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(57) ABSTRACT

During an ablation procedure, such as ablation of the left
ventricle of the heart, thermal damage to adjacent structures
is avoided by this method. An ultrasound probe is placed
within the esophagus near the left atrium, or placed at other
locations sufficiently close to the ablation site to image
tissues to be protected from excessively high (or low)
thermal energy during ablation. The ultrasound probe
reflected signal gathered by a sensor thereof is analyzed.
Using one or more algorithms, this signal analysis identifies
changes in speed of sound of transmitted and received sound
waves and correlates the speed of sound changes to changes
in temperature of the associated tissues and the result is
displayed. Such ultrasound thermometry is used to monitor
temperature of tissues surrounding the ablation site to mini-
mize potential for thermal damage thereto. The method also
evaluates motion occurring near the ablation site, correcting
for such motion.
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ULTRASOUND THERMOMETRY FOR
ESOPHAGEAL OR OTHER TISSUE
PROTECTION DURING ABLATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims benefit under Title 35,
United States Code § 119(e) of U.S. Provisional Application
No. 62/635,770 filed on Feb. 27, 2018, U.S. Provisional
Application No. 62/723,366 filed on Aug. 27, 2018 and U.S.
Provisional Application No. 62/735,571 filed on Sep. 24,
2018.

FIELD OF THE INVENTION

[0002] The following invention relates to methods for
protecting sensitive bodily structures from thermal damage
during ablation procedures upon a patient, such as cardiac
ablation procedures. More particularly, this invention relates
to use of ultrasound thermometry to monitor tissue tempera-
ture and protect against damage to sensitive tissues nearby
where an ablation procedure is being conducted.

BACKGROUND OF THE INVENTION

[0003] Multiple thermal therapies have been used for
treating diseases. Temperature monitoring has been used for
monitoring damage to tissue both for assessing efficacy to
the targeted tissue, and for protecting tissue for unwanted
damage. Image guided thermometry using magnetic reso-
nance is now seen in the clinical setting. However, compared
with magnetic resonance, image guidance with ultrasound is
portable, inexpensive, simple. and accessible.

[0004] Treatment of atrial fibrillation also involve ablative
energies. These diverse energy sources such as radio-fre-
quency, cryotherapy, microwave, laser and ultrasound can
cause elevated or decreased temperature damage to the
targeted tissue. Thermal esophageal injury is not uncom-
mon, seen as ulcerations or nerve damage of the esophagus
following an ablation, and can cause mortality, as in an atrial
esophageal fistula.

[0005] Multiple strategies have been proposed and utilized
to protect the esophagus, however, no strategy has been
shown to consistently protect the esophagus during ablation.
Intraluminal temperature monitoring of the esophagus has
been widely used, however the protective value has been
controversial. Cooling of the esophagus has been suggested,
however despite ice solution being placed in the esophagus,
esophageal ulcerations still developed following ablative
therapy within the left atria. Manipulation of the esophagus
with a transesophageal probe or by other means, away from
the site of ablation has also not been consistently effective.
Placing a balloon in the pericardial space between the
esophagus and left atria has been proposed, but has the
additional risk of a pericardiocentesis.

[0006] Mapping the esophagus with an EP mapping cath-
eter to be displayed on an EP mapping system is frequently
used, but only displays the lumen of the esophagus and not
the interface of the outer esophagus and left atria. I have
previously proposed intra-esophageal ultrasound or transe-
sophageal ultrasound to delineate the outer perimeter of the
esophagus relative to the left atria on an EP mapping system,
as disclosed in co-pending U.S. patent application Ser. No.
16/282,835 filed on Feb. 22, 2019, incorporated herein by
reference in its entirety.
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[0007] Various commercially available cardiac electro-
physiology mapping systems use different modalities to
identify locality of catheters within the body. The St. Jude
ENSITE system, a trademark of St. Jude Medical, Atrial
Fibrillation Division, Inc. of St. Paul, Minn., uses impedance
to localize various catheters relative to a stable catheter
located within the heart. There is a background circuit
utilizing a high frequency transthoracic electric field
between the catheters and body surface electrodes, which
detect impedance changes relative to a stable cardiac cath-
eter (usually located within the coronary sinus) to derive
location information within the heart. Consequently, this
existing cardiac electrophysiology mapping system can uti-
lize bipolar/unipolar electrode impedance and/or electrical
current to determine the location of these electrodes in a
three-dimensional space relative to a set of reference elec-
trodes.

[0008] Another mapping system produced by Biosense
Webster utilizes a magnetic field and a magnetic sensor to
localize catheter location. A magnetic field is created around
the thorax, and a magnetic sensor equipped catheter within
this three-dimensional field is localized to a precision within
1 mm. These mapping systems can combine anatomical
information from computer tomographic imaging, fluoros-
copy and intravascular echo into the electrical mapping
system. These include endocardial, epicardial and impor-
tantly pericardial structures, without the need of active
fluoroscopy. One such EP mapping system is disclosed in
U.S. Pat. No. 8,825,144, incorporated herein by reference in
its entirety.

[0009] With this invention, I propose using an ultrasound
probe which can be esophageal or transgastric in location,
intracardiac, intravascular, or externally on the chest (tran-
sthoracic), to provide thermal imaging of the esophagus or
other vulnerable tissue adjacent to the heart or other tissues
such as the pulmonary veins, or other lung tissues. Ultra-
sound thermometry (a general term for ultrasound based
thermal sensing) using various methodologies has attempted
to monitor tissue being ablated with various energies (radio-
frequency, cryoablation, ultrasound energy, microwave
energy, laser etc.). However, ultrasound thermometry has
been limited by difficulties in accurately measuring tem-
perature above 45° C. and below 0° C. In addition, many
methodologies of ultrasound thermometry are extremely
motion sensitive making this technique difficult to apply in
a biological setting.

[0010] Three-dimensional mapping systems such as the
cardiac electrophysiology mapping systems identified
above, are used to localize ablation applications in a three-
dimensional space. For example, cardiac electrophysiology
mapping systems traditionally use a magnetic field or elec-
tric field (using electrical impedance or electrical current) to
provide locational information within the heart.

[0011] Ultrasound transducers for three-dimensional map-
ping systems such as cardiac electrophysiology mapping
systems have traditionally incorporated two-dimensional
images, to construct a three-dimensional construct, such as
with intracardiac ultrasound incorporated into the EP map-
ping system. Other standard and three-dimensional ultra-
sound systems and mapping systems have not used ultra-
sound thermometry because of the inherent limitations of
signal to noise ratio, temperature measurement in non-
ablative ranges, and motion.
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SUMMARY OF THE INVENTION

[0012] Ultrasound thermometry takes advantage of the
relatively predictable change in the speed of sound with
temperature change in various materials and/or change in
back scattered energy, which is based on heat induced
change in backscatter coeflicient. Ultrasound thermometry
during ablation of cancer has been extensively studied in the
oncology literature, but has had difficulties measuring high
temperatures. For most tissues, the speed of sound increases
with temperatures up to 60° C. However, the speed of sound
correlates poorly with high temperatures (greater than 45°-
50° C.), making temperature measurements difficult at the
ablative temperatures. Ultrasound thermometry has been
feasible and relatively accurate in hyperthermic tempera-
tures (less than 45°-50° C.) especially mild hyperthermia
(less than 41° C.). Since change in temperature using various
methods of ultrasound thermometry tends to have a linear
relationship below temperatures of 45°-50° C., this inven-
tion measures temperature in vulnerable tissue adjacent to
the ablation zone.

[0013] For example, ablation for atrial fibrillation fre-
quently entails using ablative energy such as radio-fre-
quency, laser, or cryotherapy on the posterior wall of the left
atria. The esophagus is adjacent to this area and serious
consequences from esophageal injury can result. An ultra-
sound probe within the esophagus during ablation of the
posterior wall of the left atria is used (as one option) to
measure temperature on the myocardium, pericardium, epi-
cardium or outer diameter of the esophagus directly opposite
the cardiac tissue being ablated. Hyperthermia or hypother-
mia in tissue that needs to be protected is detected by
ultrasound thermometry, and the ablative energy can be
modulated or discontinued. Temperature at the tissue being
ablated can also be measured, (although it may be limited by
the nonlinear and less predictable ultrasound characteristics
at higher temperatures, but may be useful in lower tempera-
tures for cryotherapy).

[0014] Various ultrasound acquisition geometries could be
utilized such as passive acoustic mapping, pulse echo (most
common in the medical field), pitch catch or hybrid geom-
etries. Passive acoustic imaging is derived from cavitation
and thermal strain of tissues. Pulse echo uses a transducer
that both transmits and receives acoustic waves that interact
with the tissue. With pitch catch, the transmitting and
receiving transducers are offset from each other. For
example, the transmitting and receiving transducers can face
each other. Another pitch catch possibility is where trans-
mitted acoustic waves are captured at many different angles,
so called full aperture tomographic geometry. Hybrid geom-
etries can combine ultrasound thermometry with other imag-
ing modalities into a system to enhance temperature acqui-
sition and resolution. Ultrasound acquisition geometries that
are being developed or not yet conceived, could also be
utilized.

[0015] Multiple methodologies for ultrasound thermom-
etry could be used to measure change in temperature,
including B mode imaging, Nakagami Imaging, speckle
tracking and thermal strain imaging, passive monitoring,
back scattered imaging and quantitative ultrasound, tissue
stiffness and elastography including shear wave thermom-
etry, local harmonic motion imaging, stimulated acoustic
emissions, mean scatter resonance, and photo acoustic imag-
ing. Other methodologies that could be used include phase
contrast and thermoacoustic lensing, ultrasound tomogra-
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phy, and hybrids of one or more modalities. Many of these
methods can use already FDA approved probes. Other
methodologies could also be used, but at the time of this
writing are research methods, requiring customized trans-
ducers, lasers or mechanical stimulators.

[0016] A combination of methodologies or methodologies
known, being developed, and not yet conceived for ultra-
sound thermometry could also be employed to increase
accuracy and range of temperature measurements available.

[0017] This invention is described in most detail with
regard to speckle tracking imaging. Specifically exploring
echo time shift method and cross-correlation speckle track-
ing for ultrasound thermography using pulse echo, although
other ultrasound thermographic methodologies could also be
utilized.

[0018] Beneficially, the methods of this invention are
integrated with a three-dimensional mapping system such as
a cardiac electrophysiology (EP) mapping system, to delin-
eate ablation points that achieve a certain temperature and to
correct for motion in the ultrasound measurement of tem-
perature. In addition, a three-dimensional ultrasound trans-
ducer, coupled with a magnetic sensor for a three-dimen-
sional mapping system, is used for ultrasound thermometry
and to define nearby anatomy.

[0019] Ablated tissue could be delineated within tissue
once a certain temperature is achieved at that point in a
three-dimensional mapping system for any tissue. For
example, in currently commercially available cardiac elec-
trophysiology mapping systems (Biosense Webster and St.
Jude), temperature is measured at the tissue-catheter elec-
trode interface (usually at the endocardium) while ablation
is occurring. Temperature within the myocardium could be
measured using ultrasound thermometry. However, ultra-
sound thermometry has difficulties measuring temperature
above 45° C. and below 0° C. Once a certain temperature is
achieved for a given amount of time, and a certain amount
of density in the ultrasound window, this location could be
transposed onto a three-dimensional mapping system such
as a cardiac electrophysiology mapping system. In this
example, a cardiac electrophysiology mapping system could
mark a point within a three-dimensional space once a certain
threshold temperature is achieved for a certain amount of
time. Thus, an estimation of the depth and width of the
volume affected by ablation energy can be visualized on the
cardiac electrophysiology mapping system. This principle
could be applied broadly to other mapping systems for other
tissues, to treat other disease processes such as cancer.

[0020] In one embodiment of the invention, before an
ablation procedure is conducted, an ultrasound probe is
located so that a target area associated with the ultrasound
probe includes tissues to be protected from thermal damage
during the ablation procedure. As an example, if the ablation
is a coronary ablation procedure, such as within the left
atrium of the heart, the ultrasound probe could be a transe-
sophageal echo probe placed within the esophagus at a
location closest to the heart. A piezo source on the echo
probe would be oriented generally facing toward the heart.
The echo probe would be activated before any thermal
energy has been applied to the heart and a baseline image
would be obtained which includes within the target area of
this image, structures to be protected from thermal damage.
The structures could include the wall of the esophagus, and
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especially the outer wall of the esophagus, as well as the
epicardium, and other nearby structures, including pulmo-
nary tissues.

[0021] This initial image acquired by the echo probe, in
one embodiment, is integrated into an EP mapping system
which has already been put into operation, and which
preferably is also coordinated with an ablation catheter to be
used during the ablation procedure. The initial images
obtained from the echo probe act as a baseline. In fact, as
many as each pixel within the image obtained by the echo
probe could provide a separate baseline (or a portion of a
multi-pixel baseline) for an associated tissue structure.
These tissue structures are imaged by bouncing ultrasonic
sound waves off of the tissues, and then detecting the
reflected sound waves at a sensor which is typically also on
the echo probe. As an enhancement to this baseline, various
different modalities of tissue motion can be briefly studied,
such as peristalsis motion, motion associated with move-
ment of the echo probe itself, motion associated with beating
of the heart, motion associated with respiration of the
patient, and motion from other motion inducing origins.

[0022] When the baseline information associated with the
ultrasound image has been appropriately gathered and stored
as a baseline for the image, the ablation procedure can
proceed. Especially if the ablation location is also within the
image produced by the echo probe, the rapid change in
temperature at the ablation site will result in a change in the
speed of sound associated with passage of ultrasound waves
through these heated tissues, and involving faster propaga-
tion of sound through the tissues with increasing tempera-
ture. The image is processed and distortions to the image
resulting from the change in speed of sound are detected and
correlated with a corresponding amount of temperature
change. This temperature change can be outputted in a
variety of ways. In one embodiment, this temperature
change is depicted on a visual presentation of the echo probe
generated image, such as in the form of a different color for
the image matching the temperature involved (e.g. black or
dark red) for the highest increase in temperature, red for the
next highest increase, orange for the next highest increase,
green for the next highest increase (or to represent a least
amount of temperature decrease), blue for a greater amount
of temperature decrease, and purple for a greatest amount of
temperature decrease. As another alternative, numerical val-
ues for temperature could be placed adjacent to the tissues
undergoing temperature change. According to various meth-
odologies, including those disclosed herein, motion such as
that produced by one of the modalities and origins identified
above is accounted for, so that such motion is not improperly
interpreted as temperature change.

[0023] A medical professional performing an ablation
procedure or assisting with the ablation procedure can
monitor such a coded echo probe image including tempera-
ture information associated with various different tissues of
interest. As ablation energy causes temperature increase (or
decrease) at the ablation site, such temperature changes
propagate through various different modes of heat transfer to
adjacent tissues. The corresponding changes in temperature
of these tissues can be monitored. If any tissues which are
sensitive to temperature change encounter undesirably high
temperature changes, or are approaching undesirable thresh-
olds, an ablation procedure can be stopped or paused, or can
be adjusted, such as by utilizing lower energy levels, or by
moving a tip of the ablation catheter to other areas for further
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conducting of the ablation procedure. As a result, a highly
effective ablation procedure can be performed with minimi-
zation of thermal damage to sensitive tissues adjacent
thereto.

[0024] According to one aspect of this invention, this
invention is directed to a method for ablation of bodily
structures while protecting adjacent tissues from damage,
the method including the steps of placing an ablation tool
adjacent to a target bodily structure to be ablated, locating an
ultrasound probe within range of tissues to be protected;
operating the ablation tool to ablate the target bodily struc-
ture, evaluating ultrasound probe data during said operating
step to determine temperature changes of tissues to be
protected, based at least partially on detection of changes in
speed of sound within the tissues to be protected, the speed
change associated with temperature change, and adjusting
said operating step when said evaluating step detects unde-
sirable temperature change in the tissues to be protected. The
operating step of this method can include discharge of
electric arc energy from the ablation tool. The operating step
can alternatively include discharge of laser energy from the
ablation tool. The operating step can alternatively include
discharge of radio-frequency energy from the ablation tool.
The operating step can alternatively include the discharge of
ultrasonic energy from the ablation tool. The operating step
can alternatively include cryogenic transfer of heat from the
target bodily structure to the ablation tool to oblate by
cooling in the target bodily structure.

[0025] The evaluating step of the above method can
include displaying an image of tissues to be protected along
with a visual indication of temperature of the tissues. This
temperature visualization can include different colors
indicative of different temperatures with the colors displayed
upon the depiction of tissues to be protected. The tempera-
ture visualization of the evaluating step can be overlaid upon
a display of an EP mapping system which is also displaying
tissues to be protected.

[0026] The adjusting step of the above method can include
the user pausing the operating step. The adjusting step can
alternatively or in addition involve the user moving the
ablation tool away from tissues to be protected. The adjust-
ing step can include decreasing a power level of the ablation
tool. Such decreasing of power can occur automatically
when a threshold temperature is detected in tissues to be
protected, such as according to a feedback loop which has as
an input temperature of tissue to be protected and as an
output a gain value controlling power to the ablation tool.
The decreasing step can be terminated when temperature
change of tissues to be protected drops below a desired
maximum level (or above a minimum level for cryo abla-
tion) of temperature change, so that full power ablation can
re-commence.

[0027] Target body structures for protection according to
the above method of this invention can include a portion of
the patient’s myocardium, epicardium, pericardium, pulmo-
nary tissues, esophagus or other tissues. Such esophageal
tissues to be protected can include an outer wall of the
esophagus and/or an inner wall of the esophagus or sur-
rounding associated tissues. The locating step of the method
described above can involve locating the ultrasound probe
within the esophagus or at other locations including intrac-
ardiac locations, subcutaneous locations or supracutaneous
locations.
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[0028] The evaluating step of the above identified method,
in at least some embodiments includes correction for relative
motion. Such relative motion can include relative motion
between the ultrasound probe and bodily structures, or can
include motion between different bodily structures, or can
include motion between bodily structures and an EP map-
ping system and/or motion between the ultrasound probe
and the EP mapping system. If multiple different ultrasound
probe sources and ultrasound wave sensors are separately
provided, such motion correction could correct for motion
between such ultrasound sources and ultrasound sensors.

OBJECTS OF THE INVENTION

[0029] Accordingly, a primary object of the present inven-
tion is to utilize ultrasound thermometry for soft tissue being
ablated and adjacent soft tissue, such as tissue to be pro-
tected from thermal damage.

[0030] Another object of the present invention is to utilize
ultrasound thermometry in conjunction with a three-dimen-
sional mapping system for ablation delineation and tissue
protection.

[0031] Another object of the present invention is to utilize
ultrasound thermometry in conjunction with a three-dimen-
sional mapping system for ablation delineation and tissue
protection and with motion correction.

[0032] Another object of the present invention is to mea-
sure temperature by ultrasound thermography adjacent to
tissue being ablated to limit bystander tissue damage such as
the esophagus.

[0033] Another object of the present invention is to mea-
sure temperature by ultrasound thermography of tissue being
ablated and adjacent tissue to delimit target zone, such as the
myocardium.

[0034] Another object of the present invention is to mea-
sure temperature of tissue being ablated by ultrasound
thermography with point marking in a three-dimensional
mapping system such as a cardiac electrophysiology map-
ping system, once a threshold temperature is achieved.
[0035] Another object of the present invention is to utilize
motion correction for ultrasound thermometry for ablation
delineation and adjacent tissue protection, such as the
esophagus, utilizing a three-dimensional mapping system
such as a cardiac electrophysiology mapping system.
[0036] Another object of the present invention is to pro-
vide a design for an ultrasound transducer to allow for
three-dimensional acquisition or improved two-dimensional
acquisition in a three-dimensional mapping system, such as
a cardiac electrophysiology mapping system.

[0037] Other further objects of the present invention will
become apparent from a careful reading of the included
drawing figures, the claims and detailed description of the
invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0038] FIG. 1 is a schematic of a chest cavity of a patient
and adjacent equipment, illustrating placement of an abla-
tion catheter and an ultrasound probe for ultrasound ther-
mometry and tissue protection adjacent to an ablation site
within a patient’s heart, according to a method of this
invention.

[0039] FIG. 2isa schematic of a human heart and adjacent
bodily structures, and further illustrating one position for an
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ultrasound probe when primarily protecting esophagus tis-
sues from thermal damage during a cardiac ablation proce-
dure.

[0040] FIG. 3 is a schematic depicting how differences in
magnitude of sound wave vectors between a baseline con-
dition and when heating is occurring, can be measured and
correlated with temperature change.

[0041] FIG. 4 is a flow chart with associated example
images illustrating how ultrasound image frames can be
used to create a motion compensated temperature elevation
map indicating temperature of tissues being imaged.
[0042] FIG. 5 depicts a progression of images and image
processing steps according to this invention which further
illustrate compensation for motion when creating a tempera-
ture elevation map.

[0043] FIGS. 6-11 depict exemplary formulas utilized in
one embodiment of this invention for utilizing ultrasound
signals for measuring temperature change according to
forms of this invention.

[0044] FIG. 12 is a schematic depiction of an ultrasound
window produced by an ultrasound probe within an esopha-
gus of a patient, near a heart of a patient, and providing an
image which could then be color labeled or numerically
labeled, or otherwise labeled to overlay temperature data
gathered according to this invention upon such an image for
monitoring by a surgeon or other medical professionals
during a cardiac ablation procedure within the heart or
during some other thermal procedure.

[0045] FIG. 13 is a front elevation view of a patient upon
a table within an electrophysiology surgical procedure suite
which includes an EP mapping system and which illustrates
how an esophageal echo probe can be placed within the
patient’s esophagus and near the heart, for conducting
ultrasound thermometry and for tissue protection during an
ablation procedure. A display as part of the EP mapping
system generally depicts how standard EP mapping data can
be imaged, such as for guiding of the ablation procedure,
while a separate portion of the same display (or a second
display) provides ultrasound imaging data along with ultra-
sound thermometry data to further guide medical profes-
sionals in safely conducting ablation procedures without
thermal damage to adjacent tissues, such as the wall of the
esophagus.

[0046] FIGS. 14-18 are plan views of a schematic nature
of distal ends of intraluminal ultrasound probes, such as
transesophageal echo probes, for providing ultrasound sig-
nals which are amenable to processing for generation of
ultrasound thermometry data.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

[0047] Referring to the drawings, wherein like reference
numerals represent like parts throughout the various drawing
figures, reference numeral 10 is directed to an ultrasound
thermometry system especially for use with an electrophysi-
ology (EP) mapping system 45. Such a thermometry system
10 can be useful to protect thermally sensitive tissues
adjacent to a heat source, such as an ablation catheter, by
monitoring temperature at various areas.

[0048] In essence, and with particular reference to FIGS.
1 and 13, the system 10 is described according to a typical
embodiment. The system 10 can be implemented with an
ultrasound probe 20 located near tissues to protect. For
instance, the probe 20 can be placed in the esophagus E to
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protect the wall W of the esophagus. The ultrasound ther-
mometry system 10 can be used in an EP mapping suite 40
along with the EP mapping system 45 to add the benefits of
thermometry to procedures performed in the suite 40, such
as cardiac ablation procedures. The thermometry system
incorporates motion compensation to enhance accuracy of
thermal strain and/or temperature related outputs.

[0049] More specifically, and with reference to FIG. 3, a
schematic depiction is provided of baseline time of scatter
from a specific depth. A bottom portion of FIG. 3 similarly
depicts time of scatter with temperature change, and how
scatter shifts to a different location with new time of arrival.
The time of scatter with heating includes time of scatter,
linear coeflicient of thermal expansion (1-c,), and tempera-
ture changes. The difference can be calculated as time shift
(diagonal arrow) which different correlates with temperature
change, at least partially. Thermal expansion and tempera-
ture generally have opposing effects on the speed of sound.
However, the change is speed of sound with temperature
change generally dominates thermal expansion by an order
of magnitude.

[0050] Most ultrasound thermometry measurements are
extremely sensitive to motion which is inherent to biological
systems which (without compensation) severely decreases
the applicability of this technology. Any ultrasound ther-
mometry methodology could be used for motion correction.
For instance, multiple reference frames can be used in a
buffer (also called a baseline buffer or baseline data) prior to
heating, to be compared with new frames as the tissue is
being heated, which can be matched and compared for
thermal strain calculations. This methodology is akin to that
proposed by Foiret and Ferrara (FIGS. 4 and 5).

[0051] An additional enhancement for motion correction
includes the ability of the operator to specify an area within
the region of interest which was going to potentially be
heated based on the location of the heating source (in one
example, the ablation catheter within the left atria). For
example, a cardiac electrophysiology (EP) mapping system,
or the ultrasound transducer within the esophagus can be
used to give the catheter location and the operator can
provide the most likely area within the esophagus to get
heated, where thermal strain maps (or other thermal read-
ings) can be generated. While the other areas of the region
of interest in the heated frames could be used for matching
purposes with buffered reference frames. The process of
identifying the most likely location to be heated or cooled
with the region of interest could also be automated, based on
the location of the catheter relative to the esophagus E.
[0052] An alternative motion correction utilizes locational
data from a three-dimensional mapping system such as the
cardiac electrophysiology (EP) mapping system 45. The x,
y, z coordinates of the ultrasound catheter and the directional
information within the cardiac electrophysiology (EP) map-
ping system 45 could be used to mark different reference
frames at different locations and be used to match for
comparison with new frames as tissue is being ablated
(hyperthermia or hypothermia).

[0053] In addition, or alternatively, one or more points
within the ultrasound system 10 imaging output window or
region of interest from the ultrasound transducer with mag-
netic sensors and/or electrodes could be used to mark
locational information relative to the magnetic sensor. Ref-
erence frames can be compared with new frames as tissue is
being heated for calculating thermal strain (or other tem-
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perature information) using these points within the ultra-
sound system 10 image output window.

[0054] The above methodologies using a three-dimen-
sional mapping system for motion correction can also be
used in conjunction with having a buffer of reference frames
at baseline and matching to new frames during heating.
Using a combination of buffered images and locational
points within a three-dimensional mapping system may be
advantageous since tissue movement may occur despite
similar location and orientation of the transducer within the
three-dimensional mapping system.

[0055] A possible interface between these two motion
correction algorithms could be the following: different
ranges of locations within the three-dimensional mapping
system for the ultrasound probe 20 transducer and/or the
ultrasound window with a region of interest could have
separate bins. Each bin can have a collection of images
which provide reference values of thermal strain for cross
correlation. As the tissue is heated, the new location of the
transducer and/or ultrasound window can be used, and
compared with the appropriate matching bin, and that set of
images which most closely matches the cross correlational
value can be used for reference frames to estimate thermal
strain.

[0056] An alert can also be provided for the operator when
the transducer has moved from the original location where
reference frames were obtained. If there is a significant
change in the X, y, z coordinate in the three-dimensional
mapping system, then the system warns the operator that a
new set of reference frames need to be obtained.

[0057] Another possible interface could include incorpo-
rating the x, y, z coordinate measurements from the three-
dimensional mapping system into the calculations for ultra-
sound thermometry. For example, a correction factor using
none, some or all of the x, y, z coordinates can be placed into
the thermal strain calculations. For example standard ther-
mal strain can use cross correlation at a point i, j, following
the equation depicted in FIG. 6.

[0058] The cross correlation calculation can include a
third dimensional component to take into account multiple
rows of piezoelectric crystals and/or using coordinates from
a three dimensional mapping system, such as a cardiac
electrophysiology (EP) mapping system 45, following the
equation of FIG. 7. In the equations of FIGS. 6 and 7, S, and
S, are baselines, and subsequent data and bar quantities are
spatial averages. Three-dimensional coordinates, as outlined
above can include i, j, k and be use in cross-correlation
analysis of thermal strain since the ultrasound transducer can
have multiple rows (for the k axis). A correction factor
which can be derived from the cardiac electrophysiology
(EP) mapping system 45 could be used to modify the
coordinates outlined above (i, j, k) to correct for motion of
the transducer.

[0059] Methods to account for tissue movement are pref-
erably used. For example, the esophagus E can have a
contracted state, relaxed state, or transition state. Each state
could have a bin for different thermal strain values which
could be buffered at baseline and be compared to corre-
sponding values during application of energy. Another
method to account for tissue movement is to track certain
tissue, for example, the outer diameter of the esophagus E.
Thermal strain within the esophagus E can be calculated
when the outer diameter of the wall W esophagus E is at
different depths, relative to the ultrasound transducer. When
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the tissue is heated, matching reference frames for the outer
diameter of the esophagus E can be compared with frames
as tissue is undergoing temperature change.

[0060] Tissue movement from respiration can cause varia-
tions in the location of various organs, which provides
barriers for ultrasound thermometry. An example within the
chest cavity includes the heart H and the esophagus E (FIGS.
1, 2 and 13) relative to a transducer at any location. Cardiac
electrophysiology (EP) mapping systems 45 can gate respi-
ration, and usually map points are taken during the end
expiratory phase. Similarly, ultrasound probe 20 data acqui-
sition can be linked with the respiratory phase as gated by
the cardiac electrophysiology (EP) mapping system 45.
Thus, reference frames and measurements can be compared
with heated time frames during comparable points of respi-
ration, so that different bins of frames for comparison can be
used during different cycles of respiration. This process
could be automated or manually driven.

[0061] With no motion during imaging (low motion areas
such as the pericardium or outer esophagus E diameter), the
displacement of ultrasound speckle from local heating is
associated with changes in the speed of sound in the tissue
and thermal expansion of the tissue. Thermal expansion and
temperature change can be estimated by time shift from echo
data (At). Where the speed of sound is c, at baseline
temperature T, the change in temperature (AT) at depth y,
can be related to the changes in time shift at depth vy,
following the equation of FIG. 8, where k=1/(c.,~f) (which
needs to be calibrated since this is material dependent). «, is
the thermal expansion coeflicient and can be a function of
temperature. Since q., is relatively small in relation to the
speed of sound and the change in @, is relatively small in the
hyperthermic temperature ranges, ¢, may be constant, and,
following the equation of FIG. 9, f can be determined. For
most biologic materials with temperature 20° -40° C., a
linear relationship can be assumed for the speed of sound
and temperature.

[0062] Most preferably, k values can automatically change
with different temperatures. Values for k could also change
based on tissue contracted state if necessary. Tissue move-
ment such as respiration, cardiac motion, a peristalsis from
the esophagus E could be gated as proposed.

[0063] Small temperature changes in the ambient body
temperature range (37.8° C.) can be detected in adjacent
tissue for purposes of tissue protection, despite the current
limitations of ultrasound thermometry. An example would
be protection of the esophagus E during ablation for atrial
fibrillation within the left atria of the heart H (FIG. 1). The
ultrasound system 10 could be interfaced with an EP map-
ping system 45, EP monitoring system, ablation energy
generator (radio-frequency and cryotherapy as examples), or
a standard ultrasound visualization machine or other system.
The ablation zone tends to be greater than 2 mm, and would
be in the temperature ranges where a linear relationship
between cross-correlation speckle tracking for ultrasound
thermography and actual temperature (measured as infrared
in experimental models). Whether the temperature change
was increasing (eg. radio-frequency ablation, laser ablation,
ultrasound ablation), or decreasing (cryotherapy), small
changes in adjacent soft tissue can be detected. Specific
region(s) of interest can be imaged for temperature changes.
[0064] Information from displacements from gross patient
motion can be used for motion correction or compensation
with several temperature estimation methods. For example,
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Foiret and Ferrara proposed motion compensation by acqui-
sition of multiple reference frames prior to treatment (see
FIGS. 4 and 5). Two-dimensional cross correlation was
used, using In-phase/Quadrature (IQ) beam formed data,
where 1Q,,.,, is the most recently acquired frame, 1Q, s the
reference frame, M and N are the number of frames in the
region of interest, in the axial and lateral dimensions, m, and
n, are the indices at the center of the region of interest, and
* is a complex conjugation.

[0065] The complex cross-correlation between the refer-
ence frame and the current frame was expressed as follow-
ing the formula of FIG. 11, where m and n are pixel position
in the region of interest (kernel), i and j is the position of the
kernel in the search area, K and L are the number of samples
in the kernel in the axial and lateral dimensions and m,, and
n, are at the center of the kernel. Axial lag estimates from
tissue motion is subtracted from the shift map, leaving
displacement of scatterer from temperature change. The
corrected map can be smoothed, axial gradient calculated to
obtain a strain map and superimposed on the B mode image.
Quantitative temperature measurements (e.g. temperature
numbers on tissues having the number displayed thereon, or
by use of color) could also be displayed possibly on the B
mode image or cardiac electrophysiology (EP) mapping
system 45 and the display 48 thereof. The display 48 can
also show typical two-dimensional or three-dimensional
images of interest gathered by the primary magnet 44 and/or
other electrodes/sensors 46 placed upon a patient P resting
upon a table 42 in an EP mapping suite 40 (FIG. 13).
[0066] Thermometry measurements could be gated with
various movements. In the case of the esophagus E, based on
peristalsis, and respiration. Peristalsis could be based on
esophageal manometry measurements (such as intraluminal
pressure of the esophagus E), or cyclical thickening and
dilation of the esophagus E. For respiration, comparison of
images/RF data can be specified during comparable portions
of the respiratory cycle. For instance, comparable data at
specific cycles of respiration can be analyzed. In the case of
cardiac thermometry, beat to beat variation and respirations
could be gated. In addition, different filters can be used for
temperature estimation. Various filters described in the lit-
erature include median filters to mask erroneous large or
small displacements and smoothen the lateral displacement
gradient, gaussian filter, averaging filter, 1-D Savitzky-
Golay filter.

[0067] Ifpossible, myocardial temperature during ablation
could also be measured, although ultrasound temperature
has a nonlinear relationship with “true temperature” at
temperatures greater than 50° C. Adaptive ultrasound imag-
ing has been proposed to increase accuracy at higher tem-
peratures such as during ablation. For example, in tempera-
ture estimation using time shift data, k, which is usually
constant, such a modified system could use an adaptive k
algorithm at certain temperature ranges which could be
automatically applied. Methodologies that incorporate car-
diac movement and respiration could also be utilized for
myocardial temperature measurement as it is being ablated.
[0068] Ultrasound thermometry can, according to embodi-
ments of this invention, also be used for temperature and
lesion assessment of the myocardium during cryoablation.
With particular reference to FIG. 1, one configuration for
implantation of this invention is described according to one
embodiment. An echo transducer (or other ultrasound probe
20) is placed in the esophagus E (along arrow A), facing the
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posterior aspect of the left atria of the heart H, and the
ablation catheter. The ultrasound system 10 can be intet-
faced with an EP mapping system 45 and used within an EP
mapping suite 40, and RF data from the probe 20 is sent to
the oscilloscope. In turn, this data can be processed by a
commercially available program such as Matlab or other
ultrasound data processor or method. A processor or mul-
tiple processors could be designed to automatically and
efficiently run calculations for commercial use. The ultra-
sound system 10 could also be interfaced with an EP
monitoring system or ablation generator (for example radio-
frequency or cryotherapy).

[0069] Other methodologies of ultrasound thermometry
have similar limitations, but could be used with the similar
rationale as previously outlined (ie. change of temperatures
near body temperature). Multiple methodologies could also
be utilized to increase accuracy and temperature range. For
example, elastography could be used in combination with
cavitation methodologies.

[0070] Temperature measurement is used to measure effi-
cacy of ablative tissue, and to protect adjacent tissue from
damage. Temperature can be measured by thermocouples,
thermistors, resistant temperature detector, infrared, CT, and
magnetic resonance. Many of these temperature measure-
ment methods are invasive, ionizing, expensive and bulky.
Ultrasound temperature measurement can be noninvasive to
the tissue, non-ionizing, economical, and portable.

[0071] Temperature measurement requires temporal, spa-
tial and temperature resolution. A temporal resolution within
a few seconds, spatial resolution within a few millimeters,
and temperature resolution less than 1° C. is required for
ablation. Ideally ultrasound thermometry should provide
rapid, accurate and precise temperature measurement
between 0° to 100° C. Ultrasound thermometry using vari-
ous methodologies have a relatively linear and accurate
measurement between 20°-45° C, However above 50° C.,
there are multiple physical and acoustic barriers with ultra-
sound thermometry, including non-linear temperature
dependence on contrast parameters, stochastic bubbles, and
phase transitions.

[0072] Given these limitations, ultrasound thermometry
can still be effective at measuring hyperthermia, and possi-
bly temperature/lesion assessment for ablation. The current
state of ultrasound thermometry can provide protection to
the esophagus E, lungs and possibly lesion assessment in the
myocardium. Surveillance of temperature can occur on the
outer circumference of the esophagus, bronchus, pericar-
dium and myocardium as ablation (radio-frequency, laser
energy, cryoablation, etc.) within the left atria is being
applied. Ultrasound thermometry in the literature have pri-
marily been in the depths between 2-12 mm. The esophagus
wall thickness W is about 4-6 mm in thickness, and places
the outer circumference of the esophagus E well within the
range of different ultrasound thermometry methodologies.

[0073] Ultrasound thermometry between 20° -45° C. can
offer spatial resolution (2-4 mm), temperature resolution
(less than 1° C.), and temporal resolution (speed of sound
and processing speed). Hyperthermia can be measured on
the outer circumference of the esophagus E, rather than the
currently utilized intraluminal thermocouple/thermistor
which may be a late signal for esophageal injury. For
ablation involving cold temperatures, ablative lesion assess-
ment within the myocardium may be an added bonus.
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[0074] The speed of sound in various mediums could be
measured, such as myocardium, pericardium and esophagus
E, and applied to different ultrasound thermometry method-
ologies. In vitro studies on muscle tissue and cardiac mim-
icking tissue has been studied using depths comparable to
esophageal thickness. These ultrasound methodologies
could be tested in vivo in animal models using thermo-
couples or infrared at the esophagus E or pericardium.
Human patients could be tested using magnetic resonance
imaging as a gold standard, and examining for esophageal
ulcerations or nerve plexus damage following usage of
ultrasound thermometry. Besides myocardium, the detection
of hyperthermia around the ablation zone could be used to
delimit the effective ablation area for other uses, such as
neurologic or cancer therapy.

[0075] Ultrasound thermometry may be a useful tool in
protecting the esophagus and/or lung structures such as the
bronchus during ablation of atrial fibrillation through non-
invasive temperature measurement of adjacent soft tissue. In
addition, ultrasound thermometry may potentially be used
for lesion assessment within the ablated tissue, although
with potential technical difficulties (such as cardiac move-
ment, and nonlinear acoustic and temperature relationships).

[0076] With particular reference to FIGS. 14-18, an ultra-
sound probe 20 according to five embodiments is described,
the probes 20 are designed for three-dimensional acquisition
with magnetic sensors 32 and/or electrodes 30 could be
utilized within a three-dimensional mapping system such as
a cardiac electrophysiology (EP) mapping system 45 (FIG.
13) to provide anatomical information, and/or specifically
designed for ultrasound thermometry acquisition. One or
more rows of piezoelectric crystals or other piezo sources
26, 27 could be arranged in parallel, for acquisition of
multiple planes simultaneously through sensors 28, 29, with
magnetic sensors 32 and/or electrodes 30 providing loca-
tional information for the three-dimensional mapping sys-
tem. The probe 20 can also optionally include a standard
temperature sensor 35 (FIGS. 14 and 15), such as a ther-
mocouple, either for additional thermal monitoring/verifi-
cation or for calibration or other normalization of data
outputted by the system 10.

[0077] The multiple planes could be demonstrated as a
true three-dimensional rendition of structure and ultrasound
thermal mapping and/or multiple two dimensional images,
which could be displayed through a three dimensional
system such as a cardiac electrophysiology (EP) mapping
system 45 and associated display 48. The catheter with the
transducer can be deflectable (arrows X and Y of FIG. 14)
through a deflectable point 23 at the tip 22 of the probe 20,
distal of the trunk 24, and have a port within the catheter
possibly for suction.

[0078] Balloon(s) can also be placed on the echo probe
catheter (see FIG. 17) to improve contact of the ultrasound
piezo source(s) 26, 28 and possibly to the esophagus E from
the heart H. For an esophageal catheter, a balloon can be
distal to the transducer, and proximal to the transducer, to
isolate the area around the transducer, and a vacuum could
be created to have the esophagus E collapse around the
catheter. A port adjacent to the transducer can have suction
capabilities to bring the esophagus tissue closer to the
transducer, to improve tissue contact. Multiple ports can be
present for esophagus manometry, suction, or drug delivery
to reduce peristalsis (eg. Atropine).
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[0079] An alternative probe 120 can be similar to the
probe 20, but with the crystals or other ultrasound wave
source provided in a pair and oriented longitudinally. In
particular, a first longitudinal piezo source 126 and a second
longitudinal piezo source can be provided, which are par-
allel with each other. Multiple parallel frames of data are
thus efficiently acquired for three-dimensional data acquisi-
tion. Parallel longitudinal sensors 127, 129 would also be
included.

[0080] With particular reference to FIGS. 16-18, details of
three other embodiments of probes 1610 are described. Such
probes 1610 when adapted for use within the esophagus E
could include a piezo source 1616 which could be lateral to
a long axis of the probe 1610 (FIGS. 16 and 17) or parallel
with a long axis of the probe 1610 (FIG. 18). The probe 1610
generally includes a tip 1612 at a distal end of a trunk 1614.
A sensor 1618 can be provided, typically adjacent to the
piezo source 1616, to detect the sonic radiation returning
back after reflection off of bodily structures, and which
signal associated with the sensor 1618 can be utilized to
construct an ultrasound (or other) image. Such images,
rather than being utilized for vascular access, would be
utilized to protect the esophagus E and/or to otherwise assist
in performing the intracardiac (or other intravascular) pro-
cedure.

[0081] In one embodiment depicted in FIG. 17, multiple
electrodes 1620 are depicted on the probe 1610. The elec-
trodes 1620 are parallel with each other and spaced longi-
tudinally. Furthermore, magnetic field sensors 1630 are
provided alone or along with the electrode (or electrodes
1620) such as for imaging within an EP mapping system
1320. In the embodiment depicted in FIG. 17 a balloon 1640
1s provided adjacent to the tip 1612, and optionally a second
balloon 1640 spaced from the tip 1612. The balloons 1640
can be expanded (along arrow G of FIG. 17), such as
through provision of a fluid along a fill line 1642. These two
balloons 1640 can be provided on either side of a region of
the esophagus E to be protected. A suction port 1650 can be
provided in the transesophageal echo probe 1610 between
the balloons 1640, which is coupled to a vacuum line 1652
or other source of suction. When activated (drawing fluids
along arrow [ into the port 1650), walls of the esophagus E
could be brought toward the probe 1610 to decrease a
diameter of the esophagus E at an area of interest, and move
the esophagus E away from the heart H, such as during an
ablation procedure and to protect the esophagus E. Simul-
taneously, the probe 1610 can visualize walls of the esopha-
gus E relative to walls of the heart H, such as to verify that
spacing exists and to minimize damage, especially thermal
damage to the esophagus E during performing of a cardiac
ablation procedure.

[0082] The catheter can be pre-formed to promote tissue
contact of the ultrasound transducer onto the esophagus
surface (for example: Circular shaped, S-shaped, curved
state or coil shaped). The catheter can be deflectable to allow
for a relaxed state versus a preformed state. For example, the
relaxed state allows for easy delivery into the esophagus E,
while the preformed state promotes the tissue contact of the
echo transducer. The preformed state could be an S-shaped
curve, simple curve, or other shaped curve, coiled/helical,
while the relaxed state is straight and flexible to allow for
easy entry into the esophagus.

[0083] A Iumen for a stylet which can be placed and/or
replaced could also be present to improve tissue contact for
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the transducer. The stylet could be curved to shape the
catheter and allow for improved tissue contact onto the
surface of the esophagus. For example, the stylet could form
the catheter into an S-shape curve or a coiled/helical curve.
A catheter with or without a balloon also could be used,
which also has suction capabilities to improve tissue con-
tract (for example, like a vacuum cleaner which attaches to
an object by suction). These additional enhancements to the
esophageal catheter can also be applied to a standard two-
dimensional echo esophageal catheter to favor tissue contact
of the ultrasound transducer and ultrasound thermometry.
The echo probe 20 or other ultrasound transducer can be
transesophageal, transgastric, intravascular or externally
such as transthoracic in origin.

[0084] Ultrasound thermometry could be applied in the
clinical setting despite limitations in the range of tempera-
ture measurement and sensitivity to motion. Three-dimen-
sional mapping systems such as cardiac electrophysiology
(EP) mapping systems 45 are regularly used in clinical
settings and can provide locational information of ultra-
sound probes 20 and consequently the ultrasound imaging
window within a three-dimensional space. The capabilities
of the three-dimensional mapping system can be leveraged
to delineate tissue being ablated which achieves a threshold
temperature within the three-dimensional space. Locational
information of the transducer and the ultrasound window
can be used for motion correction possibly in combination
with a buffering algorithm, for increased accuracy in ultra-
sound temperature measurements. Finally, the ultrasound
transducer can have multiple rows of crystals (or other
ultrasound sources), possibly in different orientations
mounted with electrodes 30 and/or magnetic sensors 32 for
simultaneous visualization of multiple echo planes, to pro-
vide three-dimensional ultrasound data for the three-dimen-
sional mapping system such as a cardiac electrophysiology
mapping system.

[0085] This disclosure is provided to reveal a preferred
embodiment of the invention and a best mode for practicing
the invention. Having thus described the invention in this
way, it should be apparent that various different modifica-
tions can be made to the preferred embodiment without
departing from the scope and spirit of this invention disclo-
sure. When embodiments are referred to as “exemplary” or
“preferred” this term is meant to indicate one example of the
invention, and does not exclude other possible embodi-
ments. When structures are identified as a means to perform
a function, the identification is intended to include all
structures which can perform the function specified. When
structures of this invention are identified as being coupled
together, such language should be interpreted broadly to
include the structures being coupled directly together or
coupled together through intervening structures. Such cou-
pling could be permanent or temporary and either in a rigid
fashion or in a fashion which allows pivoting, sliding or
other relative motion while still providing some form of
attachment, unless specifically restricted.

What is claimed is:

1. A method for ablation of bodily structures while
protecting adjacent tissues from damage, the method includ-
ing the steps of:

placing an ablation tool adjacent to a target bodily struc-

ture to be ablated;

locating an ultrasound probe within range of tissues to be

protected,;
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operating the ablation tool to ablate the target bodily

structure;

evaluating ultrasound probe data during said operating

step to determine temperature changes of tissues to be
protected, based at least partially on detection of
changes in speed of sound within the tissues to be
protected, the speed change associated with tempera-
ture change; and

adjusting said operating step when said evaluating step

detects undesirable temperature change in the tissues to
be protected.

2. The method of claim 1 wherein said operating step
includes discharge of electric arc energy from the ablation
tool.

3. The method of claim 1 wherein said operating step
includes discharge of laser energy from the ablation tool.

4. The method of claim 1 wherein said operating step
includes discharge of RF energy from the ablation tool.

5. The method of claim 1 wherein said operating step
includes cryogenic heat transfer from the target bodily
structure to the ablation tool to ablate by cooling the target
bodily structure.

6. The method of claim 1 wherein said evaluating step
includes displaying an image of tissues to be protected along
with a visual indication of temperature of the tissues.

7. The method of claim 6 wherein the visual temperature
indication of said evaluating step includes different colors
indicative of different temperatures, the colors displayed
upon the depiction of tissues to be protected.

8. The method of claim 6 wherein the visual temperature
indication of said evaluating step 1s overlaid upon a display
of an electrophysiology mapping system which is displaying
tissues to be protected.

9. The method of claim 1 wherein said adjusting step
includes the user pausing said operating step.

10. The method of claim 1 wherein said adjusting step
includes the user moving the ablation tool away from tissues
to be protected.

11. The method of claim 1 wherein said adjusting step
includes decreasing a power level of the ablation tool.

12. The method of claim 11 wherein said decreasing step
occurs automatically when a threshold temperature is
detected in tissues to be protected according to a feedback
loop.
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13. The method of claim 12 wherein said decreasing step
is terminated when temperature change in tissues to be
protected drops below a desired maximum level of tempera-
ture change.

14. The method of claim 1 wherein the target bodily
structure includes a portion of a patient’s myocardium.

15. The method of claim 14 wherein the tissues to be
protected include the esophagus.

16. The method of claim 15 wherein the tissues to be
protected include an outer wall of the esophagus and said
locating step includes locating the ultrasound probe within
the esophagus.

17. The method of claim 15 wherein the tissues to be
protected include the inner wall of the esophagus.

18. The method of claim 14 wherein the tissues to be
protected include the pericardium.

19. The method of claim 14 wherein the tissues to be
protected include lung tissues.

20. A method for ablation of bodily structures while
protecting adjacent tissues from damage, the method includ-
ing the steps of:

placing an ablation tool adjacent to a target bodily struc-

ture to be ablated;

viewing the target bodily structure with a three-dimen-

sional mapping system;

delineating tissue to be ablated within the mapping sys-

tem;

locating an ultrasound probe within range of tissues to be

protected,

operating the ablation tool to ablate the target bodily

structure;

evaluating ultrasound probe data during said operating

step to determine temperature changes of the tissues to
be protected, based at least partially on detection of
changes in speed of sound within the tissues to be
protected, the speed change associated with tempera-
ture change; and

adjusting said operating step when said evaluating step

detects undesirable temperature change in the tissues to
be protected.

21. The method of claim 20, including the further step of
correcting the ultrasound data from said evaluating step to
compensate at least partially for motion.

22. The method of claim 21, including the further step of
depicting temperature visually on a display associated with
the three-dimensional mapping system.
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