal ablation, duration of
delivery of thermal ablation, the planned coagulation necrosis volume and/or the
positions of subsequent applicators may be modified to accommodate the out-of-
tolerance applicator position.

Once the selected applicators are positioned, the thermal ablation may be
delivered 515 via the positioned applicators as per the thermal ablation plan. The next
step may be to monitor 516 the thermal ablation. This monitoring may be performed
using one or more methods. For example, the thermal ablation applicators may be
equipped with temperature sensors to sense temperatures in areas surrounding the
applicators. Temperature probes may be used to measure temperatures at various
locations within the VOI. Ultrasound equipment or ultrasound equipment with ARFI or
elastography mode capabilities may be used to detect changes within the VOI.
Ultrasound equipment may be able to detect significant changes within the VOI such as,
for example, localized boiling due to the application of heat. Ultrasound equipment with
ARFI or elastography mode capabilities may be able to detect changes in the mechanical
properties of tissue or structures within the VOI and from that information infer
temperature changes.

As the thermal ablation is being monitored 516, any changes detected may be
compared 517 to expected changes as predicted by the thermal ablation plan. If any
changes occur in the VOI indicating temperature or tissular changes beyond a
predetermined level relative to the thermal ablation plan, an additional C-arm CBCT
scanner imaging cycle starting at step 519 may be initiated. Additionally, if a
predetermined amount of thermal ablation has been delivered 518, an additional C-arm

CBCT scanner imaging cycle starting at step 519 may be initiated. If no changes have
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occurred within the VOI beyond a predetermined level relative to the thermal ablation
plan and the predetermined amount of thermal ablation has not been delivered, the
thermal ablation procedure may continue at step 513 according to the thermal ablation
plan. In this manner, as thermal ablation is being performed, the loop comprising of steps
513 through 518 may be performed continuously. For example, the thermal ablation may
be monitored 516 and continuously compared to the expected results from the thermal
ablation plan 517 as the thermal ablation is being delivered. As long as no unexpected
changes beyond a predetermined level relative to the thermal ablation plan have occurred
or a predetermined amount of time has not passed, it may reasonably be assumed that the
thermal ablation is proceeding within acceptable tolerances according to the thermal
ablation plan.

Thus, unexpected changes beyond a predetermined level detected by the
monitoring 516 or the passage of a predetermined amount of time 518 may trigger and an
additional C-arm CBCT scanner imaging cycle which starts with positioning 519 the C-
arm CBCT scanner so that the VOI is within the field of view of the scanner. An
imaging cycle may then take place similar to the imaging cycle described previously at
steps 504 through 507. That is, once the C-arm CBCT scanner is in position 519, the
next step may be to illuminate 520 the VOI the conical beam of x-rays, then detect 521 x-
rays that have passed through the VOI with the two-dimensional x-ray detector array.
This imaging cycle may be repeated until 522 enough information has been gathered to
render a three-dimensional view of the VOI at which point, a three-dimensional
temperature differential (TD) image data set for the VOI may be computed 523.

Once a three-dimensional temperature differential image data set is generated, the
process of generating an inferred temperature changes (ITC) image may take place. The
first step in the process is to decide 524 whether to use a static reference, such as the
baseline image data set, or a dynamic reference, such as the previously captured
temperature differential image data set, when creating the inferred temperature changes
image data set.

If a static reference is selected, the next step may be to calculate 525 the inferred
temperature changes image data set from the most recent temperature differential image

data set and the baseline image data set. This calculation may involve comparing values
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at corresponding spatial locations of the temperature differential image data set and the
baseline image data set. The values for the spatial locations within the image data sets
may be in the form of Hounsfield unit data obtained from the C-arm CBCT scanner. By
using the methods described above, the Hounsfield unit data changes may be used to
infer temperature changes throughout the VOI to create the inferred temperature changes
image data set. Once the inferred temperature changes image data set based on a static
reference is created, the next step may be to display 526 the inferred temperature changes
image data set.

If, in step 524, a dynamic reference was selected, the next step may be to select
527 the temperature differential image data set for use as the dynamic reference image
data set in the process of creating an inferred temperature changes image data set. Any
temperature differential image data set captured during the thermal ablation procedure
may be used as the dynamic reference. The system controller may be configured to use
the previously captured temperature differential image data set to create the inferred
temperature changes image data set. In this regard, after each temperature differential
image data set is created, an inferred temperature changes image data set will be created
528 containing data of temperature changes between the last two image capture
sequences. Once the inferred temperature changes image data set based on a dynamic
reference is created, the next step may be to display 526 the inferred temperature changes
image data set.

The inferred temperature changes image data set may contain inferred
temperature changes for each spatial location within the VOI relative to the selected
reference image (i.¢., static or dynamic). The display 526 may be in the form of colored
isothermal regions overlaid over an image of the VOI or a portion of the VOI. In
addition, the display 526 may include a demarcation or indication of a predicted
coagulation necrosis volume based on the thermal ablation applied to the VOI up to the
current point in the thermal ablation procedure. Also, the physician may choose to
change the reference image used for the generation of the inferred temperature changes
image data set, thereby returning the process to step 524 and subsequently generating an

additional inferred temperature changes image data set.
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The next step may be to compare 529 the predicted coagulation necrosis volume
to the coagulation necrosis goals of the thermal ablation plan. This comparison 529 may
be made by the system controller, the physician (by reviewing the display of the
predicted necrosis volume), or both.

If it is determined that the coagulation necrosis goals have been met, the next step
may be to remove 530 any thermal ablation applicators from the patient. This may be
followed by a continued monitoring 531 of temperatures within the VOI until
temperatures within the VOI returned to within a predetermined level relative to normal
body temperature. The thermal ablation procedure may then be ended 532.

If, in step 529, it is determined that the coagulation necrosis goals have not been
met, the next step may be to compare 533 the inferred temperature changes image data
set to the expected temperature changes from the thermal ablation plan. Inferred
temperature changes image data sets created with either static or dynamic references may
be used for this comparison. This comparison may then be displayed 534. This display
may communicate to the physician how the thermal ablation procedure is proceeding
relative to the thermal ablation plan.

Next, a determination is made as to whether or not the thermal ablation procedure
is progressing 535 within acceptable limits relative to the thermal ablation plan. The
thermal ablation plan may include expected temperature changes at substantially each
spatial location within the array as a function of time during the thermal ablation
procedure. Furthermore, the plan may also include one or more additional parameters
selected from the following group:

target coagulation necrosis volume;

planned coagulation necrosis volume;

thermal ablation applicator quantity;

thermal ablation applicator type or types;

thermal ablation applicator power level (for each applicator);

thermal ablation applicator position (for each applicator);

thermal ablation applicator target (for each applicator);

temperature differential image triggering parameters; and

supplemental imaging modalities;
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patient positioning; and

temperature differential image capture schedule.

Other parameters used in planning medical procedures known to those skilled in the art
(c.g. location and time of the procedure, surgical personnel required and medications or
anesthesia to be administered) may also be included in the thermal ablation plan.

This determination of whether the thermal ablation procedure is progressing 535
within acceptable limits may be performed by the system controller and then presented to
the physician for approval. For example, the system controller may make a
determination that the thermal ablation procedure is proceeding according to the thermal
ablation plan within an acceptable margin and present this information to the physician at
which point the physician may agree with the system controller or override the
determination of the system controller. This determination may be made (by the system
controller and/or the physician) on the basis of a comparison of the propagation of
measured temperature changes relative to the expected temperature changes from the
thermal ablation plan.

If the physician determines that the measured temperature changes are within an
acceptable margin, the thermal ablation procedure may continue by returning to step 513
without altering the thermal ablation plan. This determination by the physician may be a
result of the physician agreeing with the determination by the system controller or it may
be a result of the physician overriding a determination by the system controller that the
original thermal ablation plan should be modified prior to proceeding. In another
embodiment, the system controller may simply present the information to the physician
and the entire comparison and determination of whether or not to proceed with the
thermal ablation plan as originally constructed may be made by the physician.

If the determination 535 is made that the measured temperature changes are not
within an acceptable margin, the thermal ablation plan may be updated 536. This update
may include alteration of any or all of the thermal ablation plan parameters to produce an
updated or new plan. For example, during the first pass through the flowchart of Figure
5B, the determination step 535 may compare the progress of the thermal ablation
procedure to the original or first thermal ablation plan. If the thermal ablation is not

progressing within acceptable limits according to the first thermal ablation plan, the first
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plan may be updated 536 to produce a second thermal ablation plan. These updates to the
first thermal ablation plan may include altering or regenerating any or all of the
parameters of the first thermal ablation plan to produce the second thermal ablation plan.
On subsequent passes through the process loop containing the comparison step 535,
additional thermal ablation plans may be created (and then followed) by updating 536
those plans if needed. Following the updating 536 of the thermal ablation plan to a
subsequent thermal ablation plan, the thermal ablation procedure may continue by
returning to step 513 and following the updated thermal ablation plan. The thermal
ablation plan may be updated by the system controller or by the physician. In either case,
the updates to the thermal ablation plan may take into account unexpected thermal
properties of structures or tissue within the VOI. For example, temperature changes
within the VOI due to the application of thermal ablation may not have proceeded as
rapidly as predicted due to higher-than-expected levels of perfusion. To account for this,
the thermal ablation plan may, for example, be modified by increasing the power level of
one or more applicators, by repositioning one or more applicators, or by altering any
other parameter of the thermal ablation plan.

From step 513, the thermal ablation procedure may continue by stepping through
the process discussed above subsequent to step 513 until the coagulation necrosis goals
have been met (that decision being made at step 529) and the thermal ablation procedure
1s ended 532.

Returning to Figures 1 through 3, a thermal ablation procedure utilizing
cryoablation may include one or more cycles of freezing and thawing of a region within
the VOI 210. During cryoablation, the x-ray imaging system 102 may be operable to
measure the temperature changes as portions of the region within the VOI 210 lower
from a normal body temperature of about 37 degrees Celsius to about 0 degrees Celsius.
Below about 0 degrees Celsius, iceballs may be present. Iceballs are volumes of tissue in
which fluids within the iceball, including fluid within cells, have changed state from a
liquid to a solid. Iceballs may or may not be spherical in shape. The change of state
from a liquid to a solid and vice versa, may be accompanied by a change in Hounsfield
units for the tissue. This change can be measured and the size and shape of the iceball

may be determined. In this regard, x-ray imaging system 102 may be operable to
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measure the size of iceballs formed within the VOI 201 and also track the growth and
shrinkage of the iceballs.

Once frozen in an iceball, subsequent temperature changes of the iceball may not
produce as great a change of Hounsfield units per degree of temperature change as
thawed tissue. In this regard, the x-ray imaging system 102 may be less capable of
measuring temperature changes within an iceball as compared to non-frozen tissue
outside of the iceball.

The HU measurements from within an iceball may be supplemented with other
information to increase the accuracy of the determination of the temperature profile
within the iceball. As stated, HU changes associated with phase changes as tissue freezes
and thaws may be measured and used to determine the size and shape of the iceball along
with growth and/or shrink rates of the iceball. Furthermore, the x-ray imaging system
102 may determine temperature profiles and temperature change rates for the tissue
surrounding the iceball. Additionally, thermal characteristics of the frozen tissue within
the iceball may be known or estimated from previous experience. For instance,
properties such as thermal conductivity and specific heat of specific types of frozen tissue
may be determined experimentally. In yet another example of supplemental information,
cryoprobe operational parameters, such as coolant flow, coolant temperature, probe
temperature and probe position (e.g., probe position relative to surface of the iceball),
may be used to assist in determining the energy flow and/or temperature profile within
the iceball.

Accordingly, an exemplary embodiment may include a percutaneous cryoprobe
disposed within an iceball within the VOI 210 of the patient. The thermal ablation
apparatus 100 may measure the temperature profile and rate of temperature change for
the tissue surrounding the iceball. Furthermore, the thermal ablation apparatus 100 may
measure the size and shape of the iceball based on HU changes as tissue changes from
frozen to thawed (or vice-versa). Moreover, the thermal ablation apparatus 100 may
measure the operational parameters of the cryoprobe to at least partially determine the
amount of heat energy flowing into or out of the iceball through the probe. All of this
information may be combined by the thermal ablation apparatus 100 to predict a

temperature profile within the iceball to a level of accuracy beyond the capability of the
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x-ray imaging system 102 when the x-ray imaging system 102 is using only direct
measurements of HU changes within the iceball. Furthermore, temperature sensors, such
as thermocouples, may be deployed within the iceball to measure temperature at specific
points within the iceball.

The estimated temperature profile within the iceball may be used to determine a
predicted necrosis volume. In cryoablation, the necrosis volume may be dependent on
several factors. These factors may include rate of temperature change, minimum
temperature achieved, number of freeze-thaw cycles, and the time-temperature profile of
the procedure. The x-ray imaging system 102 may be operable to determine each of
these factors. Accordingly, the thermal ablation apparatus 100 may be operable to
predict a necrosis volume based, at least in part, on these factors.

As noted, the x-ray imaging system 102 may be a dual energy x-ray imaging
system. Compton scattering and photoelectric absorption for a given material depend in
part on the energy of the x-ray beam. Dual energy x-ray imaging systems exploit this
energy level dependence to distinguish different materials within the VOI from one
another. Thus, in addition to spatial information, dual energy x-ray imaging systems may
provide information related to the density and/or effective atomic number of materials
within the VOI. Furthermore, the process of decomposing the data into the data
associated with the basis materials allows for the suppression of beam hardening and
other spectral artifacts.

The potential to differentiate between tissue types by tissue decomposition may
improve tumor visualization as compared to non-dual energy x-ray imaging systems.
Accordingly, targeting of tumors in the planning and performing of thermal ablation
procedures may be improved. Furthermore, thermal modeling of the different tissue
types may be improved, yielding improvements in planning and performing thermal
ablation procedures.

The aforementioned suppression of spectral artifacts possible when using dual
energy x-ray imaging systems may also provide a significant benefit. In non-dual energy
X-ray imaging systems, it is possible that spectral artifacts that appear in portions of the
images of the VOI may interfere with detecting HU changes in those portions of the

images. By suppressing these artifacts, dual energy x-ray imaging systems may be better
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able to measure temperature changes in those portions than non-dual energy x-ray
imaging systems.

Dual energy x-ray imaging systems may allow for the computation of HU
changes at each of the two energy levels. For example, inferring temperature changes
from the differences in HU measurements between a baseline digital image and a first
temperature differential image may first be performed using HU changes measured at a
first energy level. This may be followed by inferring temperature changes from the
differences in HU measurements between the baseline digital image and the first
temperature differential image at a second energy level. The ability to measure
temperatures using data generated at two different energy levels and then to combine
those measurements may yield more accurate temperature measurements as compared to
non-dual energy x-ray imaging systems.

In another method of using a dual energy x-ray imaging system, the
measurements made at each energy level by the dual energy x-ray imaging system may
be combined to produce a single aggregated HU measurement for each spatial location
within the VOI. For example, during the capturing of a baseline digital image, the
information gathered at both energy levels may be combined and an overall HU
measurement for each spatial location within the VOI for the baseline digital image may
be determined. A similar process may be used for the first temperature differential
image. These images may then be used to infer temperature changes across the VOI.

In yet another method of using a dual energy x-ray imaging system, only data
from one of the energy levels may be used to determine temperature changes within the
VOI. For example, the attenuation coefficient of tissues with large fluid content may
decrease more rapidly at lower x-ray energy levels (as compared to higher x-ray energy
levels) as the tissues desiccate. Accordingly, data from measurements obtained only at
the lower energy level may be used to determine temperature changes.

In still another method of using a dual energy x-ray imaging system, a mixture of
the above noted methods may be utilized. For example, in a dual energy x-ray imaging
system that uses energy levels of 80 kV and 140 kV, the HU changes per degree of
temperature change may be greater at 80 k'V than at 140 kV for most of the tissue within

the VOI. However, imaging artifacts may be more pronounced at the lower energy (80
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kV) than at the higher energy (140 kV). Accordingly, data regarding HU changes
measured at the lower energy may be used in regions where imaging artifacts are
insignificant, and data regarding HU changes measured at the higher energy may be used
where the lower energy readings are hindered by the artifacts.

While various embodiments of the present invention have been described in
detail, it is apparent that further modifications and adaptations of the invention will occur
to those skilled in the art. However, it is to be expressly understood that such

modifications and adaptations are within the spirit and scope of the present invention.
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What 1s claimed is:

1. An apparatus for performing thermal ablation within a Volume Of Interest (VOI)
in a patient comprising:

at least one thermal ablation applicator operable to create temperature changes
within a VOI,

an x-ray system operable to measure temperature changes across said VOl in a
patient; and

a controller operable to compare measured temperature changes across said VOI
measured by said x-ray system to expected temperature changes in a thermal ablation
plan, wherein said plan comprises expected temperature changes at substantially each

spatial location within said VOI as a function of time during said thermal ablation.

2. The apparatus of Claim 1, wherein said plan further comprises at least one
additional parameter selected from a group consisting of:

thermal ablation applicator quantity;

thermal ablation applicator types;

thermal ablation applicator power level;

thermal ablation applicator position;

thermal ablation applicator target;

temperature differential image triggering parameters;

supplemental imaging modalities;

patient positioning; and

temperature differential image capture schedule.

3. The apparatus of Claim 2, wherein said plan further comprises a plurality of

parameters from said group.

4. The apparatus of Claim 1, further comprising:

a memory storage module operable to store said thermal ablation plan.
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5. The apparatus of Claim 1, further comprising:

artificial fiducial markers locatable by said x-ray system.

6. The apparatus of Claim 5, wherein said artificial fiducial markers are located

internal to said patient.

7. The apparatus of Claim 5, wherein said artificial fiducial markers are located on

an external surface of said patient.

8. The apparatus of Claim 1, further comprising:
a registration module operable to register three-dimensional images of said VOI

to other three-dimensional images of said VOI.

9. The apparatus of Claim 1, wherein said measured temperature changes across said
VOI correspond to an array of spatial locations throughout said VOI wherein each spatial

. . . 3
location is a voxel representing a volume of at most 1 cm’.

10. The apparatus of Claim 9, wherein each voxel represents a volume of at most 1
mm’.

11. The apparatus of Claim 1, wherein said x-ray system is an x-ray CT scanner.

12. The apparatus of Claim 11, wherein said x-ray CT scanner is an x-ray C-arm CT
scanner.

13. The apparatus of Claim 12, wherein said x-ray C-arm CT scanner is operable to

produce a conical x-ray beam and said x-ray C-arm CT scanner is operable to detect said

conical x-ray beam with a two-dimensional x-ray detector array.

14.  The apparatus of Claim 11, wherein said x-ray CT scanner is operable to produce

x-ray beams at a plurality of different kV levels.
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15. The apparatus of Claim 11, wherein said apparatus is operable to generate a two-
dimensional image of said measured temperature changes corresponding to a user

selected two-dimensional plane.

16. The apparatus of Claim 11, wherein said apparatus is operable to generate images

of said measured temperature changes in three spatial dimensions.

17. The apparatus of Claim 16, wherein said apparatus is operable to generate
sequential images, representing sequential points in time, of said measured temperature

changes in three spatial dimensions.

18. The apparatus of Claim 1, wherein said at least one thermal ablation applicator is
selected from a group of applicator types comprising: RFA electrodes, laser ablation
fibers, microwave antennas, extracorporeal focused ultrasound transducers, direct

focused ultrasound transducers, cryoprobes, and interstitial ultrasound therapy systems.

19. The apparatus of Claim 18, wherein said at least one thermal ablation applicator

comprises a plurality of applicator types selected from said group of applicator types.

20. The apparatus of Claim 1, wherein said controller is operable to trigger an image

capture by said x-ray system.

21. The apparatus of Claim 1, wherein said controller is further operable to adjust at
least one characteristic of said at least one thermal ablation applicator in closed-loop

control based on said comparison.
22. The apparatus of Claim 21, wherein said at least one characteristic of said at least

one thermal ablation applicator is selected from a group consisting of: applicator power,

applicator position, applicator type, and applicator quantity.
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23. The apparatus of Claim 22, wherein said adjustment of at least one characteristic
of said at least one thermal ablation applicator is performed automatically by said

controller.

24. The apparatus of Claim 1, wherein said controller is operable to indicate to a user

at least one adjustment to be made to said at least one thermal ablation applicator.

25. The apparatus of Claim 1, further comprising:
an ultrasound imaging device operable to generate images of said VOI in said

patient.

26. The apparatus of Claim 25, wherein said ultrasound imaging device is operable to

determine the location of said at least one thermal ablation applicator.

217. The apparatus of Claim 25, wherein said ultrasound imaging device is capable of
ARFI imaging.
28. The apparatus of Claim 27, wherein said ultrasound imaging device capable of

ARFI imaging is operable to detect thermal ablation induced changes in said VOI.

29. The apparatus of Claim 27, wherein said ultrasound imaging device capable of

ARFI imaging is operable to trigger an image capture by said x-ray system.

30. The apparatus of Claim 25, wherein said ultrasound imaging device is capable of
clastography imaging.
31. The apparatus of Claim 30, wherein said ultrasound imaging device capable of

clastography imaging is operable to detect thermal ablation induced changes in said VOI.

32. The apparatus of Claim 30, wherein said ultrasound imaging device capable of

elastography imaging is operable to trigger an image capture by said x-ray system.
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33. The apparatus of Claim 1, further comprising:
at least one robotic arm operable to automatically position at least one of said at

least one thermal ablation applicator.

34. A method of performing a thermal ablation procedure within a Volume Of
Interest (VOI) in a patient comprising the steps of:

(a) capturing a baseline digital image with an x-ray system of a VOI in a patient,
wherein said baseline digital image is comprised of a first set of detected image signal
data corresponding with an array of spatial locations substantially throughout said VOI,

(b) performing thermal ablation on at least a first sub-volume of said VOI
according to at least a portion of a first thermal ablation plan, wherein said plan
comprises expected temperature changes at substantially each spatial location within said
array as a function of time during said thermal ablation;

(c) capturing a first temperature differential digital image with said x-ray system
of said VOI, wherein said first temperature differential digital image is comprised of a
second set of detected image signal data substantially corresponding with said array of
spatial locations;

(d) registering said first temperature differential digital image to said baseline
digital image;

(e) inferring, based at least in part on said baseline digital image and said first
temperature differential digital image, an amount of temperature change at substantially
cach spatial location within said array of spatial locations; and

(f) comparing said inferred temperature changes at substantially each spatial
location within said array to expected temperature changes at substantially each spatial

location within said array from said first thermal ablation plan.

35. A method as set forth in Claim 34, wherein said first thermal ablation plan further
comprises at least one additional parameter selected from a group consisting of:
thermal ablation applicator quantity;

thermal ablation applicator types;
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thermal ablation applicator power level;

thermal ablation applicator position;

thermal ablation applicator target;

temperature differential image triggering parameters;
supplemental imaging modalities;

patient positioning; and

temperature differential image capture schedule.

36. A method as set forth in Claim 35, wherein said first thermal ablation plan further

comprises a plurality of parameters from said group.

37. A method as set forth in Claim 34, wherein said patient remains substantially

stationary throughout said thermal ablation procedure.

38. A method as set forth in Claim 34 further comprising:
positioning a patient on a bed prior to said capturing said baseline digital image;
maintaining said position of said patient relative to said bed during and between
all steps of said thermal ablation procedure subsequent to said positioning step,
wherein said patient and bed are not moved substantially more than a maximum
lineal dimension of said VOI during and between all steps of said thermal ablation

procedure subsequent to said positioning step.

39. A method as set forth in Claim 34, further comprising:
retrieving said first thermal ablation plan from a memory storage module prior to

performing thermal ablation.

40. A method as set forth in Claim 34, wherein said capturing of said baseline digital
image comprises:
illuminating said VOI with x-rays;

detecting a plurality of portions of said x-rays that passed through said VOI; and
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at least partially generating said baseline digital image based on said detected x-

rays.

41. A method as set forth in Claim 40, further comprising calibrating said baseline
digital image, said calibration comprising:
measuring temperature of at least a first spatial location within said VOI; and
correlating said measured temperature at said at least first spatial location within
said VOI to said baseline digital image at said at least first spatial location within said

VOL.

42. A method as set forth in Claim 40, wherein said illuminating and said detecting

are performed with an x-ray CT scanner.

43. A method as set forth in Claim 40, wherein said illuminating and said detecting

are performed at a plurality of different kV levels.

44. A method as set forth in Claim 40, wherein said illuminating and detecting are

performed with an x-ray CT C-arm scanner.

45. A method as set forth in Claim 40, wherein said illuminating is performed with a

conical x-ray beam.

46. A method as set forth in Claim 40, wherein said illuminating is dynamically

shaped by at least one multi-leaf collimator.

47. A method as set forth in Claim 40, further comprising at least partially generating
said baseline digital image using at least one of the methods selected from a group
consisting of:

ultrasound, ultrasound with ARFTI capabilities, ultrasound with elastography

capabilities, PET, SPECT, and MRI.
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48. A method as set forth in Claim 40, wherein said capturing said baseline digital
image further comprises:

capturing supplemental information about said VOI using a supplemental imaging
modality; and

employing software to enhance said supplemental information.

49. A method as set forth in Claim 48, wherein said supplemental imaging modality is
selected from a group consisting of:
ultrasound, ultrasound with ARFTI capabilities, ultrasound with elastography

capabilities, PET, SPECT, and MRI.

50. A method as set forth in Claim 49, wherein said supplemental imaging modality
further comprises:

using at least one contrast agent.

51. A method as set forth in Claim 34, wherein said capturing a baseline digital image
step comprises producing x-ray beams at first and second kV levels, wherein said first set
of detected image signal data comprises data collected at said first and second kV levels;
wherein said capturing a first temperature differential digital image step
comprises producing x-ray beams at first and second kV levels, wherein said second set

of detected image signal data comprises data collected at said first and second kV levels.

52. A method as set forth in Claim 51, wherein said inferring step is performed at
cach of said first and second kV levels to produce kV-level-specific inferred temperature

changes at substantially each spatial location within said array.

53. A method as set forth in Claim 52, wherein said inferring step further comprises
combining said kV-level-specific inferred temperature changes at substantially each
spatial location within said array to generate said inferred temperature changes at

substantially each spatial location within said array.
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54. A method as set forth in Claim 51, wherein said inferring step is based on said
kV-level-specific inferred temperature changes at said first kV level in a first portion of
said spatial locations within said array, wherein said inferring step is based on said kV-
level-specific inferred temperature changes at said second kV level in a second portion of
said spatial locations within said array, wherein said first portion is different than said

second portion.

55. A method as set forth in Claim 34, further comprising:

spatially filtering said baseline digital image.

56. A method as set forth in Claim 55, wherein said spatially filtering said baseline

digital image is performed with a Gaussian filter.

57. A method as set forth in Claim 34, further comprising:

automatically identifying structures within said baseline digital image.

58. A method as set forth in Claim 34, wherein each spatial location is a voxel

representing a volume of at most 1 cm’.

59. A method as set forth in Claim 58, wherein each voxel represents a volume of at

most 1 mm”,

60. A method as set forth in Claim 34, further comprising:

spatially displaying said baseline digital image.

61. A method as set forth in Claim 34, further comprising:

accessing a preliminary thermal ablation plan, wherein said preliminary thermal
ablation plan comprises expected temperature changes at substantially each spatial
location within said array as a function of time during said thermal ablation; and

comparing said baseline digital image to said preliminary thermal ablation plan.
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62. A method as set forth in Claim 61, wherein said preliminary thermal ablation plan
further comprises at least one additional parameter selected from a group consisting of:

thermal ablation applicator quantity;

thermal ablation applicator types;

thermal ablation applicator power level;

thermal ablation applicator position;

thermal ablation applicator target;

temperature differential image triggering parameters;

supplemental imaging modalities;

patient positioning; and

temperature differential image capture schedule.

63. A method as set forth in Claim 62, wherein said preliminary thermal ablation plan

further comprises a plurality of parameters from said group.

64. A method as set forth in Claim 61, further comprising:
employing software to register said baseline digital image to an image from said

preliminary thermal ablation plan without the use of artificial fiducial markers.

65. A method as set forth in Claim 64, further comprising:
spatially displaying said baseline digital image along with a planned thermal
distribution throughout said VOI at a selectable point of said first thermal ablation plan,

wherein said planned thermal distribution throughout said VOI is visually discernable.
66. A method as set forth in Claim 64, further comprising;:
spatially displaying said baseline digital image along with a planned coagulation

necrosis target volume.

67. A method as set forth in Claim 61, further comprising:
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modifying said preliminary plan to produce said first thermal ablation plan based,
at least in part, on said comparison of said baseline digital image to said preliminary

thermal ablation plan.

68. A method as set forth in Claim 34, wherein said performing thermal ablation
further comprises:

positioning at least one thermal ablation applicator; and

modifying a non-positional aspect of said first thermal ablation plan based on said

positioned at least one thermal ablation applicator.

69. A method as set forth in Claim 34, wherein said performing thermal ablation is
performed using a mode of thermal ablation delivery selected from a group consisting of:
RFA, laser ablation, microwave, extracorporeal focused ultrasound ablation,

direct focused ultrasound ablation, and cryoablation.

70. A method as set forth in Claim 69, wherein said performing thermal ablation is

performed using a plurality of modes of thermal ablation delivery selected from said

group.

71. A method as set forth in Claim 34, further comprising:
using a stereotactic location system to aid a user in the positioning of a thermal

ablation applicator into a position to deliver said thermal ablation.

72. A method as set forth in Claim 34, further comprising:
using an automated insertion system to insert a thermal ablation applicator into a

position to deliver said thermal ablation.

73. A method as set forth in Claim 34, further comprising;:
displaying a real-time image of said VOI wherein a current position of at least one
thermal ablation applicator is visually discernable, wherein said real-time image is

generated by at least one of CT and ultrasound;
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registering said real-time image to a planning image of said VOI from said first
thermal ablation plan wherein a planned position of at least one thermal ablation
applicator is visually discernable in said planning image;

displaying said registered real-time image and said planning image by overlaying
one of said real-time image and said planning image over the other of said real-time
image and said planning image; and

outputting data relating to a relative position of said at least one thermal ablation

applicator relative to said planned position of said at least one thermal ablation applicator.

74. A method as set forth in Claim 34, further comprising:

periodically measuring temperature at a predetermined location within said VOI,
and

triggering said capturing of said first temperature differential digital image based

at least in part on said periodic measuring.

75. A method as set forth in Claim 34, further comprising:
periodically imaging a predetermined location within said VOI; and
triggering said capturing of said first temperature differential digital image based

at least in part on said periodic imaging.

76. A method as set forth in Claim 75, wherein said periodic imaging is performed by
a method selected from a group consisting of:
ultrasound, ultrasound with ARFI capabilities, and ultrasound with elastography

capabilities.
77. A method as set forth in Claim 34, further comprising:
actively controlling the performance of the thermal ablation with a closed-loop

feedback thermal ablation delivery control system.

78. A method as set forth in Claim 34, wherein said capturing of said first

temperature differential digital image comprises:
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illuminating said VOI with x-rays;
detecting a plurality of portions of said x-rays that passed through said VOI; and
at least partially generating said first temperature differential digital image based

on said detected x-rays.

79. A method as set forth in Claim 78, further comprising calibrating said first
temperature differential digital image, said calibration comprising:
measuring temperature of at least a first spatial location within said VOI; and
correlating said measured temperature at said at least first spatial location within
said VOI to said first temperature differential digital image at said at least first spatial

location within said VOI.

80. A method as set forth in Claim 78, further comprising at least partially generating
said first temperature differential digital image using at least one of the methods selected
from a group consisting of:

ultrasound, ultrasound with ARFTI capabilities, ultrasound with elastography

capabilities, PET, SPECT, and MRI.

81. A method as set forth in Claim 78, wherein said capturing said baseline digital
image further comprises:

capturing supplemental information about said VOI using a supplemental imaging
modality; and

employing software to enhance said supplemental information.

82. A method as set forth in Claim 81, wherein said supplemental imaging modality is
selected from a group consisting of:
ultrasound, ultrasound with ARFTI capabilities, ultrasound with elastography

capabilities, PET, SPECT, and MRI.

83. A method as set forth in Claim 82, wherein said supplemental imaging modality

further comprises:
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using at least one contrast agent.

84. A method as set forth in Claim 34, further comprising:

spatially filtering said first temperature differential digital image.

85. A method as set forth in Claim 34, further comprising:

displaying said first temperature differential digital image.

86. A method as set forth in Claim 34, further comprising:
registering said baseline digital image to an external coordinate system; and
registering said first temperature differential digital image to said external

coordinate system.

87. A method as set forth in Claim 34, further comprising:
employing software to register said first temperature differential digital image to

said baseline digital image without the use of artificial fiducial markers.

88. A method as set forth in Claim 34, further comprising:
calculating image signal data changes between said baseline digital image and
said first temperature differential digital image for substantially each spatial location

within said array of spatial locations.

89. A method as set forth in Claim 88, wherein said calculating determines
Hounsfield Unit changes for substantially each spatial location within said array of spatial

locations.

90. A method as set forth in Claim 34, further comprising:
calculating a predicted coagulation necrosis volume based, at least in part, on said
inferred amount of temperature change at substantially each spatial location within said

array of spatial locations.
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91. A method as set forth in Claim 90, further comprising:

displaying said predicted coagulation necrosis volume.

92. A method as set forth in Claim 90, further comprising:
comparing said predicted coagulation necrosis volume to a planned coagulation

necrosis volume.

93. A method as set forth in Claim 34, further comprising:
displaying said temperature changes in the form of isothermal regions wherein

said isothermal regions represent temperature ranges of at most 15° C.

94. A method as set forth in Claim 93, wherein said isothermal regions represent

temperature ranges of at most 1° C.

95. A method as set forth in Claim 34, further comprising:
displaying an image of at least a portion of said VOI in which said inferred

temperature changes are visually discernable.

96. A method as set forth in Claim 95, further comprising:
displaying at least a portion of said image of at least a portion of said VOI as

shaded 1sothermal three-dimensional volumes within said VOI.

97. A method as set forth in Claim 95, further comprising:
displaying at least a portion of said image of at least a portion of said VOI as a

selectable two-dimensional slice through said VOI.
98. A method as set forth in Claim 95, further comprising:
displaying at least a portion of said image of at least a portion of said VOI as

isothermal regions in a selectable two-dimensional slice through said VOI.

99. A method as set forth in Claim 95, further comprising:
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displaying at least a portion of said image of at least a portion of said VOI in a

Multi-Planar Reformatted display.

100. A method as set forth in Claim 95, further comprising;:
displaying at least a portion of said image of at least a portion of said VOI as a

three-dimensional volume rendered display.

101. A method as set forth in Claim 95, further comprising;:
displaying said inferred temperature changes relative to a display of planned

temperature changes from said first thermal ablation plan.

102. A method as set forth in Claim 34, further comprising:
continuing thermal ablation according to at least a portion of said first thermal

ablation plan.

103. A method as set forth in Claim 34, further comprising:

(g) adjusting said first thermal ablation plan to create a second thermal ablation
plan, wherein said adjusting is based at least in part on said comparison; and

(h) continuing thermal ablation on at least one of said first sub-volume within said
VOI and a second sub-volume within said VOI according to at least a portion of said
second thermal ablation plan, wherein said second plan comprises expected temperature
changes at substantially each spatial location within said VOI as a function of time during

said continuing thermal ablation.

104. A method as set forth in Claim 103, wherein said second thermal ablation plan
further comprises at least one additional parameter selected from a group consisting of:
thermal ablation applicator quantity;
thermal ablation applicator types;
thermal ablation applicator power level;
thermal ablation applicator position;

thermal ablation applicator target;
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105.

temperature differential image triggering parameters;
supplemental imaging modalities;
patient positioning; and

temperature differential image capture schedule.

A method as set forth in Claim 104, wherein said second thermal ablation plan

further comprises a plurality of parameters from said group.

106.

107.

A method as set forth in Claim 103, further comprising:

storing said second thermal ablation plan in a memory module.

A method as set forth in Claim 103, further comprising adjusting at least one of

the following parameters:

108.

109.

110.

I11.

thermal ablation applicator power,
thermal ablation applicator delivery direction, and

thermal ablation applicator target point.

A method as set forth in Claim 103, further comprising:

adjusting thermal ablation applicator position.

A method as set forth in Claim 103, further comprising:

adjusting position of a thermal ablation applicator position by a user.

A method as set forth in Claim 103, further comprising:

adjusting position of a thermal ablation applicator position by a robotic system.

A method as set forth in Claim 103, further comprising adjusting at least one of

the following:

thermal ablation applicator quantity, and

thermal ablation applicator type.
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112. A method as set forth in Claim 103, further comprising:

adjusting thermal ablation in a closed-loop feedback control system.

113. A method as set forth in Claim 103, wherein said first sub-volume is substantially

the same as said second sub-volume.

114. A method as set forth in Claim 103, further comprising:

performing steps b, ¢, d, ¢, f, g and h at least one additional time.

115. A method as set forth in Claim 103, further comprising:

performing steps b, ¢, d, e, f, g and h until a coagulation necrosis goal is achieved.

116. A method as set forth in Claim 103, wherein said first sub-volume is substantially

different than said second sub-volume.

117. A method as set forth in Claim 34, further comprising;:

capturing at least one additional temperature differential digital image;

registering said at least one additional temperature differential digital image to a
previously captured digital image;

inferring an amount of temperature change at substantially each spatial location
within said array of spatial locations between said previously captured digital image and
said at least one additional temperature differential digital image; and

performing additional thermal ablation.

118. A method as set forth in Claim 117, wherein said previously captured digital

image is said baseline digital image.

119. A method as set forth in Claim 117, wherein said previously captured digital

image is a previously captured temperature differential digital image.

120. A method as set forth in Claim 34, further comprising;:
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performing steps b, ¢, d, ¢ and f at least one additional time.

121. A method as set forth in Claim 34, further comprising;:

performing steps b, ¢, d, ¢ and f until a coagulation necrosis goal is achieved.

122. A method as set forth in Claim 34, further comprising;:

generating a post-procedure report describing the performed thermal ablation.

123. A method as set forth in Claim 122, wherein said post-procedure report at least
partially conforms to the DICOM standard.

124. A method of performing a thermal ablation procedure within a Volume Of
Interest (VOI) in a patient comprising the steps of:

(aa) positioning a patient on a bed so that a VOI within said patient is within a
field of view of an x-ray imaging device, wherein said imaging device encircles less than
all of said VOI,

(bb) capturing a baseline digital image of said VOI with said imaging device;

(cc) performing thermal ablation on at least a first sub-volume of said VOI,

(dd) capturing a first temperature differential digital image of said VOI with said
x-ray imaging device; and

(ee) maintaining said position of said patient relative to said bed during and
between each of said capturing of said baseline digital image, said performing thermal
ablation, and said capturing of said first temperature differential digital image steps,

wherein said patient and bed are not moved substantially more than a maximum
lineal dimension of said VOI during and between each of said capturing of said baseline
digital image, said performing thermal ablation, and said capturing of said first

temperature differential digital image steps.

125. A method as set forth in Claim 124, wherein said patient remains substantially

stationary throughout said thermal ablation procedure.
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126. A method as set forth in Claim 124, further comprising:
accessing a thermal ablation plan, wherein said plan comprises expected
temperature changes at substantially each spatial location within said array as a function

of time during said thermal ablation.

127. A method as set forth in Claim 126, wherein said accessing is from a memory

storage module.

128. A method as set forth in Claim 126, further comprising:
adjusting said thermal ablation plan based at least in part on differences between
said baseline digital image and said first temperature differential digital image; and
continuing thermal ablation after said capturing of said first temperature
differential image on at least one of said first sub-volume within said VOI and a second

sub-volume within said VOI.

129. A method as set forth in Claim 128, wherein said plan further comprises at least
one additional parameter selected from a group consisting of:

thermal ablation applicator quantity;

thermal ablation applicator types;

thermal ablation applicator power level;

thermal ablation applicator position;

thermal ablation applicator target;

temperature differential image triggering parameters;

supplemental imaging modalities;

patient positioning; and

temperature differential image capture schedule.

130. A method as set forth in Claim 129, wherein said plan further comprises a

plurality of parameters from said group.
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131. A method as set forth in Claim 128, wherein said adjusting said thermal ablation
plan creates an adjusted thermal ablation plan, said method further comprising:

storing said adjusted thermal ablation plan in a memory module.

132. A method as set forth in Claim 124, wherein said imaging device is capable of
illuminating a VOI with a conical beam of x-rays, wherein said beam of x-rays is

detected by a two-dimensional flat panel sensor array.

133. A method as set forth in Claim 124, further comprising calibrating said baseline
digital image, said calibration comprising:
measuring temperature of at least a first spatial location within said VOI; and
correlating said measured temperature at said at least first spatial location within

said VOI to said baseline digital image at said at least first spatial location within said

VOL.

134. A method as set forth in Claim 124, further comprising calibrating said first
temperature differential digital image, said calibration comprising:
measuring temperature of at least a first spatial location within said VOI; and
correlating said measured temperature at said at least first spatial location within
said VOI to said first temperature differential digital image at said at least first spatial

location within said VOI.

135. A method as set forth in Claim 124, wherein said performing thermal ablation is
performed using a mode of thermal ablation delivery selected from a group consisting of:
RFA, laser ablation, microwave, extracorporeal focused ultrasound ablation,

direct focused ultrasound ablation, and cryoablation.

136. A method as set forth in Claim 135, wherein said performing thermal ablation is

performed using a plurality of modes of thermal ablation delivery selected from said

group.
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137.

A method as set forth in Claim 124, further comprising adjusting at least one of

the following parameters:

138.

139.

140.

141.

thermal ablation applicator power,
thermal ablation applicator delivery direction, and

thermal ablation applicator target point.

A method as set forth in Claim 124, further comprising:

adjusting thermal ablation applicator position.

A method as set forth in Claim 124, further comprising:

adjusting position of a thermal ablation applicator position by a user.

A method as set forth in Claim 124, further comprising:

adjusting position of a thermal ablation applicator position by a robotic system.

A method as set forth in Claim 124, further comprising adjusting at least one of

the following:

142.

143.

thermal ablation applicator quantity, and

thermal ablation applicator type.

A method as set forth in Claim 124, further comprising:

adjusting thermal ablation in a closed-loop feedback control system.

A method as set forth in Claim 124, further comprising:
capturing at least one additional temperature differential digital image;

registering said at least one additional temperature differential digital image to a

previously captured digital image;

inferring an amount of temperature change at substantially each spatial location

within said VOI between said previously captured digital image and said at least one

additional temperature differential digital image; and

performing additional thermal ablation.
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144. A method as set forth in Claim 143, wherein said previously captured digital

image is said baseline digital image.

145. A method as set forth in Claim 143, wherein said previously captured digital

image is a previously captured temperature differential digital image.

146. A method as set forth in Claim 124, further comprising:

performing steps cc, dd, and ee at least one additional time.

147. A method as set forth in Claim 124, further comprising:

performing steps cc, dd, and ee until a coagulation necrosis goal is achieved.

148. A method of performing a thermal ablation procedure within a Volume Of
Interest (VOI) in a patient comprising the steps of:

(a) capturing a baseline digital image of a VOI in a patient, wherein said baseline
digital image is comprised of a first set of detected image signal data corresponding with
an array of spatial locations substantially throughout said VOI;

(b) performing thermal ablation on at least a first sub-volume of said VOI
according to at least a portion of a first thermal ablation plan, wherein said first thermal
ablation plan comprises expected temperature changes at substantially each spatial
location within said array as a function of time during said thermal ablation procedure;

(c) capturing a first temperature differential digital image of said VOI, wherein
said first temperature differential digital image is comprised of a second set of detected
image signal data substantially corresponding with said array of spatial locations;

(d) registering said first temperature differential digital image to said baseline
digital image;

(e) inferring, based at least in part on said baseline digital image and said first
temperature differential digital image, an amount of temperature change at substantially

cach spatial location within said array of spatial locations; and
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(f) comparing said inferred temperature changes at substantially each spatial
location within said array to expected temperature changes at substantially each spatial
location within said array from said first thermal ablation plan,

wherein at least one of said capturing of said baseline digital image and said
capturing of said first temperature differential digital image further comprises the steps
of:

(g) positioning an x-ray CT scanner so that said VOI is within a field of view of
said scanner and x-rays emanating from said scanner intersect said VOI at a first
orientation;

(h) illuminating, with an x-ray source of said x-ray CT scanner, said VOI with a
first beam of x-rays emanating from said scanner at a first time;

(1) detecting, with an x-ray detector of said x-ray CT scanner, a plurality of
portions of said first beam of x-rays that passed through said VOI during said
illuminating at said first time; and

(j) generating a first x-ray image signal from said plurality of portions of x-rays of
said detected first beam, said first x-ray image signal comprising x-ray image values

corresponding with an array of spatial locations throughout said VOI.

149. A method as set forth in Claim 148, wherein said at least one of said capturing of
said baseline digital image and said capturing of said first temperature differential digital
image further comprises the steps of:

(k) repositioning said scanner so that said VOI remains within said field of view
of said scanner and x-rays emanating from said scanner will intersect said VOI at a
second orientation;

(1) illuminating said VOI with a second beam of x-rays emanating from said
scanner at a second time;

(m) detecting, with said x-ray detector, a plurality of portions of said second beam
of x-rays that passed through said VOI during said illuminating at said second time; and

(n) generating a second x-ray image signal from said plurality of portions of x-
rays of said detected second beam, said second x-ray image signal comprising x-ray

image values corresponding with said array of spatial locations throughout said VOI.
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150. A method as set forth in Claim 149, wherein said at least one of said capturing of
said baseline digital image and said capturing of said first temperature differential digital
image further comprises the step of:

(o) repeating steps (k) through (n) to generate additional x-ray image signals from
additional detected x-rays that passed through said VOI at unique orientations until a
sufficient number of x-ray image signals have been generated to enable a three-

dimensional image data set of a predetermined resolution to be created.

151. A method as set forth in Claim 150, wherein said at least one of said capturing of
said baseline digital image and said capturing of said first temperature differential digital
image further comprises the step of:

(p) generating said three-dimensional image data set from said generated image

signals.

152. A method as set forth in Claim 151, further comprising:
continuing thermal ablation on at least one of said first sub-volume within said
VOI and a second sub-volume within said VOI according to at least a portion of at least

one of said first thermal ablation plan and a second thermal ablation plan.

153. A method as set forth in Claim 152, wherein said first thermal ablation plan
further comprises at least one additional parameter selected from a group consisting of:

thermal ablation applicator quantity;

thermal ablation applicator types;

thermal ablation applicator power level;

thermal ablation applicator position;

thermal ablation applicator target;

temperature differential image triggering parameters;

supplemental imaging modalities;

patient positioning; and

temperature differential image capture schedule.
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154. A method as set forth in Claim 153, wherein said first thermal ablation plan

further comprises a plurality of parameters from said group.

155. A method as set forth in Claim 153, further comprising:
retrieving said first thermal ablation plan from a memory storage module prior to

performing thermal ablation.

156. A method as set forth in Claim 155, further comprising the step of:
performing steps (g) through (p) a plurality of times to generate a plurality of

temperature differential digital images during said thermal ablation procedure.

157. A method as set forth in Claim 156, further comprising the step of:

generating a three-dimensional resultant image data set comprising thermal
information in relation to each of said spatial locations throughout said VOI based upon a
comparison of two of said generated three-dimensional image data sets, wherein said
thermal information is indicative of relative magnitudes of temperature changes between
said two three-dimensional image data sets for each of said spatial locations throughout

said VOI.

158. A method as set forth in Claim 157, further comprising the step of:
spatially displaying said thermal information for said array of spatial locations
throughout said VOI, wherein said relative magnitudes of temperature changes

throughout said VOI are visually discernable.

159. A method as set forth in Claim 158, wherein said performing thermal ablation is
performed using a mode of thermal ablation delivery selected from a group consisting of:
RFA, laser ablation, microwave, extracorporeal focused ultrasound ablation,

direct focused ultrasound ablation, and cryoablation.
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160. A method as set forth in Claim 159, wherein said performing thermal ablation is

performed using a plurality of modes of thermal ablation delivery selected from said

group.

161. A method as set forth in Claim 158, wherein one of said two generated three-
dimensional image data sets used in said comparison is said baseline digital image
wherein said baseline digital image provides a static reference for generating successive

resultant image data sets.

162. A method as set forth in Claim 158, wherein both of said two generated three-
dimensional image data sets used in said comparison are temperature differential digital
images, wherein one of said two generated three-dimensional image data sets used in said
comparison provides a dynamic reference for generating successive resultant image data

sets.

163. A method as set forth in Claim 158, wherein said illuminating and detecting are

performed with an x-ray CT C-arm scanner.

164. A method as set forth in Claim 163, wherein said x-ray C-arm CT scanner defines
an access corridor, wherein said access corridor is a sector of a circle centered at the
center of a C-arm of said x-ray C-arm CT scanner and in the same plane as said C-arm,
further comprising the step of:

accessing said VOI through said access corridor.

165. A method as set forth in Claim 164, wherein said performing of thermal ablation
further comprises the steps of:
positioning at least one thermal ablation applicator relative to said VOI;
delivering thermal ablation via said at least one thermal ablation applicator;
manipulating said at least one thermal ablation applicator; and
maintaining access to said VOI through said access corridor throughout each of

said inserting, delivering and manipulating steps.
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166. A method as set forth in Claim 165, wherein said illuminating is performed with a
conical x-ray beam, wherein said detecting is performed with a two-dimensional x-ray

detector array.

167. A method as set forth in Claim 166, wherein said illuminating is dynamically

shaped by at least one multi-leaf collimator.

168. A method as set forth in Claim 163, wherein said illuminating and said detecting

are performed at a plurality of different kV levels.

169. A method of inferring thermal changes within a Volume Of Interest (VOI) in a
patient occurring during a thermal ablation procedure comprising the steps of:

capturing a baseline digital image with an x-ray system of a VOI in a patient,
wherein said baseline digital image is comprised of detected image signal data
corresponding with a baseline array of spatial locations substantially throughout said
VOI, wherein each spatial location of said baseline array is a voxel representing a volume
of at most 1 cm?;

performing thermal ablation on at least a first sub-volume of said VOI;

capturing a first temperature differential digital image with said x-ray system of
said VOI, wherein said first temperature differential digital image is comprised of
detected image signal data corresponding with a first temperature differential array of
spatial locations substantially throughout said VOI, wherein each spatial location of said
first temperature differential array is a voxel representing a volume of at most 1 cm’;

registering said first temperature differential digital image to said baseline digital
image;

calculating image signal data changes for substantially each spatial location
within said first temperature differential array; and

inferring, based at least in part on said calculated image signal data changes,
temperature changes at substantially each spatial location within said first temperature

differential array from said image signal data changes;
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positioning a patient on a bed prior to said capturing said baseline digital image;
and

maintaining said position of said patient relative to said bed during and between
said capturing of said baseline digital image, said performing, said capturing of said first
temperature differential digital image, said registering, said calculating, and said inferring
steps,

wherein said patient and bed are not moved substantially more than a maximum
lineal dimension of said VOI during and between said capturing of said baseline digital
image, said performing, said capturing of said first temperature differential digital image,

said registering, said calculating, and said inferring steps.

170. A method as set forth in Claim 169, wherein said patient remains substantially

stationary throughout said thermal ablation procedure.

171. A method as set forth in Claim 169, wherein said capturing said baseline digital
image and said capturing said first temperature differential digital image are performed at

least in part by an x-ray CT scanner.

172. A method as set forth in Claim 171, further comprising calibrating said baseline
digital image, said calibration comprising:
measuring temperature of at least a first spatial location within said VOI; and
correlating said measured temperature at said at least first spatial location within
said VOI to said baseline digital image at said at least first spatial location within said

VOL.

173. A method as set forth in Claim 171, further comprising calibrating said first
temperature differential digital image, said calibration comprising:
measuring temperature of at least a first spatial location within said VOI; and
correlating said measured temperature at said at least first spatial location within
said VOI to said first temperature differential digital image at said at least first spatial

location within said VOI.
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174. A method as set forth in Claim 171, wherein said capturing said baseline digital
image and said capturing said first temperature differential digital image are performed at

least in part by an x-ray C-arm scanner.

175. A method as set forth in Claim 174, wherein said capturing said baseline digital
image and said capturing said first temperature differential digital image are performed at

least in part by an x-ray CBCT scanner.

176. A method as set forth in Claim 171, wherein said capturing a baseline digital
image step comprises producing x-ray beams at a plurality of different kV levels, wherein
said capturing a first temperature differential digital image step comprises producing x-
ray beams at said plurality of different kV levels, wherein said inferring step is performed
at each of said plurality of different kV levels to produce kV-level-specific inferred
temperature changes, wherein said inferring step further comprises combining each of

said kV-level-specific inferred temperature changes.
177. A method as set forth in Claim 169, further comprising:
displaying an image of at least a portion of said VOI in which said inferred

temperature changes are visually discernable.

178. A method as set forth in Claim 177, wherein said display comprises shaded

isothermal three-dimensional volumes within said VOL.

179. A method as set forth in Claim 177, wherein said display comprises isothermal

lines on a two-dimensional slice through said VOI.

180. A method as set forth in Claim 177, wherein said display comprises isothermal

regions on a two-dimensional slice through said VOL.
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181. A method as set forth in Claim 169, wherein each voxel represents a volume of at

most 1 mm”,

182. A method of predicting a coagulation necrosis volume caused by thermal ablation
performed during a thermal ablation procedure comprising the steps of:

capturing a baseline digital image with an x-ray system of a VOI in a patient,
wherein said baseline digital image is comprised of detected image signal data
corresponding with a baseline array of spatial locations substantially throughout said
VOI;

performing thermal ablation on at least a first sub-volume of said VOI;

capturing a first temperature differential digital image with said x-ray system of
said VOI, wherein said first temperature differential digital image is comprised of
detected image signal data corresponding with a first temperature differential array of
spatial locations substantially throughout said VOI;

registering said first temperature differential digital image to said baseline digital
image;

calculating image signal data changes for substantially each spatial location
within said first temperature differential array;

inferring, based at least in part on said calculated image signal data changes,
temperature changes at substantially each spatial location within said first temperature
differential array from said image signal data changes; and

predicting a coagulation necrosis volume based on time-temperature integration
caused by said performing of thermal ablation up to a user selected point in time during
said thermal ablation procedure, wherein said time-temperature integration is based on

said inferred temperature changes.

183. A method as set forth in Claim 182, further comprising:
retrieving a thermal ablation plan from a memory storage module prior to said
performing thermal ablation, wherein said performing is substantially in accordance with

said thermal ablation plan, wherein said thermal ablation plan comprises expected
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temperature changes throughout said VOI as a function of time during said thermal

ablation procedure.

184. A method as set forth in Claim 183, wherein said plan further comprises at least
one additional parameter selected from a group consisting of:

thermal ablation applicator quantity;

thermal ablation applicator types;

thermal ablation applicator power level;

thermal ablation applicator position;

thermal ablation applicator target;

temperature differential image triggering parameters;

supplemental imaging modalities;

patient positioning; and

temperature differential image capture schedule.

185. A method as set forth in Claim 184, wherein said plan further comprises a

plurality of parameters from said group.

186. A method as set forth in Claim 182, further comprising calibrating said first
temperature differential digital image, said calibration comprising:
measuring temperature of at least a first spatial location within said VOI; and
correlating said measured temperature at said at least first spatial location within
said VOI to said first temperature differential digital image at said at least first spatial

location within said VOI.

187. A method as set forth in Claim 186, further comprising calibrating said baseline
digital image, said calibration comprising:
measuring temperature of at least a first spatial location within said VOI; and
correlating said measured temperature at said at least first spatial location within
said VOI to said baseline digital image at said at least first spatial location within said

VOL.
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188. A method as set forth in Claim 182, wherein said x-ray system is an x-ray CT

scanncr.

189. A method as set forth in Claim 188, wherein said x-ray CT scanner is an x-ray

CBCT scanner.

190. A method as set forth in Claim 182, wherein said x-ray system is an x-ray C-arm

scanncr.

191. A method as set forth in Claim 182, further comprising:
displaying an at least two-dimensional image of at least a portion of said predicted
coagulation necrosis volume at said user selected point in time and a planned coagulation

necrosis volume.

192. A method as set forth in Claim 191, wherein said displaying is at least in part in a
Multi-Planar Reformatted display.

193. A method as set forth in Claim 191, wherein said displaying is at least in part in a

three-dimensional volume rendered display.

194. A method as set forth in Claim 182, wherein said user selected point in time is a

time corresponding to the time of the most recently captured digital image.

195. A method of performing a thermal ablation procedure within a Volume Of
Interest (VOI) in a patient comprising the steps of:

(a) capturing a first temperature differential digital image of a VOI in a patient
with an x-ray system, wherein said first temperature differential digital image is
comprised of a first set of detected image signal data corresponding with an array of

spatial locations substantially throughout said VOI;
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(b) performing cryoablation on at least a first sub-volume of said VOI with a
cryoprobe after said capturing a first temperature differential digital image step;

(c) capturing, after said performing step, a second temperature differential digital
image of said VOI with said x-ray system, wherein said second temperature differential
digital image is comprised of a second set of detected image signal data substantially
corresponding with said array of spatial locations;

(d) registering said second temperature differential digital image to said first
temperature differential digital image;

(e) inferring, based at least in part on at least one of said first temperature
differential digital image and said second temperature differential digital image, a size
and shape of an iceball within said array of spatial locations; and

(f) inferring, based at least in part on at least one of said first temperature
differential digital image and said second temperature differential digital image, an
amount of temperature change at substantially each spatial location within said array of

spatial locations and outside of said iceball.

196. A method as set forth in Claim 195, further comprising:

(g) estimating an amount of temperature change at substantially each spatial
location within said array of spatial locations and inside of said iceball, wherein said
estimating of temperature changes inside of said iceball is based at least partially on said
changes in Hounsfield units within said VOI and outside of said iceball, and at least one

operational parameter of said cryoprobe.

197. A method as set forth in Claim 196, further comprising:
calculating a predicted coagulation necrosis volume based, at least in part, on said
estimated amount of temperature change at substantially each spatial location within said

array of spatial locations.

198. A method as set forth in Claim 197, further comprising:

displaying said predicted coagulation necrosis volume.
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199. A method as set forth in Claim 197, further comprising:
comparing said predicted coagulation necrosis volume to a planned coagulation

necrosis volume.

200. A method as set forth in Claim 196, further comprising;:
displaying an image of at least a portion of said VOI in which said inferred

temperature changes are visually discernable.

201. A method as set forth in Claim 200, wherein said iceball is visually discernable in

said image of at least a portion of said VOI.

202. A method as set forth in Claim 196, further comprising;:

performing steps a, b, ¢, d, ¢, f and g at least one additional time.

203. A method as set forth in Claim 196, wherein said at least one operational
parameter of said cryoprobe is selected from a group consisting of coolant flow, coolant

temperature, probe temperature and probe position.

204. A method as set forth in Claim 196, wherein said cryoprobe is a percutancous

cryoprobe.

205. A method as set forth in Claim 196, wherein said cryoablation is performed
according to at least a portion of a first thermal ablation plan, wherein said plan
comprises expected temperature changes at substantially each spatial location within said
array as a function of time during said thermal ablation procedure, wherein said method
further comprises:

(h) comparing said inferred temperature changes at substantially each spatial
location within said array to expected temperature changes at substantially each spatial

location within said array from said first thermal ablation plan.
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