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ULTRASOUND SYSTEM AND METHOD FOR
USE WITH A HEAT-AFFECTED REGION

FIELD OF THE INVENTION

[0001] This disclosure relates generally to an ultrasound
imaging system and method for determining that a heat-
affected region has experienced a temperature-induced tis-
sue change.

BACKGROUND OF THE INVENTION

[0002] Thermal ablation is clinically used both for cancer
treatment and for the treatment of cardiac irregularities, such
as a cardiac arrhythmia. Thermal ablation is used to kill
cancerous cells during cancer treatment and to create isola-
tion scars in order to disrupt abnormal electrical pathways in
order to treat cardiac arrhythmia. Accurate and precise
temperature control is important during a thermal ablation
procedure. It is important to raise the tissue to a high enough
temperature in order to create irreversible tissue damage,
such as that which would be required either to kill cancer
cells or to create an isolation scar. Not generating a high
enough temperature during a thermal ablation procedure
may result in an incomplete ablation, potentially leaving
viable cancer cells or incomplete electrical isolation. A
procedure that leaves viable cancer cells or results in incom-
plete electrical isolation is undesirable and may require one
or more additional follow-up procedures in order achieve the
desired clinical outcome.

[0003] Achieving too high of a temperature through ther-
mal ablation may also result in negative effects. For
example, too high of a temperature may result in collateral
damage to nearby organs. Too high of a temperature may
cause both short-term and long-term problems. For example,
the ablation may result in too much tissue being destroyed.
This may damage nearby organs and/or have catastrophic
effects such as major bleeding.

[0004] For these and other reasons an improved ultrasound
imaging system and method for estimating the temperature
of tissue and/or determining a position of a heat-affected
region is desired.

BRIEF DESCRIPTION OF THE INVENTION

[0005] The above-mentioned shortcomings, disadvan-
tages and problems are addressed herein which will be
understood by reading and understanding the following
specification.

[0006] In an embodiment, a method of ultrasound imaging
includes acquiring ultrasound channel data for a region-of-
interest, determining an estimated size of a heat-affected
region in response to an application of a thermal source
within the region-of-interest, identifying a first subset of the
ultrasound channel data, and identifying a second subset of
the ultrasound channel data that is different than the first
subset. The method includes generating a pilot trace based
on the first subset of the ultrasound channel data and
comparing the second subset of the ultrasound channel data
to the pilot trace to determine delay errors for the second
subset of the ultrasound channel data. The method includes
determining that the heat-affected region has experience a
temperature-induced tissue change based on the delay errors
and the estimated size of the heat-affected region. The
method includes presenting information indicating that the
heat-affected region has experienced the temperature-in-

Apr. 13,2017

duced tissue change after determining that the heat-affected
region has experienced the temperature-induced tissue
change.

[0007] In an embodiment, an ultrasound imaging system
includes a probe, a display device, and a processor in
electronic communication with the probe and the display
device. The processor is configured to control the probe to
acquire ultrasound channel data for a region-of-interest,
determine an estimated size of a heat-affected region in
response to an application of a thermal source within the
region-of-interest, identify a first subset of the ultrasound
channel data, identify a second subset of the ultrasound
channel data that is different than the first subset, and
generate a pilot trace based on the first subset of the
ultrasound channel data. The processor is configured to
compare the second subset of the ultrasound channel data
with the pilot trace to determine delay errors for the second
subset of the ultrasound channel data. The processor is
configured to determine that the heat-affected region has
experienced a temperature-induced tissue change based on
the delay errors and the estimated size of the heat-affected
region. The processor is configured to present information
indicating that the heat-affected region has experienced the
temperature-induced tissue change.

[0008] Various other features, objects, and advantages of
the invention will be made apparent to those skilled in the art
from the accompanying drawings and detailed description
thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 is a schematic diagram of an ultrasound
imaging system in accordance with an embodiment;
[0010] FIG. 2 is a flow chart of a method in accordance
with an embodiment;

[0011] FIG. 3 is a schematic diagram of a transducer array
and a heat-affected region in accordance with an embodi-
ment;

[0012] FIG. 4 is a schematic diagram of a heat-affected
region in accordance with an embodiment; and

[0013] FIG. 5 is a schematic representation of a display
screen in accordance with an exemplary embodiment.

DETAILED DESCRIPTION OF THE
INVENTION

[0014] In the following detailed description, reference is
made to the accompanying drawings that form a part hereof,
and in which is shown by way of illustration specific
embodiments that may be practiced. These embodiments are
described in sufficient detail to enable those skilled in the art
to practice the embodiments, and it is to be understood that
other embodiments may be utilized and that logical,
mechanical, electrical and other changes may be made
without departing from the scope of the embodiments. The
following detailed description is, therefore, not to be taken
as limiting the scope of the invention.

[0015] FIG. 1 is a schematic diagram of an ultrasound
imaging system 100 in accordance with an embodiment. The
ultrasound imaging system 100 includes a transmit beam-
former 101 and a transmitter 102 that drive elements 104
within a probe 106 to emit pulsed ultrasonic signals. The
probe 106 may be any type of probe, including a linear
probe, a curved array probe, a 1.25D array probe, a 1.5D
array probe, a 1.75D array probe, or 2D array probe accord-
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ing to various embodiments. The probe 106 may be used to
acquire 2D, 3D, or 4D ultrasound data. For 3D and 4D
embodiments, each acquired volume may include a plurality
of 2D images or slices. Still referring to FIG. 1, the pulsed
ultrasonic signals are back-scattered from structures in the
body. The echoes are converted into electrical signals, or
ultrasound channel data, by the elements 104. The term
ultrasound channel data refers to ultrasound data that has not
been fully beamformed. Ultrasound channel data may refer
to ultrasound data that is completely unbeamformed, par-
tially beamformed, partially delayed or channel data may
also refer to partially beamformed ultrasound data that has
been summed. The ultrasound channel data is received by a
receiver 107. The ultrasound channel data representing the
received echoes is passed through an analog to digital (A/D)
converter 108, where the ultrasound channel data is con-
verted from analog to digital. The receive beamformer 110
may be a hardware component, such as an Application
Specific Integrated Circuit (ASIC), a firmware component
such as a field-programmable gate array (FPGA) or a
software beamformer. According to some embodiments, the
probe 106 may contain electronic circuitry to do all or part
of the transmit beamforming and/or the receive beamform-
ing. For example, all or part of the transmit beamformer 101,
the transmitter 102, the receiver 107, the A/D converter 108,
and the receive beamformer 110 may be situated within the
probe 106 in other embodiments. For yet another embodi-
ment the beamforming can use phase delay or sampled delay
lines (non-digital) for a pre-beamforming step. For embodi-
ments where the receive beamformer 110 is a software
beamformer the receive beamformer 110 may use execut-
able code in order to apply the appropriate delays and sum
the 1Q data. FIG. 1 shows an exemplary embodiment where
the receive beamformer 110 may be a software beamformer.
The receive beamformer 110 is depicted as a subcomponent
of a processor 116. The receive beamformer 110 may be a
separate module within the processor 116, or the function of
the receive beamformer 110 may be performed by the
processor 116. The receive beamformer 110 applies delays
to the ultrasound channel data. The receive beamformer 110
may perform a summing operation after applying the delays
to the ultrasound channel data. Ultrasound channel data may
be used to refer to ultrasound data emerging from one
channel (element) or a selected group of elements. The
ultrasound channel data may include either analog or digital
ultrasound channel data from the elements 104, the receiver
107, or the A/D converter 108.

[0016] The terms “scan” or “scanning” may be used in this
disclosure to refer to acquiring ultrasound channel data
through the process of transmitting and receiving ultrasonic
signals. The terms “data” and “ultrasound data” may be used
in this disclosure to refer to either one or more datasets
acquired with an ultrasound imaging system. A user intet-
face 115 may be used to control operation of the ultrasound
imaging system 100. The user interface 115 may be used to
control the input of patient data, or to select various modes,
operations, and parameters, and the like. The user interface
115 may include a one or more user input devices such as a
keyboard, hard keys, a touch pad, a touch screen, a track
ball, rotary controls, sliders, soft keys, or any other user
input devices.

[0017] The processor 116 controls the transmit beam-
former 101, the transmitter 102, the receiver 107, the A/D
converter 108, and the receive beamformer 110. The trans-
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mit beamformer 101 may be controlled by hardware, firm-
ware or software. The transmit beamformer 101 may also be
part of the processor 116. For embodiments where the
transmit beamformer 101 is a software beamformer, the
transmit beamformer 101 may include one or more of the
following components: a graphics processing unit (GPU), a
microprocessor, a central processing unit (CPU), a digital
signal processor (DSP), or any other type of processor
capable of performing logical operations. And, as described
above, the receive beamformer 110 may be a hardware,
firmware or a software beamformer according to various
embodiments. For embodiments where the receive beam-
former 110 is a software beamformer, the receive beam-
former 110 may include one or more of the following
components: a graphics processing unit (GPU), a micropro-
cessor, a central processing unit (CPU), a digital signal
processor (DSP), or any other type of processor capable of
performing logical operations controlled by a software pro-
gram. The receive beamformer 110 may be configured to
perform conventional beamforming techniques as well as
techniques such as retrospective transmit beamforming
(RTB).

[0018] The processor 116 is in electronic communication
with the probe 106. The processor 116 may control the probe
106 to acquire ultrasound channel data. The processor 116
controls which of the elements 104 are active and the shape
of a beam emitted from the probe 106. The processor 116
controls the transmit beamformer 101 and the transmitter
102 to control a focus of the transmit beams. The processor
116 controls the receiver 107, the A/D converter 108 and the
receive beamformer 110 to perform dynamic focusing while
receiving ultrasound data. The processor 116 is also in
electronic communication with a display device 118, and the
processor 116 may control the receive beamformer 110 to
apply beamforming to the ultrasound channel data and
perform additional processing in order to display images
based on the beamformed ultrasound data on the display
device 118. For purposes of this disclosure, the term “elec-
tronic communication” may include both wired and wireless
connections. The processor 116 may include a central pro-
cessing unit (CPU) according to an embodiment. According
to other embodiments, the processor 116 may include other
electronic components capable of carrying out processing
functions, such as an application specific integrated circuit
(ASIC), a digital signal processor (DSP), a field-program-
mable gate array (FPGA), a graphics processing unit (GPU)
or any other type of processor capable of executing logical
operations. According to other embodiments, the processor
116 may include multiple electronic components capable of
carrying out processing functions. The processor 116 may be
adapted to perform one or more processing operations on the
ultrasound data according to a plurality of selectable ultra-
sound modalities. The ultrasound data may be processed in
real-time during a scanning session as the ultrasound data is
received. For the purposes of this disclosure, the term
“real-time” is defined to include a procedure that is per-
formed without any intentional delay. Real-time frame rates
or volume rates may vary based on the size of the region or
volume from which data is acquired and the specific param-
eters used during the acquisition. The data may be stored
temporarily in a buffer (not shown) during a scanning
session and processed in less than real-time in a live or
off-line operation. Some embodiments may include multiple
processors (not shown) to handle the processing tasks. Or,
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the processing functions attributed to the processor 116 and
the receive beamformer 110 may be allocated in a different
manner between any number of separate processing com-
ponents, including a multi-core processor, or configurations
where the processor 116 includes multiple separate proces-
SOrS.

[0019] According to an embodiment, the ultrasound imag-
ing system 100 may continuously acquire ultrasound chan-
nel data at a frame-rate of, for example, 10 to 100 Hz.
Images generated from the ultrasound channel data may be
refreshed at a similar frame-rate. Other embodiments may
acquire and display data at different rates. For example,
embodiments may acquire ultrasound data at a frame rate of
less than 10 Hz or greater than 100 Hz depending on the size
of the volume and the intended application. A memory 120
is included for storing processed frames of acquired data. In
an exemplary embodiment, the memory 120 is of sufficient
capacity to store frames of ultrasound data acquired over a
period of time at least several seconds in length. The frames
of data are stored in a manner to facilitate retrieval thereof
according to time of acquisition. The memory 120 may
comprise any type of data storage medium.

[0020] Optionally, embodiments may be implemented uti-
lizing contrast agents. Contrast imaging generates enhanced
images of anatomical structures and blood flow in a body
when using ultrasound contrast agents including
microbubbles. After acquiring data while using a contrast
agent, the image analysis includes separating harmonic and
linear components, enhancing the harmonic component and
generating an ultrasound image by utilizing the enhanced
harmonic component. Separation of harmonic components
from the received signals is performed using suitable filters.
The use of contrast agents for ultrasound imaging is well-
known by those skilled in the art and will therefore not be
described in further detail.

[0021] In various embodiments of the present invention,
data may be processed with mode-related modules by the
processor 116 (e.g., B-mode, Color Doppler, M-mode, Color
M-mode, spectral Doppler, Elastography, TVI, strain, strain
rate, and the like) to form 2D, 3D, or 4D images or data. For
example, one or more modules may generate B-mode, color
Doppler, M-mode, color M-mode, spectral Doppler, Elas-
tography, TVI, strain, strain rate and combinations thereof,
and the like. The image frames are stored and timing
information indicating the time of acquisition may be
recorded. The modules may include, for example, a scan
conversion module to perform scan conversion operations to
convert the image frames from coordinates beam space to
display space coordinates. A video processor module may be
provided that reads the image frames from a memory and
displays the image frames in real time while a procedure is
being carried out on a patient. A video processor module
may store the image frames in an image memory, from
which the images are read and displayed.

[0022] FIG. 2 is a flow chart of a method 200 in accor-
dance with an exemplary embodiment. The individual
blocks of the flow chart represent steps that may be per-
formed in accordance with the method 200. Additional
embodiments may perform the steps shown in a different
sequence and/or additional embodiments may include addi-
tional steps not shown in FIG. 2. The technical effect of the
method 200 is the presentation of information indicating that
the heat-affected region has experienced a temperature-
induced tissue change.
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[0023] FIG. 3 is a schematic representation of a transducer
array 302 and a plurality of ultrasound propagation paths
304 according to an embodiment. FIG. 3 shows an exem-
plary embodiment where the transducer array 302 includes
16 elements 306. It should be appreciated that other embodi-
ments may have a different number of elements and/or the
elements may be arranged in an array of a different con-
figuration. According to an embodiment a single discrete
channel may be associated with each of the elements 306.
According to other embodiments, signals from multiple
different elements may be routed to a common channel
through techniques including sub-aperture processing. Each
element 306 is labeled with an integer from 1 through 16.
For purposes of discussing FIG. 3, the channel associated
with a given element 306 will be identified by the same
integer as the element. For example, channel 1 will refer to
the channel receiving ultrasound data from element 1, chan-
nel 2 will refer to the channel receiving ultrasound data from
element 2, etc. FIG. 3 also includes a heat-affected region
308 with a thickness 310.

[0024] The method 200 will be described by referencing
FIGS. 1, 2, and 3. At step 202, the processor 116 controls the
probe 106 to acquire ultrasound channel data. As described
previously, the processor 116 may control the transmit
beamformer 101, the transmitter 102, the receiver 107, the
A/D converter 108, and the receive beamformer 110 in order
to acquire ultrasound channel data with the elements 104 in
the probe 106. As previously described, the term “ultrasound
channel data” refers to ultrasound data that is collected by a
channel or a selected group of channels. The ultrasound
channel data may be acquired by transmitting an ultrasound
beam focused on one or more focal points and then dynami-
cally focusing while receiving the ultrasound channel data
along a plurality of beams. Ultrasound channel data may
also be acquired through a multi-line acquisition process
where multiple receive lines are acquired for each transmit
event.

[0025] According to an exemplary embodiment, a thermal
source may be applied to the patient during the process of
acquiring the ultrasound channel data during step 202. For
example, an ablation catheter may be used to adjust the
temperature of tissue within the patient. The ablation cath-
eter may use various techniques to adjust the temperature of
the patient’s tissue including radio-frequency (RF) ablation,
cryoablation, or any other technique of heating or cooling a
patient’s tissue in a targeted manner. According to an
exemplary embodiment, the thermal ablation may be used
for various purposes such as annihilating cancerous tissue or
performing a cardiac ablation procedure in order to alter
electrical pathways across the patient’s heart. It should be
appreciated that the method 200 may be used in combination
with other procedures according to additional embodiments.
[0026] At step 204, the processor 116 determines an
estimated size of a heat-affected region, such as the heat-
affected region 308. The method 200 will be described
according to an embodiment where an ablation catheter is
used to heat tissue within the patient during the process of
acquiring ultrasound channel data at step 202. Those skilled
in the art should appreciate that the method 200 may be used
with other types of procedures as well.

[0027] The processor 116 may determine the estimated
size of the heat-affected region 308 through many different
techniques such as implementing a bio-heat equation or
implementing a heuristic approach. Exemplary embodi-
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ments involving implementing a bio-heat equation and
implementing a heuristic approach will be described below.
[0028] According to an exemplary embodiment, the pro-
cessor 116 may use a bio-heat equation to determine the
estimated size of the heat-affected region 308. The bio-heat
equation may, for instance, express a relationship describing
how heat spreads in biological tissue in response to the
application of a known thermal source for a known amount
of time. For example, by inputting a known thermal source
and the amount of time that the thermal source is applied; the
processor 116 may implement the bio-heat equation to
estimate the size of the heat-affected region 308. The size of
the heat-affected region 308 may include a thickness of the
heat-affected region 308, or it may include a radius or
diameter of the heat-affected zone depending upon the
embodiment.

[0029] The Pennes bio-heat equation may be used accord-
ing to an embodiment. The Pennes bio-heat equation is
shown below:

dT
pCE =AKAT+Q+Qp+A

[0030] Where p is density, C is specific heat, T is tem-
perature, k is thermal conductivity, Q is the microwave
power density, Q5 accounts for the effects of perfusion and
A is the metabolic heat generation term.

[0031] According to one exemplary embodiment, it is
assumed that the thermal input results in a heat-affected
region with uniform thickness. Then, the Pennes bio-heat
equation may be implemented by setting both Qz and A to
zero. Additionally, the speed of sound may be assumed to
vary in a linear manner with temperature. For example, the
speed of sound may be assumed to vary approximately 3
m/s/C.° according to an embodiment. Based on the above
assumptions (i.e., setting both Q5 and A to zero, and assum-
ing the speed of sound varies in a linear manner with
temperature), it is possible to implement the Pennes bio-heat
equation, or a different bio-heat equation, to determine the
estimated size of a heat-affected region 308 in response to
the application of a known thermal source for a known
amount of time

[0032] The processor 116 may also implement a heuristic
approach to determine the estimated size of the heat-affected
region 308. For example, the processor 116 may access a
look-up table in order to determine the estimated size of the
heat-affected region 308 in response to the application of a
known thermal source for a known amount of time. The
look-up table may, for instance. include values correlating
the thermal source and the time of application to the esti-
mated size of the heat-affected region 308. The values in the
look-up table may be generated from empirical data or the
values in the look-up table may be estimated based on a
model. The use of a look-up table is just one example of a
heuristic approach. It should be appreciated that other
embodiments may involve the implementation of heuristic
approaches other than a look-up table.

[0033] At the conclusion of step 204, the processor 116
has determined an estimated size of the heat-affected region
308. The use of the estimated size of the heat-affected region
308 will be discussed in detail hereinafter.

[0034] At step 206, the processor 116 identifies a first
subset of the ultrasound channel data. The first subset of the
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ultrasound channel data may include data from one or more
channels acquired with a portion of the elements 104. For
example, the first subset of the ultrasound channel data may
include ultrasound channel data from a number of channels
acquired with a central portion of an array of elements 104.
Various embodiments may use a different number of chan-
nels in the first subset of ultrasound channel data. Addition-
ally, in some embodiments, the channels in the first subset
may be associated with elements that are not adjacent to
each other. According to an exemplary embodiment, a probe
may include an array with 128 elements. The first subset
may, for instance, include the ultrasound channel data asso-
ciated with 2 central elements, 4 central elements, or any
other number of elements that is less than the total number
of elements. Additionally, the first subset of the ultrasound
channel data may be selected so that the channels are
associated with a subset of elements that are not centrally
located on the array. For example, the first subset of channels
may be offset to one side of the array.

[0035] At step 208, the processor 116 identifies a second
subset of the ultrasound channel data. According to an
embodiment, the second subset of the ultrasound channel
data may not overlap with the first subset of ultrasound
channel data. According to other embodiments, some of the
channels in the first subset of ultrasound channel data may
be the same as some of the channels included in the second
subset of ultrasound channel data.

[0036] At step 210, the processor 116 generates a pilot
trace based on the first subset of the ultrasound channel data.
If the first subset of the ultrasound channel data includes data
from just a single channel, then the pilot trace may include
just the data from that single channel. However, for embodi-
ments where the first subset of ultrasound channel data
includes a plurality of channels, the processor 116 may
generate the pilot trace by averaging the data from the
plurality of channels. The pilot trace may be generated by
calculating an arithmetic mean, a weighted average, or any
other technique based on the first subset of the channel data.
The processor 116 may also apply one or more smoothing
techniques during the process of generating the pilot trace
from the first subset of the channel data. Using multiple
different channels to generate the pilot trace may result in a
more robust estimate of the delay time associated with the
pilot trace since averaging multiple channels minimizes the
effects of any noise present in any single channel.

[0037] At step 212, the processor compares the second
subset of ultrasound channel data with the pilot trace to
determine a delay error for each of the channels in the
second subset of the ultrasound channel data.

[0038] According to an exemplary embodiment, the first
subset of the ultrasound channel data may include the two
center channels, i.e., channel 8 and channel 9, and the
second subset of the ultrasound channel data may include
the remaining 14 channels. In other words, the second subset
of the ultrasound channel data may include channels 1, 2, 3,
4,5,6,7,10, 11, 12, 13, 14, 15, and 16. The processor 116
may therefore generate the pilot trace from channel 8 and
channel 9. According to an embodiment, the processor 116
may average channel 8 with channel 9 to generate the pilot
trace.

[0039] As previously discussed, during step 212, the pro-
cessor 116 may compare the second subset of ultrasound
channel data (i.e., channels 1, 2, 3, 4, 5, 6, 7, 10, 11, 12, 13,
14, 15, and 16) with the pilot trace to determine a delay error
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for each of the channels. FIG. 3 shows an exemplary
embodiment where the face of the transducer array 302 is
generally parallel to the heat-affected region 308 using 16
channels to illustrate the concept. In most cases the channel
count will be much higher. While this may be an advanta-
geous configuration for reasons that will be discussed below,
it should be appreciated that the technique may be used with
the probe positioned differently with respect to the heat-
affected region 308 according to other embodiments. Addi-
tionally, the heat-affected region 308 may be shaped differ-
ently in other embodiments. However, an exemplary
embodiment will be described with respect to the orientation
depicted in FIG. 3.

[0040] FIG. 4 is a schematic representation of a zoomed-in
view of a portion of the heat-affected zone 308 shown in
FIG. 3. A pilot trace 320 and an ultrasound beam 322 are
both shown with respect to the heat-affected zone 308. The
signal representing the ultrasound beam 322 may be
acquired by channel 7 according to an embodiment. The
pilot trace 320 is positioned between elements 8 and 9 since
the pilot trace 320 is an average of the ultrasound channel
data acquired from element 8 and element 9.

[0041] According to the geometry shown in FIG. 3 and
FIG. 4, the pilot trace 320 represents an average transit time
for a pulse that travels through the heat-affected region 308.
According to the embodiment shown in FIGS. 3 and 4, the
pilot trace represents the shortest transit time for a pulse that
travels through the heat-affected region 308. Since the pilot
trace 320 is generated based on channel data associated with
the center elements and because the array is generally
parallel to the heat-affected region 308, the pilot trace 320
represents the shortest distance between reflector 312 and
the array 302. It is not necessary that the pilot trace 320 is
exactly perpendicular to the heat-affected region 308. In
other embodiments, the pilot trace may pass through the
heat-affected region 308 at an angle. Those skilled in the art
will appreciate that other embodiments may have different
geometries between the array 302 and the heat-affected
region 308. The processor 116 is able to calculate the
expected delays for each of the channels based on the pilot
trace 320. For example, the processor 116 can determine the
relative path length differences between the beams for each
of the channels and pilot trace 320 based on the geometry of
the transducer array 302, the elements used to collect the
ultrasound data for each specific channel, and the position of
the focal point of the transmitted beams. The processor 116
is therefore able to calculate the expected delay for each of
the other channels. Since the pilot trace 320 is an average
time through the heat-affected region 308 based on multiple
beams, the delay associated with the pilot trace 320 incor-
porates the change in the speed of sound through the
heat-affected region. However, channel data acquired from
beams that pass through the heat-affected region 308 at an
angle will show a delay that is offset from the expected delay
because the beam travels through more of the heat-affected
region 308 compared to the pilot trace 320. If the speed of
sound is faster in the heat-affected region 308, the signals
along the beam for that particular channel will arrive earlier
than expected. If the speed of sound is slower in the
heat-affected region 308, the signals along the beam for that
particular channel will arrive later than expected. The pro-
cessor 116 calculates all of the estimated delays based on the
pilot trace 320. All of the channels associated with beams
having a different path length through the heat-affected
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region 308 will show at least some delay error when
compared to the expected delays calculated from the pilot
trace.

[0042] As discussed above, the path length through the
heat-affected region 308 is different depending on the angle
between the element/s in the array 302 and the pilot trace
320. For example, in FIG. 4, the pilot trace 320 passes
through a distance 324 (also indicated by T) of the heat-
affected region 308, while the beam 322 passes through a
distance 326 (also indicated by T,) of the heat-affected
region 308. The distance 326 is longer than the distance 324.
The path length of the beam 322 through the heat-affected
region 308 is equal to 1/(T, cos ®), where ® is the angle
between the beam associated with that particular channel
and T, is the path length of the pilot trace through the
heat-affected region 308. The exact path length though the
heat-affected region 308 varies based on the angle between
the element or elements associated with a particular channel
and the pilot trace 320. The delay error represents the
difference between the expected delay and the measured
delay for each of the channels.

[0043] Based on the delay errors calculated for each of the
channels in the second subset of the ultrasound channel data,
the processor 116 is able to determine the time offset for
each channel. The time offset represents the difference in
expected time to receive the signal from a particular channel
and the actual time to receive the signal from the particular
channel. As was previously described with respect to step
204, the processor 116 determines an estimated size of the
heat-affected region 308. Determining the estimated size of
the heat-affected region 308 may include determining the
thickness T, of the heat-affected region 308 in an exemplary
embodiment.

[0044] At step 214, the processor 116 determines that the
heat-affected region 308 has experienced a temperature-
induced tissue change based on the delay errors and the
estimated sized of the heat-affected region 308. The tem-
perature-induced tissue change may include either a perma-
nent temperature-induced tissue change, such as denaturing
the tissue, or a reversible temperature-induced tissue change,
such as altering a speed of sound in the heat-affected region
due to change in temperature in the heat-affected region 308.
If there are no delay errors calculated at step 212, then the
processor 116 determines that there are no temperature-
induced tissue changes. According to an exemplary embodi-
ment, determining that the tissue in the heat-affected region
308 has experienced a temperature-induced tissue change
may include determining an estimated temperature of the
heat-affected region 308.

[0045] The method 200 will be described in accordance
with an exemplary embodiment where determining that the
tissue in the heat-affected region 308 has experienced a
temperature-induced tissue change includes determining an
estimated temperature of the heat-affected region 308.
[0046] According to an embodiment, the processor 116
uses the thickness T of the heat-affected region 308 and the
delay errors for each of the channels to calculate an esti-
mated temperature of the heat-affected region 308. Based on
the thickness T, of the heat-affected region 308 and the
delay errors, the processor 116 calculates what would be the
required speed of sound within the heat-affected region 308
in order to account for the measured delay errors. Since the
estimated size of the heat-affected region is known, such as,
for instance, the thickness T, the processor 116 determines
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the required speed of sound for the heat-affected region 308
that would result in smaller delay errors for each ultrasound
channel with respect to the pilot trace. According to one
embodiment, the processor 116 may identify the speed of
sound for the heat-affected region 308 that results in the
smallest delay errors for the ultrasound channel data with
respect to the pilot trace 320. This may be calculated, for
example, by summing the absolute values of the delay error
for each channel according to an embodiment. Other math-
ematical methods minimizing the delay errors may be used
according to other embodiments.

[0047] After determining the required speed of sound, the
processor 116 may determine the estimated temperature for
the heat-affected region 308 that would result in the required
speed of sound. According to an embodiment, the processor
116 may assume that all the tissue that is not in the
heat-affected region is 37° C., which is a standard value for
a human body. The processor 116 may rely on a heuristic
approach or a model in order to determine the estimated
temperature that would result in the required speed of sound.
Additionally, according to other embodiments, both the
thickness Tp and the estimated temperature may be deter-
mined in parallel. For example, a system of two or more
models and/or equations may be solved at the same time to
determine both thickness T, and speed-of-sound (which is
used to calculate the estimated temperature). According to
other embodiments, values for both the thickness T, and the
estimated temperature may be iteratively calculated as one
or both variables evolve over time due to the application of
a thermal source.

[0048] Some embodiments may include one or more addi-
tional steps not illustrated on the flow chart shown in FIG.
2. For example, processor 116 may also use ultrasound
channel data acquired from different depths in order to
determine the location of the heat-affected region 308.
During dynamic focusing, the processor 116 controls the
focusing of the receive beams at different depths with
respect to the transducer array 302. For example, the pro-
cessor 116 may start by focusing at a relatively deep depth,
and then acquire ultrasound channel data by focusing on a
plurality of increasingly shallow depths. Dynamic receive
focusing is well-known by those skilled in the art and will
not be described in additional detail.

[0049] A full set of ultrasound channel data may be
acquired at each depth during dynamic receive focusing.
Referring to FIG. 3, the ultrasound channel data acquired
while the receive focusing is at depths between the trans-
ducer array 302 and the heat-affected region 310 will not
exhibit significant delay errors with respect to the estimated
delay errors calculated from the pilot trace 320 since the
receive focusing is a depths that are shallower than the
heat-affected region 308. In contrast, there will be significant
delay errors between the estimated delay and the measured
delay when focusing at depths within or deeper than the
heat-affected region 308 since the speed of sound is different
in the heat-affected region 308 compared to the surrounding
tissue.

[0050] After performing the dynamic receive focusing for
a plurality of different depths, the processor 116 has ultra-
sound channel data associated with each of the different
depths for which the dynamic receive focusing was per-
formed. The processor 116 may then determine the approxi-
mate depth, based on the ultrasound channel data acquired
from all the different focusing depths, where the delay errors
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start occurring. If all the data acquired from below a certain
depth contains a delay ertor, the processor 116 may estimate
that the heat-affected region 308 starts at a depth where the
delay errors are first present in the ultrasound channel data.
The processor 116 previously estimated the size of the
heat-affected region 308 during step 204 of the method 200.
Based on the previously estimated size of the heat-affected
region 308 and the depth where the ultrasound channel data
starts exhibiting delay errors, the processor 116 is able to
calculate the position of the heat-affected region 308.
[0051] At step 216, the processor 116 presents information
indicating that the heat-affected region has experienced the
temperature-induced tissue change. The information may be
presented in different ways according to various embodi-
ments. For example, the processor 116 may display the
estimated temperature of the heat-affected region 308. For
example, the processor 116 may display one or more num-
bers representing temperatures within the heat-affected
region 308, or the processor 116 may display a color overlay
where one or more colors used in the color overlay are used
to represent the estimated temperature or temperatures in the
heat-affected region.

[0052] The processor 116 may present at least one of the
position of the heat-affected region 308 and the estimated
temperature within the heat-affected region 308. The pro-
cessor 116 may, for instance, present the position of the
heat-affected region 308 in a variety of different ways. The
processor 116 may display a representation of the heat-
affected region in the proper position with respect to an
image generated from the ultrasound channel data. The
representation of the heat-affected region may be positioned
on either a still image generated from the ultrasound channel
data, or the representation of the heat-affected region may be
positioned on a live or dynamic image that is generated from
the ultrasound channel data. The representation of the heat-
affected region 308 may include a graphic representing the
shape of the heat-affected region 308 or the representation
may include the use of color to clearly demark the position
of the heat-affected region 308 on the image.

[0053] The processor 116 may numerically present infor-
mation regarding the position of the heat-affected region
308. For example, the processor 116 may present one or
more different numbers indicating the depth, thickness, or
any other attributes that would help a user to understand the
position of the heat-affected region 308 with respect to one
or more of the image, the probe or the patient.

[0054] FIG. 5 is a schematic representation of a display
screen 500 in accordance with an exemplary embodiment.
The display screen 500 represents an exemplary way that the
processor 116 may present information regarding the posi-
tion and temperature of the heat-affected region 308. The
display screen 500 includes a B-mode image 502 and a
representation of the heat-affected region 504. According to
an embodiment, just the representation of the heat-affected
region 504 may be shown with a color overlay and the rest
of the tissue may be represented as a normal grey-scale
B-mode image. The color is indicated by the hatched region
within the representation of the heat-affected region 504. It
should be appreciated that the color of the representation of
the heat-affected region 504 may change as the temperature
of the heat-affected region changes. According to another
embodiment, the color overlay may cover the whole image.
The colors in the color overlay may indicate the temperature
of the tissue. For example, the hue of the color may be used



US 2017/0100091 A1

to represent the temperature. Colors like yellow and red may
be used to indicate areas of warm temperatures, while colors
like blue, green, and purple may be used to indicate areas of
cooler temperatures. Other embodiments may different col-
ors to indicate temperatures.

[0055] According to another embodiment, the color of the
overlay may be used to indicate when the temperature has
reached a target temperature. For example, to successfully
ablate tissue, the temperature must reach at least 42° C. The
representation of the heat-affected region 504 may be shown
in a first color, such as red, when the heat-affected region
308 has not reached the desired temperature. And, the
representation of the color overlay 504 may be shown in a
second color, such as green, when the temperature of the
heat-affected region 308 has reached the desired tempera-
ture. It should be understood that the heat-affected region
308 may not be a uniform temperature. According to
embodiments with enough ultrasound channel data, the
processor 116 may represent the temperature of the heat-
affected region 308 by including a color overlay of multiple
different colors on the representation of the heat-affected
region 504.

[0056] Providing the user with real-time feedback about
the temperature and/or position of a heat-affected region
provides numerous advantages. Embodiments that show the
position of the heat-affected region 308 provide the user with
important information regarding the location of the tissue
currently being heated or cooled through an ablation proce-
dure. By showing the location of the heat-affected region
308 on an ultrasound image, the clinician obtains real-time
feedback about the position of the heat-affected region 308
with respect to a patient’s anatomy. This allows the clinician
to adjust the position of the ablation catheter if necessary and
to monitor the position of the heat-affected region 308
during the entire ablation procedure to ensure the intended
tissue is targeted by the procedure. By providing real-time
feedback about temperature, various embodiments provide
clinicians with real-time feedback that may be relied upon to
ensure an appropriate ablation. Clinicians can adjust the
power delivered to the ablation catheter and/or the rate that
the ablation catheter is moved to ensure that the tissue is
thoroughly ablated. Additionally, if the temperatures are too
high, clinicians can decrease the power to the ablation
catheter and/or move the catheter more quickly in order to
minimize the risk of damaging health tissue adjacent to the
intended ablation target. Embodiments that provide a warm-
ing if temperatures are too high provide a redundant patient
safety feature that helps to minimize risk to the patient.
Providing real-time temperature estimations based on ultra-
sound channel data and real-time information about the
position of a heat-affected region provides clinicians with
information to provide safer and more clinically effective
thermal ablations. Other embodiments may simply provide
notification to the user when the desired clinical outcome
related to temperature-induced tissue change has been
achieved.

[0057] This written description uses examples to disclose
the invention, including the best mode, and also to enable
any person skilled in the art to practice the invention,
including making and using any devices or systems and
performing any incorporated methods. The patentable scope
of the invention is defined by the claims, and may include
other examples that occur to those skilled in the art. Such
other examples are intended to be within the scope of the
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claims if they have structural elements that do not differ
from the literal language of the claims, or if they include
equivalent structural elements with insubstantial differences
from the literal language of the claims.

We claim:

1. A method of ultrasound imaging comprising:

acquiring ultrasound channel data for a region-of-interest;

determining an estimated size of a heat-affected region in
response to an application of a thermal source within
the region-of-interest;

identifying a first subset of the ultrasound channel data;

identifying a second subset of the ultrasound channel data

that is different than the first subset;

generating a pilot trace based on the first subset of the

ultrasound channel data;
comparing the second subset of the ultrasound channel
data to the pilot trace to determine delay errors for the
second subset of ultrasound channel data;

determining that the heat-affected region has experienced
a temperature-induced tissue change based on the delay
errors and the estimated size of the heat-affected
region; and

presenting information indicating that the heat-affected

region has experienced the temperature-induced tissue
change after determining that the heat-affected region
has experienced the temperature-induced tissue
change.

2. The method of claim 1, wherein determining that the
heat-affected region has experienced the temperature-in-
duced tissue change comprises determining an estimated
temperature of the heat-affected region.

3. The method of claim 1, wherein presenting the infor-
mation comprises presenting the estimated temperature.

4. The method of claim 3, wherein presenting the esti-
mated temperature comprises displaying a color overlay on
a B-mode ultrasound image, where the color overlay
includes a color to represent the estimated temperature.

5. The method of claim 3, further comprising determining
that the estimated temperature exceeds a threshold, and
wherein presenting the estimated temperature comprises
providing a warning that the estimated temperature exceeds
the threshold.

6. The method of claim 1, further comprising using the
information indicating that the heat-affected region has
experienced the temperature-induced tissue change to moni-
tor a progress of an ablation procedure.

7. The method of claim 1, further comprising calculating
a position of the heat-affected region based on the delay
errors and the estimated size of the heat-affected region.

8. The method of claim 1, wherein determining the
estimated size of the heat-affected region comprises imple-
menting a heuristic approach.

9. The method of claim 8, wherein implementing the
heuristic approach comprises accessing a look-up table to
determine the estimated size of the heat-affected region in
response to an application of the thermal source for a known
amount of time.

10. The method of claim 1, wherein determining the
estimated size of the heat-affected region comprises imple-
menting a bio-heat equation.

11. The method of claim 10, wherein the bio-heat equation
comprises a Pennes bio-heat equation.
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12. An ultrasound imaging system comprising:

a probe;

a display device; and

a processor in electronic communication with the probe

and the display device, wherein the processor is con-

figured to:

control the probe to acquire ultrasound channel data for
a region-of-interest;

determine an estimated size of a heat-affected region in
response to an application of a thermal source within
the region-of-interest;

identify a first subset of the ultrasound channel data;

identify a second subset of the ultrasound channel data
that 1s different than the first subset;

generate a pilot trace based on the first subset of the
ultrasound channel data;

compare the second subset of the ultrasound channel
data with the pilot trace to determine delay errors for
the second subset of the ultrasound channel data;

determine that the heat-affected region has experienced
a temperature-induced tissue change based on the
delay errors and the estimated size of the heat-
affected region; and

present information indicating that the heat-affected
region has experienced the temperature-induced tis-
sue change.

13. The ultrasound imaging system of claim 12, wherein
the processor is configured to determine that the heat-
affected region has experienced the permanent temperature-
induced tissue change by calculating an estimated tempera-
ture of the heat-affected region.
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14. The ultrasound imaging system of claim 12, wherein
the processor is configured to present the information by
displaying the estimated temperature on the display device.

15. The ultrasound imaging system of claim 14, wherein
the processor is configured to present the estimated tem-
perature by displaying a color overlay on a B-mode image
on the display device, where the color overlay includes a
color representing the estimated temperature.

16. The ultrasound imaging system of claim 12, wherein
the processor is configured to determine the estimated size
of the heat-affected region by implementing a heuristic
approach.

17. The ultrasound imaging system of claim 12, wherein
the processor is configured to determine the estimated size
of the heat-affected region by implementing a bio-heat
equation.

18. The ultrasound imaging system of claim 12, wherein
the processor is configured to receive information from an
ablation system indicating a wattage and a duration of an
ablation procedure, and wherein the processor is configured
to use the wattage and the duration of the ablation procedure
to determine the estimated size of the heat-affected region.

19. The ultrasound imaging system of claim 12, wherein
the processor is configured to calculate a position of the
heat-affected region based on the delay errors and the
estimated size of the heat-affected region.

20. The ultrasound imaging system of claim 19, wherein
the processor is configured to present information on the
display device indicating the position of the heat-affected
region.
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