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(57) ABSTRACT

A method for ablation zone detection includes delivering
microwave energy to tissue at a treatment location by way
of an ablation device, delivering ultrasound energy to the
tissue by way of an ultrasound device, receiving, from a
plurality of respective portions of the tissue by way of the
ultrasound device, a plurality of ultrasound return signals
that are based on the delivered ultrasound energy, detecting,
in the plurality of ultrasound return signals, a plurality of
respective Doppler shifts that are based on the microwave
energy delivered to the tissue, determining an ablation zone
characteristic based on the plurality of Doppler shifts, and
displaying, by way of a graphical user interface, an image
representing at least a portion of the tissue and a represen-
tation of the ablation zone characteristic.
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ULTRASOUND DOPPLER AND
ELASTOGRAPHY FOR ABLATION
PREDICTION AND MONITORING

CROSS REFERENCE

[0001] This application claims the benefit of and priority
to U.S. Provisional Application Ser. No. 62/462,129 filed on
Feb. 22, 2017, the entire contents of which are incorporated
herein by reference.

BACKGROUND

Technical Field

[0002] The present disclosure relates to the use of ultra-
sound for ablation prediction and monitoring, and more
specifically, to using the Doppler effect and elastography as
detected by ultrasound to predict and monitor ablation zone
shape, size, and progress.

Description of Related Art

[0003] Ultrasound scans of a patient’s body are commonly
used to confirm placement of surgical tools at treatment
locations inside the patient’s body. However, once treatment
commences, there exists no way to predict or confirm the
area, scope, and/or progress of the treatment other than by
using software models. The present disclosure provides
improvements to the use of ultrasound scans during treat-
ment procedures to predict and confirm the size, shape, and
location of treatment zones and the progress of treatment
procedures.

SUMMARY

[0004] Provided in accordance with the present disclosure
is a method of ablation zone detection. In an aspect of the
present disclosure, the method includes delivering micro-
wave energy to tissue at a treatment location by way of an
ablation device, delivering ultrasound energy to the tissue by
way of an ultrasound device, receiving, from a plurality of
respective portions of the tissue by way of the ultrasound
device, a plurality of ultrasound return signals that are based
on the delivered ultrasound energy, detecting, in the plurality
of ultrasound return signals, a plurality of respective Dop-
pler shifts that are based on the microwave energy delivered
to the tissue, determining an ablation zone characteristic
based on the plurality of Doppler shifts, and displaying, by
way of a graphical user interface, an image representing at
least a portion of the tissue and a representation of the
ablation zone characteristic.

[0005] In another aspect of the present disclosure, the
plurality of Doppler shifts have a plurality of directions,
respectively, and wherein the determining the ablation zone
characteristic includes identifying one or more regions of the
tissue that correspond to one or more of the plurality of
Doppler shifts, respectively.

[0006] In yet another aspect of the present disclosure, the
method further includes determining a plurality of charac-
teristics of the plurality of Doppler shifts, wherein the
plurality of characteristics includes any one or a combina-
tion of an amount of Doppler shift, a rate of change of the
amount of Doppler shift, a direction of Doppler shift, a rate
of change of the direction of Doppler shift, or a location in
the tissue based upon which Doppler shift is detected, and
determining whether each of the plurality of characteristics
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exceeds one or more thresholds, wherein the determining of
the ablation zone characteristic is further based on a result of
the determining of whether each of the plurality of charac-
teristics exceeds the one or more thresholds.

[0007] In a further aspect of the present disclosure, the
determining of the ablation zone characteristic includes
defining an ablation zone, the portions of the tissue that
correspond to the plurality of Doppler shifts having respec-
tive characteristics that exceed the one or more thresholds
being included in the ablation zone, and the portions of the
tissue that correspond to the plurality of Doppler shifts
having respective characteristics that do not exceed the one
or more thresholds being excluded from the ablation zone,
wherein the ablation zone characteristic includes any one or
a combination of a shape, a size, or a location of the ablation
zone.

[0008] In another aspect of the present disclosure, the
method further includes determining a predicted ablation
zone characteristic based on any one or a combination of the
plurality of Doppler shifts, the determined ablation zone
characteristic, a setting of the ablation device, an elapsed
duration for which the microwave energy is delivered to the
tissue, an expected duration for which the microwave energy
will be delivered to the tissue, a location in the tissue to
which the microwave energy is delivered, or one or more
characteristics of a signal by which the microwave energy is
delivered to the tissue, and displaying, by way of the
graphical user interface, a representation of the predicted
ablation zone characteristic.

[0009] Ina further aspect of the present disclosure, the one
or more characteristics of the signal by which the microwave
energy is delivered include any one or a combination of an
amount of power of the signal, an amplitude of the signal, a
frequency of the signal, a frequency of pulsing of the signal,
or a width of pulsing of the signal.

[0010] In another aspect of the present disclosure, the
method further includes determining an estimated amount of
time until completion of an ablation procedure, based on any
one or a combination of the plurality of Doppler shifts, the
determined ablation zone characteristic, an elapsed duration
for which the microwave energy is delivered to the tissue, a
location in the tissue to which the microwave energy is
delivered, or one or more characteristics of a signal by which
the microwave energy is delivered, and displaying, via the
graphical user interface, an indicator of the estimated
amount of time until completion of the ablation procedure.
[0011] In another aspect of the present disclosure, the
method further includes determining whether an ablation
procedure is completed based on any one or a combination
of the plurality of Doppler shifts, the determined ablation
zone characteristic, an elapsed duration for which the micro-
wave energy is delivered to the tissue, a location in the tissue
to which the microwave energy is delivered, or one or more
characteristics of a signal by which the microwave energy is
delivered, and displaying, via the graphical user interface, an
indicator of whether the ablation procedure is completed.
[0012] 1In a further aspect of the present disclosure, the
method further includes automatically disabling the deliv-
ering of the microwave energy to the tissue in response to a
determination that the ablation procedure is completed.
[0013] In yet another aspect of the present disclosure, the
method further includes determining a percentage of
completion of an ablation procedure based on any one or a
combination of the plurality of Doppler shifts, the deter-
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mined ablation zone characteristic, an elapsed duration for
which the microwave energy is delivered to the tissue, a
location in the tissue to which the microwave energy is
delivered, or one or more characteristics of a signal by which
the microwave energy is delivered, and displaying, via the
graphical user interface, an indicator of the percentage of
completion of the ablation procedure.

[0014] In a further aspect of the present disclosure, the
method further includes automatically adjusting, by way of
one or more respective settings of the ablation device, one
or more characteristics of a microwave signal by which the
microwave energy is delivered to the tissue based on the
percentage of completion of the ablation procedure.

[0015] In another aspect of the present disclosure, the
ablation zone characteristic includes one or more of an
ablation zone shape, an ablation zone size, or an ablation
zone location.

[0016] In yet another aspect of the present disclosure, the
representation of the ablation zone characteristic includes a
uniformly-colored or uniformly-shaded shape superim-
posed, by way of the graphical user interface, upon a portion
of the image that corresponds to an ablation zone.

[0017] In still another aspect of the present disclosure, the
representation of the ablation zone characteristic includes a
shape having a plurality of levels of shading or coloring
corresponding to a plurality of respective levels of a char-
acteristic of the plurality of Doppler shifts, wherein the
shape is superimposed, by way of the graphical user inter-
face, upon a corresponding portion of the image.

[0018] In yet another aspect of the present disclosure, the
plurality of Doppler shifts include a first Doppler shift
having a first direction and a second Doppler shift having a
second direction, and the representation of the ablation zone
characteristic includes speckles of a first color and speckles
of a second color, wherein the speckles of the first color
correspond to locations in the tissue based upon which the
first Doppler shift is detected, and the speckles of the second
color correspond to locations in the tissue based upon which
the second Doppler shift is detected.

[0019] In another aspect of the present disclosure, the
microwave energy and the ultrasound energy are simulta-
neously delivered to the tissue.

[0020] Provided in accordance with an embodiment of the
present disclosure is a system for ablation zone detection. In
an aspect of the present disclosure, the system includes an
ablation device configured to deliver microwave energy to
tissue at a treatment location, an ultrasound device config-
ured to deliver ultrasound energy to the tissue, receive, from
a plurality of respective portions of the tissue, a plurality of
ultrasound return signals that are based on the delivered
ultrasound energy, and detect, in the plurality of return
signals, a plurality of respective Doppler shifts that are based
on the microwave energy delivered to the tissue, a comput-
ing device configured to determine an ablation zone char-
acteristic based on the plurality of Doppler shifts, and
generate an image representing at least a portion of the tissue
and a representation of the ablation zone characteristic, and
a display device configured to display the image by way of
a graphical user interface.

[0021] Provided in accordance with an embodiment of the
present disclosure is a non-transitory computer-readable
storage medium storing a program for ablation zone detec-
tion, the program including instructions which, when
executed by a processor, cause an ablation device to deliver
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microwave energy to tissue at a treatment location, an
ultrasound device to deliver ultrasound energy to the tissue,
and receive, from a plurality of respective portions of the
tissue, a plurality of ultrasound return signals that are based
on the delivered ultrasound energy, and a computing device
to detect, in the plurality of ultrasound return signals, a
plurality of respective Doppler shifts that are based on the
microwave energy delivered to the tissue, determine an
ablation zone characteristic based on the plurality of Dop-
pler shifts, and cause an image representing at least a portion
of the tissue and a representation of the ablation zone
characteristic to be displayed by way of a graphical user
interface.

[0022] Provided in accordance with an embodiment of the
present disclosure is a method of detecting ablation prog-
ress. In an aspect of the present disclosure, the method
includes delivering microwave energy to tissue at a treat-
ment location by way of an ablation device, mechanically
agitating at least a portion of the tissue proximate to at least
a portion of the ablation device by intermittently pumping
fluid through the portion of the ablation device by way of a
peristaltic pump, delivering ultrasound energy to the tissue
by way of an ultrasound device, receiving, from a plurality
of respective portions of the tissue by way of the ultrasound
device, a plurality of ultrasound return signals that are based
on the delivered ultrasound energy, detecting, based on the
ultrasound return signals, a response of the tissue to the
agitating, determining an ablation zone characteristic based
on the response of the tissue, and displaying, by way of a
graphical user interface, an image representing at least a
portion of the tissue and a representation of the ablation zone
characteristic.

[0023] In another aspect of the present disclosure, deter-
mining the ablation zone characteristic includes identifying
a region of the tissue that corresponds to the response of the
tissue.

[0024] In yet another aspect of the present disclosure, the
method further includes determining a plurality of charac-
teristics of the response of the tissue, wherein the plurality
of characteristics includes any one or a combination of an
amount of displacement of the tissue, a rate of change of the
amount of displacement of the tissue, a direction of dis-
placement of the tissue, a rate of change of the direction of
displacement of the tissue, or a location in the tissue based
upon which displacement of the tissue is detected, and
determining whether each of the plurality of characteristics
exceeds one or more thresholds, wherein the determining of
the ablation zone characteristic is further based on a result of
the determining of whether each of the plurality of charac-
teristics exceeds the one or more thresholds.

[0025] In a further aspect of the present disclosure, deter-
mining of the ablation zone characteristic includes defining
an ablation zone, the portions of the tissue that correspond
to the response of the tissue having respective characteristics
that exceed the one or more thresholds being included in the
ablation zone, and the portions of the tissue that correspond
to the response of the tissue having respective characteristics
that do not exceed the one or more thresholds being
excluded from the ablation zone, wherein the ablation zone
characteristic includes any one or a combination of a shape,
a size, or a location of the ablation zone.

[0026] In another aspect of the present disclosure, display-
ing the image includes displaying an ultrasound image
obtained by the ultrasound device and wherein displaying
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the representation of the ablation zone characteristic
includes displaying a graphical overlay onto the ultrasound
image.

[0027] In yet another aspect of the present disclosure, the
method further includes determining whether the response
exceeds one or more thresholds, wherein the determining of
the ablation zone characteristic is further based on a result of
the determining of whether each of the plurality of charac-
teristics exceeds the one or more thresholds.

[0028] In still another aspect of the present disclosure, the
response includes any one or a combination of an amount of
displacement of the tissue, or an amount of time the tissue
takes to return to a pre-agitated position.

[0029] In yet another aspect of the present disclosure, the
ablation zone characteristic includes one or more of a shape
of an area where the response is detected, a size of the area
where the response is detected, or a location of the area
where the response is detected.

[0030] In still another aspect of the present disclosure, the
representation of the ablation zone characteristic includes a
shape having a plurality of levels of shading or coloring
corresponding to a plurality of respective levels of a char-
acteristic of the response of the tissue, wherein the shape is
superimposed, by way of the graphical user interface, upon
a corresponding portion of the ultrasound image.

[0031] In yet another aspect of the present disclosure, the
method further includes changing a frequency with which
the peristaltic pump pumps fluid through the ablation device,
wherein the response of the tissue to the agitating is detected
based on the changing of the frequency.

[0032] In still another aspect of the present disclosure, the
method further includes changing a force with which the
peristaltic pump pumps fluid through the ablation device,
wherein the response of the tissue to the agitating is detected
based on the changing of the force.

[0033] In yet another aspect of the present disclosure, the
method further includes tracking a progress of an ablation
procedure based on the detected response of the tissue and
the determined ablation zone characteristic.

[0034] In still another aspect of the present disclosure, the
method further includes determining a predicted ablation
zone characteristic based on any one or a combination of the
response of the tissue, the determined ablation zone char-
acteristic, a setting of the ablation device, an elapsed dura-
tion for which the microwave energy is delivered to the
tissue, an expected duration for which the microwave energy
will be delivered to the tissue, a location in the tissue to
which the microwave energy is delivered, or one or more
characteristics of a signal by which the microwave energy is
delivered to the tissue, and displaying, by way of the
graphical user interface, a representation of the predicted
ablation zone characteristic.

[0035] Ina further aspect of the present disclosure, the one
or more characteristics of the signal by which the microwave
energy is delivered include any one or a combination of an
amount of power of the signal, an amplitude of the signal, a
frequency of the signal, a frequency of pulsing of the signal,
or a width of pulsing of the signal.

[0036] In another aspect of the present disclosure, the
method further includes determining an estimated amount of
time until completion of an ablation procedure, based on any
one or a combination of the response of the tissue, the
determined ablation zone characteristic, an elapsed duration
for which the microwave energy is delivered to the tissue, a
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location in the tissue to which the microwave energy is
delivered, or one or more characteristics of a signal by which
the microwave energy is delivered, and displaying, via the
graphical user interface, an indicator of the estimated
amount of time until completion of the ablation procedure.
[0037] In yet another aspect of the present disclosure, the
method further includes determining whether an ablation
procedure is completed based on any one or a combination
of the response of the tissue, the determined ablation zone
characteristic, an elapsed duration for which the microwave
energy is delivered to the tissue, a location in the tissue to
which the microwave energy is delivered, or one or more
characteristics of a signal by which the microwave energy is
delivered, and displaying, via the graphical user interface, an
indicator of whether the ablation procedure is completed.
[0038] In a further aspect of the present disclosure, the
method further includes automatically disabling the deliv-
ering of the microwave energy to the tissue in response to a
determination that the ablation procedure is completed.
[0039] In another aspect of the present disclosure, the
method further includes determining a percentage of
completion of an ablation procedure based on any one or a
combination of the response of the tissue, the determined
ablation zone characteristic, an elapsed duration for which
the microwave energy is delivered to the tissue, a location in
the tissue to which the microwave energy is delivered, or one
or more characteristics of a signal by which the microwave
energy is delivered, and displaying, via the graphical user
interface, an indicator of the percentage of completion of the
ablation procedure.

[0040] In a further aspect of the present disclosure, the
method further includes automatically adjusting, by way of
one or more respective settings of the ablation device, one
or more characteristics of a microwave signal by which the
microwave energy is delivered to the tissue based on the
percentage of completion of the ablation procedure.

[0041] In another aspect of the present disclosure, the
ablation zone characteristic includes one or more of an
ablation zone shape, an ablation zone size, or an ablation
zone location.

[0042] In yet another aspect of the present disclosure, the
representation of the ablation zone characteristic includes a
uniformly-colored or uniformly-shaded shape superim-
posed, by way of the graphical user interface, upon a portion
of the image that corresponds to an ablation zone.

[0043] In still another aspect of the present disclosure, the
representation of the ablation zone characteristic includes a
shape having a plurality of levels of shading or coloring
corresponding to a plurality of respective levels of a char-
acteristic of the response of the tissue, wherein the shape is
superimposed, by way of the graphical user interface, upon
a corresponding portion of the image.

[0044] In yet another aspect of the present disclosure, the
microwave energy is delivered to the tissue concurrent with
the scanning the treatment location by way of the ultrasound
device.

[0045] Provided in accordance with an embodiment of the
present disclosure is a system for detecting ablation prog-
ress. In an aspect of the present disclosure, the system
includes a peristaltic pump, an ablation device configured to
deliver microwave energy to tissue at a treatment location,
and mechanically agitate at least a portion of the tissue
proximate to at least a portion of the ablation device by
intermittent pumping of fluid through the portion of the
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ablation device by the peristaltic pump, an ultrasound device
configured to deliver ultrasound energy to the tissue by way
of an ultrasound device, and receive, from a plurality of
respective portions of the tissue a plurality of ultrasound
return signals that are based on the delivered ultrasound
energy, a computing device configured to detect, based on
the ultrasound return signals, a response of the tissue to the
agitating determine an ablation zone characteristic based on
the response of the tissue, and generate an image represent-
ing at least a portion of the tissue and a representation of the
ablation zone characteristic, and a display device configured
to display, by way of a graphical user interface, the image.
[0046] Provided in accordance with an embodiment of the
present disclosure is a non-transitory computer-readable
storage medium storing a program for detecting ablation
progress, the program including instructions which, when
executed by a processor, causes an ablation device to deliver
microwave energy to tissue at a treatment location by way
of the ablation device, and mechanically agitate at least a
portion of the tissue proximate to at least a portion of the
ablation device by intermittently pumping fluid through the
portion of the ablation device by way of a peristaltic pump,
an ultrasound device to deliver ultrasound energy to the
tissue by way of an ultrasound device, and receive, from a
plurality of respective portions of the tissue a plurality of
ultrasound return signals that are based on the delivered
ultrasound energy, a computing device to detect, based on
the ultrasound return signals, a response of the tissue to the
agitating, determine an ablation zone characteristic based on
the response of the tissue, and a display device to display, by
way of a graphical interface, an image representing at least
a portion of the tissue and a representation of the ablation
zone characteristic.

[0047] Any of the above aspects and embodiments of the
present disclosure may be combined without departing from
the scope of the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0048] Various aspects and features of the present disclo-
sure are described hereinbelow with references to the draw-
ings, wherein:

[0049] FIG.11is a schematic diagram of a system for using
ultrasound Doppler and elastography to predict and monitor
ablation, according to an embodiment of the present disclo-
sure;

[0050] FIG. 2 is a diagram of an exemplary computing
device forming part of the system of FIG. 1, according to an
embodiment of the present disclosure;

[0051] FIG. 3 shows a flowchart of an exemplary method
for using Doppler effect to predict a size and shape of an
ablation zone, according to an embodiment of the present
disclosure;

[0052] FIG. 4 shows another flowchart of an exemplary
method for using Doppler effect to predict a size and shape
of an ablation zone, according to an embodiment of the
present disclosure;

[0053] FIG. 5 shows a flowchart of an exemplary method
for using elastography to monitor a size and shape of an
ablation zone, according to an embodiment of the present
disclosure;

[0054] FIG. 6 shows another flowchart of an exemplary
method for using elastography to monitor a size and shape
of an ablation zone, according to an embodiment of the
present disclosure;
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[0055] FIG. 7 shows an exemplary graphical user interface
which may be used to display and monitor a size and shape
of an ablation zone, according to an embodiment of the
present disclosure;

[0056] FIG. 8 shows another exemplary graphical user
interface which may be used to display and monitor a size
and shape of an ablation zone, according to an embodiment
of the present disclosure; and

[0057] FIG. 9 shows yet another exemplary graphical user
interface which may be used to display and monitor a size
and shape of an ablation zone, according to an embodiment
of the present disclosure.

DETAILED DESCRIPTION

[0058] The present disclosure is directed to devices, sys-
tems, and methods for predicting, detecting, and monitoring
ablation zones. More particularly, the disclosure relates to
using the Doppler effect and elastography, as detected by
ultrasound, to predict, detect, and monitor ablation zone
shape, size, and progress. The prediction, detection, and
monitoring may be performed using one or more software
applications executed on a computer.

[0059] The Doppler effect is the change in perceived
frequency or wavelength of a signal moving relative to its
source. The frequency or wavelength of the signal does not
actually change, but it is perceived to change due to move-
ment of its source. For example, the frequency of the signal
will be perceived as higher while the source is moving
towards a detector, and will be perceived as lower while the
source is moving away from the detector. When an ultra-
sound sensor is used to detect tissue vibrations, the vibrating
tissue may be the source of the signals, and areas of higher
frequency (indicating movement toward the ultrasound sen-
sor) may be depicted as blue speckles, while areas of lower
frequency (indicating movement away from the ultrasound
sensor) may be depicted as red speckles. In order to predict
the size and shape of the ablation zone based on a detected
Doppler effect, the application may, for example, receive
ultrasound data from an ultrasound imaging system operat-
ing in a mode wherein the ultrasound imaging system is
configured to detect the Doppler effect.

[0060] The application may then process the received
ultrasound data to identify an area where a Doppler shift is
occurring, that is, and area where tissue is vibrating and thus
causing a red-and-blue speckled cloud detectable in the
ultrasound data, the red-and-blue speckled cloud being
indicative of the size and shape of the ablation zone. The
application may further cause a display device to display an
indication of the size and shape of the ablation zone on
ultrasound images, based on the size and shape of the
red-and-blue speckled cloud. It should be noted that a
Doppler shift may be present and detected in multiple areas
of a patient’s body, including areas where an ablation is not
being performed. However, a Doppler shift profile will be
unique when caused by tissue heating from an ablation
device, and thus easily detectable, in tissue that is being
ablated, thereby causing the tissue to vibrate, which is
detected by ultrasound as a Doppler shift. For example,
while nominal physiological activities and blood flowing
through blood vessels may also cause a Doppler shift, the
profile of Doppler shifts caused by the movement due to
tissue heating from an ablation device will distinguishable
from the Doppler shift caused by physiological activities and
blood flow.
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[0061] In addition to the Doppler effect, elastography may
also be used to monitor the size, shape, and progress of the
ablation zone. Elastography, as used hereinafter, is defined
as an imaging modality that shows the elastic properties of
tissue, and particularly soft tissue contrasted with hard
tissue. Tissue that is soft will be more elastic, while tissue
that is hard will be less elastic. In order to monitor the size,
shape. and progress of the ablation zone using elastography,
the application may, for example, receive ultrasound data
from the ultrasound imaging system operating in a mode
wherein the ultrasound imaging system is configured to
detect elastic properties of tissue. The application may then
process the received ultrasound data to identify an area
where tissue is less elastic than surrounding tissue, the size
and shape of such an area being indicative of an area of
tissue that is undergoing ablation and the progress of the
ablation procedure. Repeatedly scanning the tissue to
receive new ultrasound data and processing the ultrasound
data may provide updated indications of the area of tissue
that is undergoing ablation and the progress of the ablation
procedure. For example, as the tissue hardens due to the
ablation, the ultrasound data (including ultrasound return
signals) will change based on the elastic properties of the
tissue, and can thus be processed to indicate the progress of
the ablation procedure. The application may further cause a
display device to display an indication of the size, shape, and
progress of the ablation zone on ultrasound images.

[0062] The methods, systems, devices, and computer-
readable media described herein are useful in various con-
texts for performing ablation treatment procedures. For
example, in an embodiment in which a clinician is perform-
ing an ablation procedure, the methods and systems may
provide the clinician with various views and estimations of
the size and shape of the ablation zone, as well as the
progress of the ablation procedure. These and other aspects
of the present disclosure are detailed herein below.

[0063] Methods for using the Doppler effect and elastog-
raphy as detected by ultrasound to predict and monitor
ablation zone size, shape, and progress may be implemented
as part of an electromagnetic navigation (EMN) system.
Generally, in an embodiment, the EMN system may be used
in planning and performing treatment of an area of the
patient’s lungs by determining a pathway to a target location
such as a surgical site or treatment location, navigating a
positioning assembly to the target location, and navigating a
variety of tools to the target location. The EMN system may
be configured to display various views of the patient’s body,
including a three-dimensional (3D) model of the patient’s
body generated based on pre-operative radiographic images
of the patient’s body.

[0064] With reference to FIG. 1, a system 100 usable to
predict, detect, and monitor an ablation zone using ultra-
sound Doppler and/or elastography detection includes a
display 110, a table 120 including an electromagnetic (EM)
field generator 121, a treatment tool 130 including an EM
sensor 131, an ultrasound sensor 140 connected to an
ultrasound workstation 150, a peristaltic pump 160, and a
computing device 180 attached to or in operable communi-
cation with a microwave generator 170. Computing device
180 may be, for example, a laptop computer, desktop
computer, tablet computer, or other similar device. Comput-
ing device 180 may be configured to control microwave
generator 170, peristaltic pump 160, a power supply (not
shown), and/or any other accessories and peripheral devices
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relating to, or forming part of, system 100. Display 110 is
configured to output instructions, images, and messages
relating to the performance of the treatment procedure.
[0065] Table 120 may be, for example, an operating table
or other table suitable for use during a treatment procedure,
which includes EM field generator 121. EM field generator
121 is used to generate an EM field during the treatment
procedure and forms part of an EM tracking system that is
used to track positions of surgical instruments within the
body of a patient, such as by tracking a position of EM
sensor 131. EM field generator 121 may include various
components, such as a specially designed pad to be placed
under, or integrated into, an operating table or patient bed.
An example of such an EM tracking system is the
AURORA™ gystem sold by Northern Digital Inc.

[0066] Treatment tool 130 is a surgical instrument for
percutaneously accessing and treating a target location. For
example, treatment tool 130 may be an ablation probe
having a microwave ablation antenna that is used to ablate
tissue. Treatment tool 130 may include, or have attached to
it, EM sensor 131 enabling the EM tracking system to track
the location, position, and orientation (also known as the
“pose”) of treatment tool 130 inside the body of the patient.
Microwave generator 170 may be configured to output
microwave energy to treatment tool 130 and control peri-
staltic pump 160. Peristaltic punip 160 may be configured to
pump fluid through treatment tool 130 to cool treatment tool
130. As described in more detail below, peristaltic pump 160
may further be configured to pump fluid through treatment
tool 130 in a manner to cause mechanical agitation to tissue
surrounding treatment tool 130. While the present disclosure
describes the use of system 100 in a surgical environment,
it is also envisioned that some or all of the components of
system 100 may be used in alternative settings, for example,
an imaging laboratory and/or an office setting.

[0067] In addition to the EM tracking system, the surgical
instruments may also be visualized by using ultrasound
imaging. Ultrasound sensor 140, such as an ultrasound
wand, may be used to image the patient’s body during the
treatment procedure to visualize the location of the surgical
instruments, such as treatment tool 130, inside the patient’s
body. Ultrasound sensor 140 may have an EM tracking
sensor embedded within or attached to the ultrasound wand,
for example, a clip-on sensor or a sticker sensor. As
described further below, ultrasound sensor 140 may be
positioned in relation to treatment tool 130 such that treat-
ment tool 130 is at an angle to the ultrasound image plane,
thereby enabling the clinician to visualize the spatial rela-
tionship of treatment tool 130 with the ultrasound image
plane and with objects being imaged. Further, the EM
tracking system may also track the location of ultrasound
sensor 140. In some embodiments, one or more ultrasound
sensors 140 may be placed inside the body of the patient.
EM tracking system may then track the location of such
ultrasound sensors 140 and treatment tool 130 inside the
body of the patient. Ultrasound workstation 150 may be used
to configure, operate, and view images captured by ultra-
sound sensor 140. Likewise, computing device 180 may be
used to configure, operate, and view images captured by
ultrasound sensor 140, either directly or relayed via ultra-
sound workstation 150.

[0068] Various other surgical instruments or surgical tools,
such as LIGASURE™ devices, surgical staplers, etc., may
also be used during the performance of a treatment proce-
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dure. In embodiments where treatment tool 130 is a micro-
wave ablation probe, the microwave ablation probe is used
to ablate a lesion or tumor (hereinafter referred to as a
“target”) by using microwave energy to heat tissue in order
to denature or kill cancerous cells. The construction and use
of a system including such an ablation probe is more fully
described in co-pending U.S. Patent Publication No. 2016/
0058507, entitled MICROWAVE ABLATION SYSTEM,
filed on Aug. 26, 2014, by Dickhans, U.S. Pat. No. 9,247,
992, entitled MICROWAVE ABLATION CATHETER AND
METHOD OF UTILIZING THE SAME, filed on Mar. 15,
2013, by Latkow et al., and U.S. Pat. No. 9,119,650, entitled
MICROWAVE ENERGY-DELIVERY DEVICE AND SYS-
TEM, filed on Mar. 15, 2013, by Brannan et al., the entire
contents of each of which are hereby incorporated by
reference.

[0069] As noted above, the location of treatment tool 130
within the body of the patient may be tracked during the
treatment procedure. An example method of tracking the
location of treatment tool 130 is by using the EM tracking
system, which tracks the location of treatment tool 130 by
tracking sensors, such as EM sensor 131, attached to or
incorporated in treatment tool 130. Various types of sensors
may be used, such as a printed sensor, the construction and
use of which is more fully described in co-pending U.S.
Patent Publication No. US 2016/017487314/919,950,
entitled “MEDICAL INSTRUMENT WITH SENSOR FOR
USE IN A SYSTEM AND METHOD FOR ELECTRO-
MAGNETIC NAVIGATION”, filed Oct. 22, 2015, by
Greenburg et al., the entire contents of which are incorpo-
rated herein by reference. A percutaneous treatment system
similar to the above-described system 100 is further
described in co-pending U.S. Patent Application Publication
No. 2016/0317224, entitled “MICROWAVE ABLATION
PLANNING AND PROCEDURE SYSTEMS”, filed on
Apr. 15, 2016, by Girotto et al., the entire contents of which
are incorporated herein by reference.

[0070] While the above-described system 100 uses a
microwave generator 170 to provide microwave energy to
treatment tool 130, those skilled in the art will appreciate
that various other types of generators and tools may be used
without departing from the scope of the present disclosure.
For example, radio frequency (RF) ablation tools receiving
RF energy from RF generators may be substituted for the
microwave generators and ablation tools described above.
Further, while the above-described system 100 is designed
for percutaneous access to tissue, those skilled in the art will
appreciate that the methods described below may be used
with systems and tools designed for endobronchial naviga-
tion to access treatment locations via the patient’s airways
and surrounding parenchyma without departing from the
scope of the present disclosure. An example of such an
endobronchial navigation system is described in U.S. Patent
Application Publication No. 2016/0000302, entitled “SYS-
TEM AND METHOD FOR NAVIGATING WITHIN THE
LUNG”, filed on Jun. 29, 2015, by Brown et al., the entire
contents to which are incorporated herein by reference.

[0071] With reference to FIG. 2, there is shown a simpli-
fied block diagram of computing device 180. Computing
device 180 may include at least one memory 202, one or
more processors 204, a display 206, a network interface 208,
one or more input devices 210, and/or an output module 212.
Memory 202 may store application 281 and/or image data
214. Application 281 may, when executed by processor 204,
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cause display 206 to present user interface 216. Application
281 may also provide an indication of the location of
treatment tool 130 in relation to the target, as well as the size,
shape, and location of an ablation zone, as described further
below.

[0072] Memory 202 may include any non-transitory com-
puter-readable storage medium for storing data and/or soft-
ware that is executable by processor 204 and which controls
the operation of computing device 180. In an embodiment,
memory 202 may include one or more solid-state storage
devices such as flash memory chips. Alternatively or in
addition to the one or more solid-state storage devices,
memory 202 may include one or more mass storage devices
connected to the processor 204 through a mass storage
controller (not shown) and a communications bus (not
shown). Although the description of computer-readable
media contained herein refers to a solid-state storage, it
should be appreciated by those skilled in the art that com-
puter-readable storage media can be any available media
that can be accessed by the processor 204. That is, computer
readable storage media include non-transitory, volatile and
non-volatile, removable and non-removable media imple-
mented in any method or technology for storage of infor-
mation such as computer-readable instructions, data struc-
tures, program modules or other data. For example,
computer-readable storage media include RAM, ROM,
EPROM, EEPROM, flash memory or other solid state
memory technology, CD-ROM, DVD, Blu-Ray or other
optical storage, magnetic cassettes, magnetic tape, magnetic
disk storage or other magnetic storage devices, or any other
medium which can be used to store the desired information
and which can be accessed by computing device 180.

[0073] Network interface 208 may be configured to con-
nect to a network such as a local area network (LAN)
consisting of a wired network and/or a wireless network, a
wide area network (WAN), a wireless mobile network, a
Bluetooth network, and/or the internet. Input device 210
may be any device by means of which a user may interact
with computing device 180, such as, for example, a mouse,
keyboard, foot pedal, touch screen, and/or voice interface.
Output module 212 may include any connectivity port or
bus, such as, for example, parallel ports, serial ports, uni-
versal serial busses (USB), or any other similar connectivity
port known to those skilled in the art.

[0074] Turning now to FIG. 3, there is shown a flowchart
of an exemplary method of ablation zone detection, in
accordance with an embodiment of the present disclosure.
The method may be performed using system 100 described
above. In particular, application 281 executing on comput-
ing device 180 may be used to perform, or cause other
components of system 100 to perform, the steps of the
method of FIG. 3. Starting at step S302, microwave energy
is delivered to tissue. For example, treatment tool 130 may
receive microwave energy from microwave generator 170
and may deliver the microwave to the tissue upon actuation.

[0075] At step 3304, ultrasound energy is delivered to the
tissue. For example, ultrasound sensor 140 may be used to
deliver the ultrasound energy to the tissue upon actuation.
Thereafter, at step S306, ultrasound sensor 140 may receive
ultrasound return signals from the tissue based on the
ultrasound energy delivered to the tissue. The ultrasound
return signals may then be analyzed by ultrasound worksta-
tion 150 and/or computing device 180 to determine, at step
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S308, whether a Doppler shift can be detected. If a Doppler
shift cannot be detected, processing returns to step S304.
[0076] When a Doppler shift is detected, processing pro-
ceeds to step S310, where computing device 180 determines
an ablation zone characteristic based on the Doppler shift.
Computing device 180 then displays, or causes display
device 110 to display, at step S312, a representation of the
ablation zone characteristic. Thereafter, at step S314, appli-
cation 281 determines whether the ablation procedure has
been completed. If the ablation procedure has not been
completed, processing returns to step S304. If the ablation
procedure has been completed, processing ends.

[0077] Referring now to FIG. 4, there is shown a flowchart
of another exemplary method of ablation zone detection, in
accordance with an embodiment of the present disclosure.
As with the method of FIG. 3, described above, the method
may be performed using system 100 described above. In
particular, application 281 executing on computing device
180 may be used to perform, or cause other components of
system 100 to perform, the steps of the method of FIG. 4.
Starting at step S402, application 281 preconfigures settings
for an ablation procedure. The settings may be received from
or entered by a clinician, and/or may be stored in one or
more files stored in computing device 180.

[0078] Thereafter, at step S404, application 281 generates
a signal for causing an ablation antenna, such as treatment
tool 130, to emit microwave energy. The signal may include
an electrosurgical waveform for ablating tissue and/or
instructions for emitting the electrosurgical waveform. The
signal may further include an amount of power, an ampli-
tude, an energy frequency, a frequency of pulsing, and/or a
width of pulsing. Application 281 then transmits the signal
to the ablation antenna. At some point prior to performing
step S406, the ablation antenna is placed proximate the
treatment location, as described above with reference to
FIG. 1.

[0079] At step S406, the ablation antenna initiates delivery
of microwave energy into tissue surrounding the ablation
antenna. The delivery of microwave energy may be initiated
by the clinician pressing and/or holding a button or lever on
the microwave antenna, and/or by pressing a button on user
interface 216 of application 281. Delivery of microwave
energy into the tissue heats the tissue, thereby causing the
tissue to vibrate.

[0080] Concurrent with the initiation of the delivery of
microwave energy by the ablation antenna, application 281
starts a timer to record and measure the total time that has
elapsed since delivery of microwave energy was started.
Application 281 may then, at step S408, display the elapsed
time and/or a time until completion of the ablation proce-
dure, calculated based on the settings for the ablation
procedure preconfigured at step S402, via user interface 216.
The time until completion of the ablation procedure may be
based on the preconfigured settings for the ablation proce-
dure, such as a total time for the ablation procedure minus
the elapsed time.

[0081] Thereafter, or concurrent therewith, at step S410,
ultrasound energy is delivered to tissue at the treatment
location by ultrasound sensor 140. Ultrasound sensor 140
may be positioned such that the area of tissue to which
ultrasound energy is delivered encompasses all or a portion
of the treatment location. Ultrasound sensor 140 then
receives, at step S412, ultrasound return signals based on the
ultrasound energy that is delivered to the tissue.
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[0082] The ultrasound return signals are provided to ultra-
sound workstation and/or computing device 180 to be pro-
cessed and/or analyzed, such as by application 281, to
determine, at step S414, whether a Doppler shift can be
detected in the tissue surrounding the ablation antenna
caused by the vibration of the tissue due to the delivery of
microwave energy. For example, when ultrasound sensor
140 detects a Doppler shift, movement away from ultra-
sound sensor 140 may be displayed in red, and movement
toward ultrasound sensor 140 may be displayed in blue.
Thus, in the case of tissue vibration, ultrasound sensor 140
may detect a red and blue speckled cloud, wherein tissue
moving away from ultrasound sensor 140 causes red speck-
les, and tissue moving toward ultrasound sensor 140 causes
blue speckles. As will be appreciated by those skilled in the
art, the red and blue colors mentioned here are merely for
example, and any two or more colors may be used to indicate
the Doppler shift without departing from the scope of this
disclosure. While Doppler shifts caused by tissue vibration
due to moving water molecules are detectable and identifi-
able by application 281, Doppler shifts may also be caused
by other movements, such as blood flow, tissue vibrating due
to extreme heat, etc. However, Doppler shifts caused by such
other movements may have a different frequency and/or
intensity, and therefore are distinguishable from Doppler
shifts caused by tissue heating. For the purpose of this
disclosure, the Doppler shifts referred to hereinafter are
Doppler shifts caused by tissue vibration due to tissue
heating, as distinguished from Doppler shifts caused by
other movements.

[0083] If application 281 detects a Doppler shift in the
image data, processing proceeds to step S416, where appli-
cation 281 further processes ultrasound image data received
from ultrasound sensor 140 to determine characteristics of
the Doppler shifts in the tissue surrounding the ablation
antenna. The characteristics of the Doppler shifts may
include an amount of Doppler shift, a rate of change of the
amount of Doppler shift, a direction of Doppler shift, a rate
of change of the direction of Doppler shift, a location in the
tissue based upon which Doppler shift is detected, and/or a
concentration of Doppler shifts detected in the location in
the tissue based upon which Doppler shift is detected. For
example, each Doppler shift may have a direction.

[0084] Application 281 may further determine, at step
S418, whether the characteristics of the Doppler shifts
exceed one or more thresholds. For example, application
281 may determine whether the amount of Doppler shift, the
rate of change of the amount of the Doppler shift, and/or the
concentration of Doppler shifts in a particular area exceed a
threshold.

[0085] Thereafter, at step S420, application 281 deter-
mines one or more ablation zone characteristics. The deter-
mination may be based on the Doppler shift detected by
ultrasound sensor 140 and/or based on the preconfigured
settings of the ablation procedure. The ablation zone char-
acteristic may further be based on a result of the determining
of whether each of the plurality of characteristics exceeds
the one or more thresholds. The characteristics may include
a shape of an ablation zone, a size of the ablation zone,
and/or a location of the ablation zone and/or one or more
regions of the tissue that correspond to the Doppler shifts.
Application 281 may further determine the one or more
ablation zone characteristics by defining the ablation zone,
including the portions of the tissue that correspond to the
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Doppler shifts having characteristics that exceed the one or
more thresholds, and excluding the portions of the tissue that
correspond to the Doppler shifts having characteristics that
do not exceed the one or more thresholds, as determined at
step S418.

[0086] Application 281 may, at step S422, determine
predicted ablation zone characteristics. The predicted abla-
tion zone characteristics may be based on the detected
Doppler shifts, the determined ablation zone characteristics,
the preconfigured configuration settings, an elapsed duration
for which the microwave energy has been delivered to the
tissue, an expected duration for which the microwave energy
will be delivered to the tissue, a location in the tissue to
which the microwave energy is delivered, and/or one or
more characteristics of the signal by which the microwave
energy is delivered to the tissue The predicted ablation zone
characteristics may include a predicted size, shape, and/or
location of the final ablation zone based on the preconfig-
ured settings and the characteristics of the Doppler shifts.
That is, application 281 may determine a prediction of the
size, shape, and location of the total area that will be ablated
if the ablation procedure continues as planned. Application
281 may further determine a percentage of completion of the
ablation procedure based on the Doppler shifts, the deter-
mined ablation zone characteristic, an elapsed duration for
which the microwave energy is delivered to the tissue, a
location in the tissue to which the microwave energy is
delivered, and/or one or more characteristics of a signal by
which the microwave energy is delivered.

[0087] Application 281 may then, at step S424, display an
indication of the ablation zone characteristics and/or the
predicted ablation zone characteristics via user interface
216, examples of which are described below with reference
to FIGS. 7-9. For example, application 281 may display a
virtual indicator or representation of the ablation zone on
ultrasound images received from ultrasound sensor 140, as
shown in FIGS. 7 and 8, described below. Application 281
may further display the indication of the ablation zone as a
red and blue speckled cloud, similar to the appearance of the
Doppler shift, as shown in FIG. 9, described below. The
virtual indicator or representation of the ablation zone
characteristic may include a uniformly-colored or uni-
formly-shaded shape superimposed upon a portion of the
ultrasound image that corresponds to an ablation Zzone.
Alternatively, the virtual indicator or representation of the
ablation zone characteristic may include a plurality of levels
of shading or coloring corresponding to various levels of a
characteristic of the of Doppler shifts. Application 281 may
further display an indication of the percentage of completion
of the ablation procedure.

[0088] Thereafter, at step S426, application 281 deter-
mines whether the ablation procedure has been completed.
The determination may be based on the Doppler shifts, the
determined ablation zone characteristic, an elapsed duration
for which the microwave energy is delivered to the tissue, a
location in the tissue to which the microwave energy is
delivered, or one or more characteristics of a signal by which
the microwave energy is delivered, the settings preconfig-
ured at step S402, and/or based on a detected stoppage in the
emission of microwave energy by the ablation antenna. If
application 281 determines that the ablation procedure is not
complete, processing proceeds to step S428, where applica-
tion 281 determines an estimated time until completion of
the ablation procedure. The estimated time until completion
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of the ablation procedure may be based on the Doppler
shifts, the determined ablation zone characteristic, an
elapsed duration for which the microwave energy is deliv-
ered to the tissue, a location in the tissue to which the
microwave energy is delivered, one or more characteristics
of the signal by which the microwave energy is delivered to
the tissue, the preconfigured settings received at step S402,
and/or the predicted ablation zone characteristics deter-
mined at step S422. Application 281 may then display the
estimated time until completion at step S430, where after
processing returns to step S410. Application 281 may further
automatically adjust, by way of one or more respective
settings of the ablation device, one or more characteristics of
the microwave signal by which the microwave energy is
delivered to the tissue based on the percentage of completion
of the ablation procedure determined at step S422. Alterna-
tively, if application 281 determines at step S426 that the
ablation procedure is complete, emission of microwave
energy by the ablation antenna is stopped at step S432, and
processing ends. In an embodiment, application 281 may
determine that the ablation procedure has been completed by
analyzing the ultrasound return signals to detect whether a
region of tissue where Doppler shifts were previously
detected above a threshold (indicating that the tissue is being
ablated) is no longer producing Doppler shifts above the
threshold (indicating that the tissue has been desiccated).
The Doppler shifts, which are caused by in part by water
molecules moving in the tissue being ablated due to the
water molecules being rapidly heated, will be most pro-
nounced and concentrated while the tissue is being ablated
and before the tissue becomes desiccated. Once the tissue
becomes desiccated, and thus the majority of the water
molecules are removed, the Doppler shifts due to movement
of water molecules will be less pronounced and/or less
concentrated. Thus, application 281 may detect and/or deter-
mine when tissue has been desiccated by analyzing the
ultrasound return signals. In embodiments where a single
treatment tool 130 is used to ablate the tissue, water mol-
ecules will move outward radially from the radiating portion
of treatment tool 130 as the tissue surrounding treatment tool
130 is heated. Thus, the center portion of the ablated tissue,
i.e. the tissue closest to the radiating portion of treatment
tool 130, will be desiccated first and will be heated to the
highest temperature during the ablation procedure. This
portion will expand outward radially as the ablation proce-
dure progresses. Application 281 may determine a boundary
or threshold based on the settings for the ablation procedure
configured or received at step S402, and may determine that
the ablation procedure has been completed once the desic-
cated tissue extends up to and/or beyond the boundary or
threshold.

[0089] Turning now to FIG. 5, there is shown a flowchart
of an exemplary method of using elastography to monitor a
size and shape of an ablation zone, in accordance with an
embodiment of the present disclosure. The method may be
performed using system 100 described above. In particular,
application 281 executing on computing device 180 may be
used to perform, or cause other components of system 100
to perform, the steps of the method of FIG. 5. Starting at step
S502, microwave energy is delivered to tissue. For example,
treatment tool 130 may receive microwave energy from
microwave generator 170 and may deliver the microwave to
the tissue upon actuation.
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[0090] At step S504, mechanical agitation is applied to the
tissue. The mechanical agitation may be caused by a pulse
of fluid being pumped through treatment tool 130 such as by
peristaltic pump 160. The frequency and/or force with which
peristaltic pump 160 pumps fluid through the ablation
antenna may be modified to cause the mechanical agitation
emitted by the ablation antenna to be detectable by, for
example, ultrasound sensor 140.

[0091] Thereafter, at step S506, ultrasound energy is deliv-
ered to the tissue. For example, ultrasound sensor 140 may
be used to deliver the ultrasound energy to the tissue upon
actuation. Next, at step S508, ultrasound sensor 140 may
receive ultrasound return signals from the tissue based on
the ultrasound energy delivered to the tissue. The ultrasound
return signals may then be analyzed by ultrasound worksta-
tion 150 and/or computing device 180 to determine, at step
S510, whether a response of the tissue to the agitating can
be detected. If a response of the tissue to the agitating cannot
be detected, processing returns to step S504.

[0092] When a response of the tissue to the agitating is
detected, processing proceeds to step S512, where comput-
ing device 180 determines an ablation zone characteristic
based on the response. Computing device 180 then displays,
or causes display device 110 to display, at step S514, a
representation of the ablation zone characteristic. Thereafter,
at step S516, application 281 determines whether the abla-
tion procedure has been completed. If the ablation procedure
has not been completed, processing returns to step S504. If
the ablation procedure has been completed, processing ends.
[0093] Turning now to FIG. 6, there is shown a flowchart
of another exemplary method for using elastography to
monitor a size and shape of an ablation zone, in accordance
with an embodiment of the present disclosure. As with the
method of FIG. 5, described above, the method may be
performed using system 100 described above. In particular,
application 281 executing on computing device 180 may be
used to perform, or cause other components of system 100
to perform, the steps of the method of FIG. 6. Starting at step
S602, application 281 preconfigures settings for an ablation
procedure. The settings may be received from or entered by
a clinician, and/or may be stored in one or more files stored
in computing device 180.

[0094] Thereafter, at step S604, application 281 generates
a signal for causing an ablation antenna, such as treatment
tool 130, to emit microwave energy. The signal may include
an amount of power, an amplitude, an energy frequency, a
frequency of pulsing, or a width of pulsing, an electrosur-
gical waveform for ablating tissue, and/or instructions for
delivering the electrosurgical waveform. Application 281
then transmits the signal to the ablation antenna. At some
point prior to performing step S606, the ablation antenna is
placed proximate the treatment location, as described above
with reference to FIG. 1.

[0095] At step S606, the ablation antenna initiates delivery
of microwave energy into tissue surrounding the ablation
antenna. The delivery of microwave energy may be initiated
by the clinician pressing and/or holding a button or lever on
the microwave antenna, and/or by pressing a button on user
interface 216 of application 281. Delivery of microwave
energy into the tissue heats the tissue, thereby causing the
tissue to stiffen or harden, thus becoming less elastic than
before the delivery of microwave energy into the tissue. The
tissue into which microwave energy is delivered will also
become less elastic than adjacent tissue. That is, tissue
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located closer to the ablation antenna and thus receiving
more microwave energy and being heated to a higher
temperature, will be less elastic, and thus have a lower level
of elasticity, than tissue located further away from the
ablation antenna.

[0096] Concurrent with the initiation of the delivery of
microwave energy by the ablation antenna, application 281
starts a timer to record and measure the total time that has
elapsed since delivery of microwave energy was started.
Application 281 may then, at step S608, display the elapsed
time and/or a time until completion of the ablation proce-
dure, calculated based on the settings for the ablation
procedure preconfigured at step S602, via user interface 216.
The time until completion of the ablation procedure may be
based on the preconfigured settings for the ablation proce-
dure, such as a total time for the ablation procedure minus
the elapsed time.

[0097] Thereafter, or concurrent therewith, at step S610,
the ablation antenna emits mechanical agitation into the
tissue surrounding the ablation antenna. The mechanical
agitation may be caused by a pulse of fluid being pumped
through the microwave ablation antenna, such as by peri-
staltic pump 160. The frequency and/or force with which
peristaltic pump 160 pumps fluid through the ablation
antenna may be modified to cause the mechanical agitation
emitted by the ablation antenna to be detectable by, for
example, ultrasound return signals and/or ultrasound images
captured by ultrasound sensor 140. For example, peristaltic
pump 160 may be configured to produce pulses at approxi-
mately 10 Hz during normal operation. The pulse frequency
may be adjusted or modified, such as by speeding up or
slowing down the motor head of peristaltic pump 160, to
optimize the effectiveness of a pressure wave generated by
the pulse. A response of the tissue to the agitating may be
accentuated based upon effectiveness of the pressure wave,
and a characteristic of the response of the tissue, such as an
elasticity gradient, may be determined based upon the
response of the tissue to the agitating. The elasticity gradient
may be indicative of a level of desiccation of the tissue, and
thus of the progress of the ablation procedure. Various pulse
frequencies may be generated by varying the motor head
speeds of peristaltic pump 160, and thus may accentuate an
elasticity gradient at different distances from the ablation
antenna. For example, a higher pulse frequency may accen-
tuate an elasticity gradient closer to the ablation antenna,
while a lower frequency may accentuate an elasticity gra-
dient further from the ablation antenna. An increased pulse
frequency will diminish the pressure spike or force of the
pulses, thereby causing the elasticity gradient to be accen-
tuated closer to the ablation antenna, while a reduced pulse
frequency will increase the pressure spike or force of the
pulses, thereby causing the elasticity gradient to be accen-
tuated further from the ablation antenna.

[0098] Next, at step S612, ultrasound energy is delivered
to tissue at the treatment location by ultrasound sensor 140.
Ultrasound sensor 140 may be positioned such that the area
of tissue to which ultrasound energy is delivered encom-
passes all or a portion of the treatment location. Ultrasound
sensor 140 then receives, at step S614, ultrasound return
signals based on the ultrasound energy that is delivered to
the tissue.

[0099] The ultrasound return signals are provided to ultra-
sound workstation and/or computing device 180 to be pro-
cessed and/or analyzed, such as by application 281, to
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determine, at step S616, whether a response to the agitating
can be detected in the tissue surrounding the ablation
antenna. For example, as described above, the mechanical
agitation may displace tissue surrounding the ablation
antenna based on a pulse of fluid through the ablation
antenna. In embodiments, application 281 may adjust a
frequency and/or a force with which peristaltic pump 160
pumps fluid through the ablation device to cause mechanical
agitation to the tissue surrounding the ablation device, and
the response of the tissue to the agitating may be detected
based on the adjusted frequency and/or force. If application
281 determines that a response to the agitating has not been
detected, processing returns to step S610.

[0100] Alternatively, if a response to the agitating has been
detected, processing proceeds to step S618 where applica-
tion 281 processes the ultrasound return signals and/or
ultrasound images to determine characteristics of the
response of the tissue to the agitating. The characteristics of
the response of the tissue to the agitating may include an
amount of displacement of the tissue, a rate of change of the
amount of displacement of the tissue, a direction of dis-
placement of the tissue, a rate of change of the direction of
displacement of the tissue, a location in the tissue based
upon which displacement of the tissue is detected, an
amount of time the tissue takes to return to a pre-agitated
position, and/or an elasticity gradient. That is, application
281 may determine, based on the detected displacement of
the tissue surrounding the ablation antenna caused by the
mechanical agitation, a reaction time of the tissue, i.e., a
time it takes the tissue to return to its pre-agitated state. For
example, the ultrasound images may show that the tissue
surrounding the ablation antenna is displaced and returned to
its pre-displaced position every time a pulse of fluid is
pumped through the ablation antenna. Application 281 may
also determine an amount of displacement of the tissue
based on the mechanical agitation. An elasticity gradient
may be based on one or more of these characteristics. The
amount of displacement and the reaction time of the tissue
will be correlated with the level of elasticity of the tissue.
Tissue that is less elastic will move less and have a quicker
reaction time than tissue that is more elastic. As noted above,
tissue that is less elastic will have received more microwave
energy and have been heated to a higher temperature than
tissue that is more elastic, and therefore an inference can be
made that tissue that moves less and has a quicker reaction
time has been more thoroughly ablated than tissue that
moves more.

[0101] In embodiments, application 281 may perform
differential analysis of the response of the tissue to the
agitating. For example, application 281 may analyze the
response of the tissue to the agitating across a scanning plane
of ultrasound sensor 140 to focus on a difference in elasticity
or stiffness between neighboring tissue regions. If applica-
tion 281 detects that a tissue region is displaced more or less
than a neighboring tissue region, application 281 may iden-
tify this differential as a gradient line and/or a potential
ablation zone boundary. If a similar differential is detected
along a consistent line or at a consistent distance from the
ablation antenna, application 281 may improve a confidence
level that the identified gradient line is the ablation zone
boundary. Similarly, application 281 may identify boundar-
ies of the tumor based on differential analysis of gradient
lines based on the response of the tissue to the agitating. For
example, cancerous tissue may have a different response to
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agitation than healthy tissue, and the difference in the
response of the cancerous tissue may be detectable based on
differential analysis of the gradient lines. Thus, in embodi-
ments, differential analysis of the response of the tissue to
the agitating may be performed after the ablation antenna
has been placed but before the initiation of the delivery of
microwave energy to the tissue, e.g. prior to step S606, to
identify the boundaries of the tumor. In such embodiments,
steps S610 and S612 may be performed prior to step S606.

[0102] Thereafter, at step S620, application 281 compares
the characteristics of the response of the tissue with one or
more predetermined thresholds to determine if each of the
characteristics exceeds the one or more thresholds. For
example, if the reaction time is less than the predetermined
threshold, that may be an indication that the tissue is less
elastic. Alternatively, if the reaction time is greater than the
predetermined threshold, that may be an indication that the
tissue is more elastic.

[0103] Application 281 may then, at step S622, determine
characteristics of an ablation zone surrounding the ablation
antenna based on the characteristics of the response of the
tissue. For example, the determination may be based on the
level of elasticity, amount of displacement, and/or reaction
time of the tissue detected by ultrasound sensor 140. Alter-
natively or in addition, the determination may be based on
gradient lines detected based on the differential analysis,
described above. The determination may further be based on
a region of the tissue that corresponds to the detected
response of the tissue to the agitating, and/or the result of the
determination at step S620 of whether the characteristics of
the response of the tissue exceed the one or more thresholds.
The ablation zone characteristics may include a shape of the
ablation zone, a size of the ablation zone, and/or a location
of the ablation zone. Determining the ablation zone charac-
teristic may further include defining the ablation zone by
including the portions of the tissue that correspond to the
response of the tissue having characteristics that exceed the
one or more thresholds, and excluding the portions of the
tissue that correspond to the response of the tissue having
characteristics that do not exceed the one or more thresholds.

[0104] Application 281 may further determine, at step
S624, predicted ablation zone characteristics. The predicted
ablation zone characteristics may include a predicted size,
shape, and/or location of the final ablation zone based on the
preconfigured settings and the characteristics of the response
of the tissue to the agitating. That is, application 281 may
determine a prediction of the size, shape, and location of the
total area that will be ablated if the ablation procedure
continues as planned. The predicted ablation zone charac-
teristic may be based on the response of the tissue, the
determined ablation zone characteristic, a setting of the
ablation device, an elapsed duration for which the micro-
wave energy is delivered to the tissue, an expected duration
for which the microwave energy will be delivered to the
tissue, a location in the tissue to which the microwave
energy is delivered, or one or more characteristics of the
signal by which the microwave energy is delivered to the
tissue. Application 281 may further determine a percentage
of completion of the ablation procedure based on the
response of the tissue, the determined ablation zone char-
acteristic, an elapsed duration for which the microwave
energy is delivered to the tissue, a location in the tissue to
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which the microwave energy is delivered, and/or one or
more characteristics of a signal by which the microwave
energy is delivered.

[0105] Application 281 may then, at step S626, display an
indication of the ablation zone characteristics and/or the
predicted ablation zone characteristics via user interface
216, examples of which are described below with reference
to FIGS. 7 and 8. For example, application 281 may display
a virtual indicator or representation of the ablation zone as
an overlay on ultrasound images received from ultrasound
sensor 140, as shown in FIGS. 7 and 8, described below. The
virtual indicator or representation of the ablation zone
characteristic may include a uniformly-colored or uni-
formly-shaded shape superimposed upon a portion of the
ultrasound image that corresponds to an ablation zone.
Alternatively, the virtual indicator or representation of the
ablation zone characteristic may include a plurality of levels
of shading or coloring corresponding to various levels of a
characteristic of the of response of the tissue. Application
281 may further display the indication of the ablation zone
as a gradient indicating different levels of elasticity of the
tissue, with tissue closer to the ablation antenna being less
elastic and tissue further from the ablation antenna being
more elastic. The virtual indicator or representation of the
ablation zone may further include a shape having a plurality
of levels of shading or coloring corresponding to a plurality
of respective levels of a characteristic of the response of the
tissue. Application 281 may further display an indication of
the percentage of completion of the ablation procedure.
Additionally, application 281 may display the gradient lines
identified during the differential analysis, described above,
where the gradient lines may be indicative of a boundary of
the ablation zone and/or a boundary of the tumor.

[0106] The progress of the ablation procedure may be
tracked based on repeated emissions of mechanical agitation
into the tissue to repeatedly measure the displacement and
reaction time of the tissue, as detected at step S616, and the
determined characteristics of the ablation zone determined at
step S622. For example, application 281 may determine an
area of tissue that has been sufficiently ablated, based on the
detected level of elasticity and reaction time of the tissue,
and/or an area of tissue that has not yet been sufficiently
ablated. Application 281 may then display an indicator of the
different areas and their corresponding levels of elasticity,
and whether or not those areas have been sufficiently
ablated, on the ultrasound images received from ultrasound
sensor 140.

[0107] Thereafter, at step S628, application 281 deter-
mines whether the ablation procedure has been completed.
The determination may be based on the response of the
tissue, the determined ablation zone characteristic, an
elapsed duration for which the microwave energy is deliv-
ered to the tissue, a location in the tissue to which the
microwave energy is delivered, one or more characteristics
of the signal by which the microwave energy is delivered,
the settings preconfigured at step S602, and/or based on a
detected stoppage in the emission of microwave energy by
the ablation antenna.

[0108] If application 281 determines that the ablation
procedure is not complete, processing proceeds to step S630,
where application 281 determines an estimated time until
completion of the ablation procedure. The estimated time
until completion of the ablation procedure may be based on
the response of the tissue, the determined ablation zone
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characteristic, an elapsed duration for which the microwave
energy is delivered to the tissue, a location in the tissue to
which the microwave energy is delivered, or one or more
characteristics of the signal by which the microwave energy
is delivered, the preconfigured settings received at step
S602, and/or the predicted ablation zone characteristics
determined at step S624. Application 281 may then display
the estimated time until completion at step S632, where after
processing returns to step S610. Application 281 may further
automatically adjust, by way of one or more respective
settings of the ablation device, one or more characteristics of
the microwave signal by which the microwave energy is
delivered to the tissue based on the percentage of completion
of the ablation procedure determined at step S624.

[0109] Alternatively, if application 281 determines at step
S628 that the ablation procedure is complete, emission of
microwave energy by the ablation antenna is stopped at step
S634, and processing ends.

[0110] As will be appreciated by those skilled in the art,
the methods described above are subroutines forming part of
a lengthier process for performing an ablation procedure.
Therefore, various other steps and routines that form part of
an ablation procedure, as is known by those skilled in the art,
are omitted or only briefly described herein for purposes of
brevity.

[0111] FIG. 7 shows a diagtam of an exemplary user
interface 216 that may be displayed by application 281 on
display 206 during step S424 of FIG. 4 and/or step S626 of
FIG. 6, as described above. FIG. 7 includes a view 700
showing an indicator for an ultrasound probe 702 and an
indicator for an ablation antenna 703. Also shown are a time
704, a temperature 706, and an output wattage 708. Time
704 may be configured to display elapsed time and/or a
remaining time, as described above with reference to FIGS.
4 and 6. View 700 also shows a representation of an ablation
antenna 710 overlaid onto an ultrasound image plane 725.
Ablation antenna 710 may include one or more parts, for
example, an imaged part corresponding to treatment tool
130 as detected in the ultrasound image data, and a gener-
ated part corresponding to one or more portions of treatment
tool 130 that are not detected in the ultrasound image data
and rather displayed as a graphical overlay onto the ultra-
sound image data. An ultrasound sensor 720 is shown to
provide perspective of the angle of ultrasound image plane
725. An angle of intersection indicator 740 is shown to
provide perspective of the angle of intersection of ablation
antenna 710 with ultrasound image plane 725. As shown in
FIG. 7, ablation antenna 710 and ultrasound image plane
725 are co-planar. A trajectory 715 of ablation antenna 710
may also be shown. An indicator of a projected and/or
detected ablation zone 730 is shown around ablation antenna
710. The indicator of the projected and/or detected ablation
zone 730 corresponds to the indicator of the ablation zone
described above with reference to FIGS. 4 and 6.

[0112] Turning now to FIG. 8, there is shown another
exemplary user interface 216 that may be displayed by
application 281 on display 206 during step S424 of FIG. 4
and/or step S626 of FIG. 6, as described above. FIG. 8
includes many of the same elements as FIG. 7, described
above. Such elements will not be described again for pur-
pose of brevity. FIG. 8 shows a pseudo-3D perspective view
of ultrasound image plane 725 and the angle of intersection
with ablation antenna 710. Ultrasound images 726 are
displayed on ultrasound image plane 725, while ablation
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antenna 710 is shown intersecting ultrasound image plane
725 at an angle represented by angle of intersection indicator
740.
[0113] Referring now to FIG. 9, there is shown yet another
exemplary user interface 216 that may be displayed by
application 281 on display 206 during step S424 of FIG. 4,
described above. FIG. 9 includes many of the same elements
as FIG. 7, described above. Such elements will not be
described again for purpose of brevity. FIG. 9 shows an
optional view similar to FIG. 7 wherein a red and blue
speckled cloud is shown about the ablation zone. As
described above, the speckles may be indicated by various
colors, shapes, and/or other indicators. As shown in FIG. 9,
red speckles are represented by “x” markers 7354, and blue
speckles are represented by “o” markers 7356. During the
course of the ablation procedure, the red and blue speckles
may be presented about the ablation zone in locations where
Doppler shifts are detected. As the ablation procedure pro-
gresses, as described above, the tissue regions closest to the
ablation antenna will become desiccated first, and Doppler
shifts in such tissue regions may decrease in amount, con-
cenfration, and/or frequency. As such, by viewing a user
interface 216 such as shown in FIG. 9, the clinician may
visualize the progress of the ablation procedure based on the
tissue regions where Doppler shifts are presented.
[0114] Detailed embodiments of devices, systems incor-
porating such devices, and methods using the same as
described herein. However, these detailed embodiments are
merely examples of the disclosure, which may be embodied
in various forms. Therefore, specific structural and func-
tional details disclosed herein are not to be interpreted as
limiting, but merely as a basis for the claims and as a
representative basis for allowing one skilled in the art to
variously employ the present disclosure in appropriately
detailed structure. While the preceding embodiments are
described in terms of bronchoscopy of a patient’s airways,
those skilled in the art will realize that the same or similar
devices, systems, and methods may be used in other lumen
networks, such as, for example, the vascular, lymphatic,
and/or gastrointestinal networks as well. As will be appre-
ciated by those skilled in the art, the above-described
methods may be performed using a percutaneous system,
such as system 100 described above. Alternatively or addi-
tionally, the methods may also be performed using an
endobronchial access and navigation system.
What is claimed is:
1. A method for ablation zone detection, the method
comprising:
delivering microwave energy to tissue at a treatment
location by way of an ablation device;
delivering ultrasound energy to the tissue by way of an
ultrasound device;
receiving, from a plurality of respective portions of the
tissue by way of the ultrasound device, a plurality of
ultrasound return signals that are based on the delivered
ultrasound energy;
detecting, in the plurality of ultrasound return signals, a
plurality of respective Doppler shifts that are based on
the microwave energy delivered to the tissue;
determining an ablation zone characteristic based on the
plurality of Doppler shifts; and
displaying, by way of a graphical user interface, an image
representing at least a portion of the tissue and a
representation of the ablation zone characteristic.
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2. The method according to claim 1, wherein the plurality
of Doppler shifts have a plurality of directions, and wherein
the determining the ablation zone characteristic includes
identifying one or more regions of the tissue that correspond
to one or more of the plurality of Doppler shifts, respec-
tively.

3. The method according to claim 1, further comprising:

determining a plurality of characteristics of the plurality

of Doppler shifts,

wherein the plurality of characteristics includes any one

or a combination of an amount of Doppler shift, a rate
of change of the amount of Doppler shift, a direction of
Doppler shift, a rate of change of the direction of
Doppler shift, or a location in the tissue based upon
which Doppler shift is detected; and

determining whether each of the plurality of characteris-

tics exceeds one or more thresholds,

wherein the determining of the ablation zone character-

istic s further based on a result of the determining of
whether each of the plurality of characteristics exceeds
the one or more thresholds.

4. The method according to claim 3, wherein the deter-
mining of the ablation zone characteristic includes defining
an ablation zone,

the portions of the tissue that correspond to the plurality

of Doppler shifts having respective characteristics that
exceed the one or more thresholds being included in the
ablation zone, and

the portions of the tissue that correspond to the plurality

of Doppler shifts having respective characteristics that
do not exceed the one or more thresholds being
excluded from the ablation zone,

wherein the ablation zone characteristic includes any one
or a combination of a shape, a size, or a location of the
ablation zone.

5. The method according to claim 1, further comprising:

determining a predicted ablation zone characteristic based
on any one or a combination of the plurality of Doppler
shifts, the determined ablation zone characteristic, a
setting of the ablation device, an elapsed duration for
which the microwave energy is delivered to the tissue,
an expected duration for which the microwave energy
will be delivered to the tissue, a location in the tissue
to which the microwave energy is delivered, or one or
more characteristics of a signal by which the micro-
wave energy is delivered to the tissue; and

displaying, by way of the graphical user interface, a
representation of the predicted ablation zone charac-
teristic.

6. The method according to claim 5, wherein the one or
more characteristics of the signal by which the microwave
energy is delivered include any one or a combination of an
amount of power of the signal, an amplitude of the signal, a
frequency of the signal, a frequency of pulsing of the signal,
or a width of pulsing of the signal.

7. The method according to claim 1, further comprising:

determining an estimated amount of time until completion
of an ablation procedure, based on any one or a
combination of the plurality of Doppler shifts, the
determined ablation zone characteristic, an elapsed
duration for which the microwave energy is delivered
to the tissue, a location in the tissue to which the
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microwave energy is delivered, or one or more char-
acteristics of a signal by which the microwave energy
is delivered; and

displaying, via the graphical user interface, an indicator of
the estimated amount of time until completion of the
ablation procedure.

8. The method according to claim 1, further comprising:

determining whether an ablation procedure is completed
based on any one or a combination of the plurality of
Doppler shifts, the determined ablation zone character-
istic, an elapsed duration for which the microwave
energy is delivered to the tissue, or a location in the
tissue to which the microwave energy is delivered, or
one or more characteristics of a signal by which the
microwave energy is delivered; and

displaying, via the graphical user interface, an indicator of
whether the ablation procedure is completed.

9. The method according to claim 8, further comprising:

automatically disabling the delivering of the microwave
energy to the tissue in response to a determination that
the ablation procedure is completed.

10. The method according to claim 1, further comprising:

determining a percentage of completion of an ablation
procedure based on any one or a combination of the
plurality of Doppler shifts, the determined ablation
zone characteristic, an elapsed duration for which the
microwave energy is delivered to the tissue, a location
in the tissue to which the microwave energy is deliv-
ered, or one or more characteristics of a signal by which
the microwave energy is delivered; and

displaying, via the graphical user interface, an indicator of
the percentage of completion of the ablation procedure.

11. The method according to claim 10, further compris-

ing:
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automatically adjusting, by way of one or more respective
settings of the ablation device, one or more character-
istics of a microwave signal by which the microwave
energy is delivered to the tissue based on the percentage
of completion of the ablation procedure.
12. The method according to claim 1, wherein the ablation
zone characteristic includes one or more of an ablation zone
shape, an ablation zone size, or an ablation zone location.
13. The method according to claim 1, wherein the repre-
sentation of the ablation zone characteristic includes a
uniformly-colored or uniformly-shaded shape superim-
posed, by way of the graphical user interface, upon a portion
of the image that corresponds to an ablation zone.
14. The method according to claim 1, wherein the repre-
sentation of the ablation zone characteristic includes a shape
having a plurality of levels of shading or coloring corre-
sponding to a plurality of respective levels of a characteristic
of the plurality of Doppler shifts, wherein the shape is
superimposed, by way of the graphical user interface, upon
a corresponding portion of the image.
15. The method according to claim 1,
wherein the plurality of Doppler shifts include a first
Doppler shift having a first direction and a second
Doppler shift having a second direction, and

wherein the representation of the ablation zone charac-
teristic includes speckles of a first color and speckles of
a second color, wherein the speckles of the first color
correspond to locations in the tissue based upon which
the first Doppler shift is detected, and the speckles of
the second color correspond to locations in the tissue
based upon which the second Doppler shift is detected.

16. The method according to claim 1, wherein the micro-
wave energy and the ultrasound energy are simultaneously
delivered to the tissue.
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