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SYSTEM FOR MONITORING THERMAL
ABLATION USING RADIOFREQUENCY
ECHOES

BACKGROUND OF INVENTION

[0001] The present invention relates to systems for thermal
ablation of tumors and the like, for example, by microwave
ablation, and in particular to a system for monitoring the
progress of this ablation using radiofrequency signals.

[0002] Thermal ablation is a method of treating tumors, for
example, in the liver, kidney or lung that serves as an alter-
native to surgical removal. In microwave thermal ablation, a
slender microwave antenna is inserted through tissue to con-
duct microwave energy to a location of a tumor. The micro-
wave energy absorbed by the tumor heats the tumor cells
causing cell death.

[0003] Medical imaging including variants of conventional
and contrast-enhanced ultrasound, computed tomography
(CT) or magnetic resonance imaging (MRI) is used to con-
firm that the lesion fully covers both the original tumor and a
margin of tissue surrounding that tumor. However, medical
imaging can be expensive and may be negatively affected by
bubbles or other changes during thermal ablation, and is
therefore not routinely used intraprocedurally. Post-ablation
imaging is not able to show treatment evolution or predict
potential complications before they occur.

SUMMARY OF THE INVENTION

[0004] The present invention uses reflected radiofrequency
signals transmitted from the ablation probe to monitor bound-
aries between the ablation zone, tumor and “background”
surrounding healthy tissue. As the ablation progresses, the
tumor- background boundary becomes indistinct signaling
that the ablation has equalized the dielectric of the tumor and
tissue outside of the tumor by the ablation crossing the tumor/
healthy tissue boundary.

[0005] In one embodiment, the present invention provides
an ablation apparatus having a probe adapted so that a distal
end of the probe may be percutaneously inserted through
tissue for thermal ablation of a tumor within the tissue. The
apparatus further includes a transmitting circuit communicat-
ing with the probe when the latter is inserted into tissue to
transmit a measurement radiofrequency signal from the distal
end ofthe probe. A receiving circuit also communicates with
the probe to receive an echo of the measurement radio fre-
quency signal which includes the reflection caused by dielec-
tric boundaries within the tissue and provides that signal to a
processing circuit which analyzes the echo to extract echo
signal from a dielectric boundary between the tumor and the
tissue associated with thermal ablation of the tumor and to
provide an output based on the extracted echo signal.

[0006] Itis thus a feature of at least one embodiment of the
invention to provide a technique for monitoring of thermal
ablation suitable for real-time use that may deduce comple-
tion of ablation by monitoring dissolution of a reflective
boundary between the tumor and healthy tissue and thus does
not require accurate measurement of the often diffuse bound-
ary of the ablation region itself.

[0007] The transmitting circuit may also transmit an abla-
tionradio frequency signal from the distal end of the probe for
thermal ablation of tissue at the distal end of the probe.
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[0008] itis thus a feature of at least one embodiment of the
invention to provide a monitoring system that is easily inte-
grated with existing radiofrequency (including microwave)
thermal ablation probes.

[0009] The transmitting circuit may alternate between an
ablation radiofrequency signal and a measurement radiofre-
quency signal.

[0010] Itis thus a feature of at least one embodiment of the
invention to take advantage of the thermal inertia of tissue to
interleave measurement into the ablation process with abla-
tion to reduce interference between the two and yet provide
near real-time monitoring.

[0011] The processing circuit may determine a distance of
a source of the echo from the probe.

[0012] Itis thus a feature of at least one embodiment of the
invention to derive spatial information from the echo that may
be used, in some embodiments, to isolate echo portions from
the tumor boundary from the echo portions from the ablation
boundary.

[0013] The determination of the distance may use at least
one of time domain reflectometry and frequency domain
reflectometry.

[0014] Itis thus a feature of at least one embodiment of the
invention to provide a system that may flexibly analyze
radiofrequency signals to provide distance measurements.
Generally frequency domain reflectometry may be imple-
mented using a general-purpose ablation power supply.
[0015] The processing circuit may separate an echo portion
associated with a dielectric boundary between the tumor and
tissue from an echo portion associated with a dielectric
boundary between ablated and unablated tissue.

[0016] Itis thus a feature of at least one embodiment of the
invention to remove the confounding influence of any echo
from the ablation region itself.

[0017] The processing circuit may subtract from the echo
an echo portion caused by a dielectric boundary between
ablated and unablated tissue

[0018] Itis thus a feature of at least one embodiment of the
invention to provide a simple method of reducing the undes-
ired echo portions.

[0019] The echo portion caused by the ablation boundary
may be determined by fitting of echo models to the echo data,
the echo models based on echoes occurring in ablated tissue
with no tumor.

[0020] Itis thus a feature of at least one embodiment of the
invention to facilitate generation of a wide range of echo
models for different tumor-free echoes useful in a variety of
ablation treatments.

[0021] The output from the processing circuit may provide
a display indicating a strength of echo from the dielectric
boundary between the tumor and tissue.

[0022] Itis thus a feature of at least one embodiment of the
invention to provide simple and intuitive real-time guidance
of ablation progress to a physician or healthcare worker.
[0023] Alternatively or in addition the output may be used
to control the thermal ablation applied to the tissue.

[0024] Itis thus a feature of at least one embodiment of the
invention to provide for automatic or semiautomatic ablation
control.

[0025] The output may determine a time of continued abla-
tion after the dielectric boundary between the tumor and
tissue is substantially fully decreased.



US 2015/0005757 Al

[0026] Itis thus a feature of at least one embodiment of the
invention to provide improved guidance for termination of the
ablation process.

[0027] These particular objects and advantages may apply
to only some embodiments falling within the claims and thus
do not define the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] FIG. 1 is a block diagram of a thermal ablation
system having a microwave power generator suitable for use
with the present invention as connected to a microwave probe
inserted through organ tissue into a tumor;

[0029] FIG. 2 is a fragmentary graph of microwave power
transmitted from the microwave power supply of FIG. 1 ver-
sus time during interleaved treatment and measurement
modes possible with the present invention;

[0030] FIG. 3 is an expanded cross-sectional view of the
tumor of FIG. 1 and inserted probe showing a first interface
between the tumor and surrounding healthy tissue and a sec-
ond interface between ablated tissue and outside, unablated
tissue, both of which provide boundaries;

[0031] FIG. 4 is a process diagram depicting steps in the
generation of reflection data for tumor-free tissue using a
modeling process;

[0032] FIG. 5 is a flowchart of a program executed by the
microwave power supply of FIG. 1 showing the principal
steps of signal processing provided by that microwave power
generator; and

[0033] FIG. 6 is a graph of reflected energy at the tumor/
tissue boundary with respect to time as it becomes indistinct
showing use of that information in controlling a duration of
the ablation.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

[0034] Referring now to FIG. 1, a microwave ablation sys-
tem 10 may provide a microwave power generator 12 having
an output connector 14 connecting via a flexible coaxial cable
16 to a microwave probe 18. The probe 18 provides a shaft 20
that may for example, he inserted percutaneously through
healthy tissue 22 of an organ to position its distal end in a
tumor 24. Microwave probes suitable for use with this inven-
tion are commercially available from a variety of sources and
may he, for example, of the type described in U.S. Pat. No.
7,101,369, and 7,611,508 assigned to the assignee of the
present invention and hereby incorporated by reference.
[0035] The microwave power generator 12 may include a
frequency and power controllable microwave source 26 out-
putting microwave energy to a power splitter 28 positioned
between the microwave source 26 and connector 14.

[0036] Generally, the microwave signals transmitted from
the microwave source 26 through the splitter 28 first pass
through the flexible coaxial cable 16 into the probe 18 and
into the tumor 24 and surrounding tissue 22. Microwave
energy reflected from the tumor 24 and surrounding tissue 22
then pass back into the flexible coaxial cable 16 and are
directed by the splitter 28 to a receiving circuit 30 providing
amplification and conversion of these echo signals into a
digital signal that may be received by a computer 32.

[0037] The computer 32 may provide one or more proces-
sors communicating with a memory 34 holding a stored pro-
gram 36 and data of models 38 whose operation and purpose
will be described below. As will be generally understood in
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the art, the computer 32 may also provide a standard interface
39 communicating with a graphics display screen 40 and user
input device 42 such as a keyboard or the like.

[0038] The computer 32 operating under the control of the
stored program 36 provides a power output signal 43 and a
frequency output signal 45 received by the frequency and
power controllable microwave source 26 to control the fre-
quency and power of the microwave signals output by the
microwave source 26.

[0039] Referring now also to FIG. 2, in particular, the com-
puter 32 may control the frequency and power output by the
microwave source 26 to switch between a first “measure-
ment” mode 44 of relatively short duration, for example 5
seconds, and a second “ablation” mode 46 having a duration
of'as 30 seconds providing frequent measurements during the
ablation.

[0040] During the measurement mode 44, low-power mea-
surement microwave signals 49 are provided to the probe 18.
These measurement microwave signals 49 are limited in
power to a few milliwatts and the frequency is swept, for
example, from 200 MHz to 10 GHz. The output of the splitter
28 to the receiving circuit 30 is active during this mode so that
echo signals may be received.

[0041] During the ablation mode 46, high-power micro-
wave signals 48 are provided to the probe 18. These high-
power microwave signals 48 are coupled into the tumor 24 to
heat and ablate the tumor tissue. Generally the high-power
microwave signals will be at a constant frequency in a fre-
quency range of about 915 MHz to 2.50 GHz although other
frequencies are possible. Power levels of 10 to 200 Watts or
more may be output during this ablation mode. The output of
the splitter 28 to the receiving circuit 30 may be a disabled or
shunted during this mode.

[0042] Referring now to FIGS. 2, 3 and 5, during the mea-
surement mode 44, as indicated by process block 51, mea-
surement microwave signals 49 generated by the microwave
source 26 will be transmitted from the distal end of the shaft
20 of the probe 18 outward as indicated by arrow 50. During
this transmission, the energy of the measurement microwave
signal 49 will pass through an ablation boundary 52 between
ablated region 54 of tissue closest to the shaft 20 and an
unablated region 56 outside of the ablated region 54.. The
dielectric constant of these two regions 54 and 56 will gen-
erally differ significantly, albeit over a diffuse boundary,
causing a time-extended ablation interface reflection 58. The
energy of the measurement microwave signal 49 output by the
microwave source 26 will also cross through a tumor bound-
ary 60 between the tumor 24 and healthy tissue 22 surround-
ing the tumor 24. Again a difference in dielectric constant
between these two regions will cause a tumor interface reflec-
tion 62 directing energy back toward the probe 18. This tumor
interface reflection 62 may be sharper, that is shorter in time,
than the ablation interface reflection 58.

[0043] The energy of this ablation interface reflection 58
and tumor interface reflection 62 pass back through the probe
18 to be received by splitter 28 and directed to the receiving
circuit 30 (shown in FIG. 1) as a measured echo 64 that may
be stored by the computer 32 in memory 34 as a series of
amplitude values associated with different sample times.
Generally, the combination of ablation interface reflection 58
and tumor interface reflection 62 from both the ablation
boundary 52 and tumor boundary 60 make it difficult to
discern the echo from the tumor boundary 60 in the measured
echo 64.
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[0044] In one embodiment, the measured echo 64 may be
measured in the time- domain using the techniques of time-
domain reflectometry in which a short pulse (not shown) is
transmitted by the microwave source 26 and its echo recorded
with a high-speed analog to digital converter.

[0045] Preferably, however, as depicted in the embodiment
of FIG. 2, measured echo 64 is extracted from the frequency-
swept measurement microwave signal 49 by using the tech-
niques of frequency domain reflectometry in which an inverse
Fourier transform of a the frequency-swept measurement
microwave signal 49 is used to extract a time domain mea-
sured echo 64. This technique may better work with existing
ablation radiofrequency power sources that can be swept in
frequency and may eliminate the need for additional gating
circuitry.

[0046] Referring now to FIG. 4, generally the tumor inter-
face reflection 62 may be extracted from the ablation interface
reflection 58 by de-emphasizing the latter based on the spatial
information encoded into the time dimension of the echo. In
one embodiment, the invention develops a set of models 38
from a computer simulation, each, model 38 representing a
simulation of echo signals, termed a modeled, tumor-free
echo 64', that might occur in healthy tissue 22 in the absence
of a tumor 24. In this respect, the tumor-free echo 64 simu-
lates only the ablation interface reflection 58 and not the
tumor interface reflection 62.

[0047] Inparticular, a set of tumor-free models 38 is devel-
oped simulating ablation zones in different tissue types, for
example simulating liver, kidney, and lung or others common
tissues. The set of tumor-free models 38 also provides simu-
lations of different ablation zone sizes and shapes (for
example, varying, from circular to oval and varying as to
principal diameter). In addition, the set of tumor-free models
38 also provides for a different dielectric transition gradient
68 between the ablated region 54 and the surrounding tissue
22. Each of these different tumor-free models 38 having
variations of size, shape, transition gradient, and tissue type,
results in a tumor-free echo 64'.

[0048] Referring again to FIG. 5, as indicated by process
block 66, the user may identify a tissue type currently under-
going ablation and the program 36 may identify only the
tumor-free models 38 related to that tissue type to provide a
subset of models 38. The tumor-free echo 64' of the subset of
models 38 is then compared to a given measured echo 64 to
find a closest match, for example, by a correlation process.
The correlation will not be perfect because measured echo 64
includes not only ablation interface reflection 58 as modeled
but also tumor interface reflection 62 as not modeled. This
correlation process may be repeated over time for each newly
measured echo 64. The best correlation criteria for matching
a tumor-free echo 64 to a measured echo 64 may also give
weighting to matches that preserve general continuity
between the model’s diameters, shapes and gradients over
time.

[0049] At process block 69, the best matching tumor-free
echo 64' is then subtracted from the measured echo 64 to
extract a tumor boundary signal 70 (being close to ablation
interface reflection 58) having a peak 71 whose amplitude is
primarily determined by the degree of dielectric difference
between the tumor 24 and healthy tissue 22 and its transition
gradient.

[0050] Generally as the ablation boundary 52 crosses the
tumor boundary 60, the distinctiveness of the peak 71 in
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isolated tumor boundary signal 70 will diminish indicating a
degree of completion of the ablation process.

[0051] At process block 72, an output may be provided, for
example on display screen 40, displaying or representing the
height or area of this peak 71. This representation may be
continuous in nature and represented numerically or with a
biographical symbol, or may compare the height or area of
peak 71 to a threshold to provide a simple binary output. In
one example depicted to the right of process block 72, an
output 74 may provide colored zones of a scale and an indi-
cator arrow 76 or the like indicating a position on the scale
indicating a relative degree of completion of the ablation
process.

[0052] Referring now to FIG. 6, the ability to track the
reflection at the tumor boundary 60 as it diminishes over time
allows a time profile 78 to be developed indicating generally
the change in the peak 71 (shown in FIG. 5) providing addi-
tional longitudinal information. Time profile 78, for example,
may allow determination of an interval 80 measuring the time
during which the time profile 78 is above a predetermined
threshold 82 representing, for example, a predetermined per-
centage of an asymptotic limit to the decrease in the time
profile 78 or another empirically derived threshold. The
length of this interval 80, which generally indicates the time
it takes for the ablation boundary 52 to pass through the
entirety of the tumor 24 and across the tumor boundary 60
may be used to judge an additional ablation time 84 providing
an adequate margin around the tumor 24 or to otherwise
automatically control the power of microwave source 26, for
example, reducing the power after the ablation boundary 52
crosses the tumor boundary 60 to provide a temperature main-
tenance mode to ensure tumor cell death without further
outward progress of the ablation boundary 52.

[0053] While the present invention is particularly well-
suited to microwave ablation, it will be appreciated that it can
be used for lower frequency ablation, for example, by com-
bining a standard radiofrequency ablation probe with a
microwave antenna and even for other types of thermal abla-
tion including cryoablation by a similar strategy in which the
necessary antenna is attached to the cryoablation probe. The
described combined function of the microwave source 26 in
producing both a measurement microwave signal 49 and a
high-power microwave signal 48 may be split into multiple
devices.

[0054] The term radiofrequency as used herein is intended
to include generally both microwave and radio frequencies
having a longer wavelength than microwave frequencies
unless context would otherwise require.

[0055] It will be appreciated that the ability to deduce
approximate distance measures of the reflective interface
generating echoes in the present invention allows additional
or alternative signal processing to be extract the tumor inter-
face reflection 62 from the tumor/healthy tissue boundary
including the establishment of a priori or empirically estab-
lished spatial windows for truncating or weighting the data or
the like such as may move outward over time at a predeter-
mined rate. The term “dielectric boundary” as used herein
means a boundary established with regions having different
dielectric constants that would cause a reflection of transiting
radio energy.

[0056] While the present invention has been discussed for
use with radiofrequency ablation, it will be appreciated that it
may be used to detect the progress of other types of tissue
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disruption usable to kill tumor cells including cryoablation,
laser ablation, irreversible electroporation, and the like.
[0057] Certain terminology is used herein for purposes of
reference only, and thus is not intended to be limiting. For
example, terms such as “upper”, “lower”, “above”, and
“below” refer to directions in the drawings to which reference
is made. Terms such as “front”, “back”, “rear”, “bottom” and
“side”, describe the orientation of portions of the component
within a consistent but arbitrary frame of reference which is
made clear by reference to the text and the associated draw-
ings describing the component under discussion. Such termi-
nology may include the words specifically mentioned above,
derivatives thereof, and words of similar import. Similarly,
the terms “first”, “second” and other such numerical terms
referring to structures do not imply a sequence or order unless
clearly indicated by the context.

[0058] When introducing elements or features of the
present disclosure and the exemplary embodiments, the
articles “a”, “an”, “the” and “‘said” are intended to mean that
there are one or more of such elements or features. The terms
“comprising”, “including” and “having” are intended to be
inclusive and mean that there may be additional elements or
features other than those specifically noted. It is further to be
understood that the method steps, processes, and operations
described herein are not to be construed as necessarily requir-
ing their performance in the particular order discussed or
illustrated, unless specifically identified as an order of perfor-
mance. It is also to be understood that additional or alternative
steps may be employed.

[0059] References to “a computer system” can be under-
stood to include one or more processors or cores that can
communicate in a stand-alone and/or a distributed environ-
ment(s), and can thus be configured to communicate via
wired or wireless communications with other processors,
where such one or more processor can be configured to oper-
ate on one or more processor-controlled devices that can be
similar or different devices. Furthermore, references to
memory, unless otherwise specified, can include one or more
processor-readable and accessible memory elements and/or
components that can be internal to the processor-controlled
device, external to the processor-controlled device, and can
be accessed via a wired or wireless network.

[0060] It is specifically intended that the present invention
not be limited to the embodiments and illustrations contained
herein and the claims should be understood to include modi-
fied forms of those embodiments including portions of the
embodiments and combinations of elements of different
embodiments as come within the scope of the following
claims. All of the publications described herein, including
patents and non-patent publications, are hereby incorporated
herein by reference in their entireties.

What we claim is:

1. An ablation apparatus comprising:

aprobe adapted for percutaneous insertion of a distal end of
the probe through tissue for disruption of a tumor within
the tissue;

a transmitting circuit communicating with the probe when
the latter is inserted into tissue to transmit a measure-
ment radiofrequency signal from the distal end of the
probe;

a receiving circuit communicating with the probe to
receive an echo of the measurement radio frequency
signal caused by dielectric boundaries; and
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a processing circuit analyzing the echo to track a boundary
of the disruption.

2. The ablation apparatus of claim 1 wherein the processing
circuit tracks the boundary of the disruption by extracting an
echo signal portion from a dielectric boundary between the
tumor and the tissue associated with thermal ablation of the
tumor and to provide an output based on the extracted echo
signal portion.

3. The ablation apparatus of claim 1 wherein the transmit-
ting circuit also transmits an ablation radio frequency signal
from the distal end of the probe for thermal ablation of tissue
at the distal end of the probe.

4. The ablation apparatus of claim 3 wherein the transmit-
ting circuit alternates between an ablation radiofrequency
signal and a measurement radiofrequency signal.

5. The ablation apparatus of claim 1 wherein the processing
circuit determines distance of a source of the echo from the
probe.

6. The ablation apparatus of claim 5 wherein the determi-
nation of distance uses at least one of time domain reflecto-
metry and frequency domain reflectometry.

7. The ablation apparatus of claim I wherein the processing
circuit separates an echo portion associated with a dielectric
boundary between the tumor and tissue from an echo portion
associated with a dielectric boundary between ablated and
unablated tissue.

8. The ablation apparatus of claim 7 wherein the processing
circuit subtracts from the echo an echo portion caused by a
dielectric boundary resulting from progress of ablation
through the tissue.

9. The ablation apparatus of claim 8 wherein the echo
portion is determined by fitting of echo models to the echo
data, the echo models based on echoes in ablated tissue in the
absence of a tumor.

10. The ablation apparatus of claim 1 wherein the output
from the processing circuit provides a display indicating a
strength of echo from the dielectric boundary between the
tumor and tissue.

11. The ablation apparatus of claim 1 wherein the output
controls the thermal ablation applied to the tissue.

12. The ablation apparatus of claim 11 wherein the output
determines a time of continued ablation after the dielectric
boundary between the tumor and tissue is substantially fully
decreased.

13. The ablation apparatus of claim 1 wherein the trans-
mitting circuit is a microwave transmitter.

14. The ablation apparatus of claim 1 wherein the probe is
a microwave antenna.

15. A monitoring system for in vivo tumor disruption com-
prising:

a microwave transmitter adapted to connect to an antenna
for percutaneous insertion into a tumor within tissue, the
microwave power source providing a low power micro-
wave output sweeping through a frequency range below
a power level providing thermal ablation;

a microwave receiver receiving reflected power of the low
power microwave output into the antenna; and

an electronic computer communicating with the micro-
wave receiver executing a stored program to analyze the
reflected power to identify a portion of the reflected
power associated with a boundary between the tumor
and the tissue as isolated from a portion of the reflected
power associated with a boundary between disrupted
and undisrupted tissue, to provide an output indicating a
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decrease in reflected power associated with the bound-
ary between the tumor and tissue indicating progress of
the tumor disruption process.

17. The monitoring system of claim 15 wherein the micro-
wave power source further provides a high-power radiofre-
quency output for ablation of the tumor through radiofre-
quency energy coupled to the tumor out of the antenna.

19. The monitoring system of claim 15 wherein the low
power microwave output is swept through a frequency range.

18. The monitoring system of claim 15 wherein the micro-
wave transmitter provides a port communicating with a tissue
disrupting power source to provide interleaved periods of
application of tissue disrupting power to the tumor and
receiving of reflected power.

20. A method of performing thermal ablation comprising
the steps of:

inserting a probe percutaneously into tissue so that a distal

end of the probe is received within a tumor within the
tissue;

treating the tumor using the probe;

contemporaneously with the treatment, transmitting a

measurement radiofrequency signal from the distal end
of'the probe;

analyzing a received echo of the measurement radio fre-

quency signal caused by dielectric boundaries within the
tissue; and

outputting an indication of a decrease in a dielectric bound-

ary between the tumor and the tissue associated with
thermal ablation of the tumor based on the analyzing of
the received echo.

#* #* #* #* #*
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