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PHASED ARRAY ULTRASOUND FOR CARDIAC
ABLATION

CROSS-RELATED APPLICATION

[0001] Under 35 U.S.C. 119(e)(1), this application claims
the benefit of provisional application serial number, 60/603,
050, filed Aug. 20, 2004.

TECHNICAL FIELD

[0002] The present invention relates to medical applica-
tions of ultrasound and in particular, to ultrasound for
cardiac ablation.

BACKGROUND

[0003] Cardiac arrhythmias are characterized by erratic
cardiac contractions. These erratic contractions are often
confined to areas of the cardiac muscle that have abnormal
electric conduction, refractoriness, or impulse formation.
These abnormalities disturb the normal propagation of the
electric signals through the muscle resulting in abnormal
muscle contraction. A variety of surgical and non-surgical
treatments are available for cardiac arrhythmias. The non-
surgical treatments are anti-arrhythmetic drugs designed to
alter the electrophysiologic properties of the cardiac tissue.
Though these drugs decrease the likelihood that an arrhyth-
mia will occur, their efficacy is limited. Moreover, they have
potentially fatal side effects. For these reasons, pharmaco-
logical approaches for treating cardiac arrhythmia have been
widely supplanted by surgical approaches that irreversibly
damage or ablate the tissue regions that cause and sustain the
arrhythmias.

[0004] Over the past two decades open-heart ablative
surgery has been replaced by catheter cardiac ablation, a
minimally-invasive procedure in which a catheter is inserted
transcutaneously into an artery or a vein and guided fluo-
roscopically to the heart. The catheter delivers energy to the
problematic site. This energy heats the arrhythmogenic
tissue until it coagulates, thus destroying the tissue. Radio
frequency (RF) energy is most commonly used, though a
variety of energy sources, including direct currents, micro-
waves, cryothermic sources, and lasers can be used for
ablating tissue.

[0005] Although catheter ablation has become a standard
form of treatment, it has major limitations in both efficacy
and safety. Conventional catheter cardiac ablation tech-
niques are limited in their ability to accurately identify
arrhythmogenic tissue. In addition, catheter cardiac ablation
has great difficulty producing deep transmural, continuous
lesions. The invasive nature of catheter cardiac ablation can
lead to significant complications including severe pain,
adverse drug reaction from anesthesia, infection, throm-
bophlebitis, myocardial infarction, perforation, hemoperi-
cardium, and cardiac tamponade that can ultimately prove
fatal. Furthermore, catheter cardiac ablation is performed
under fluoroscopy guidance, a procedure that emits ionizing
radiation. If the procedure is prolonged, the patient and the
physician are at risk for sustaining a hazardous level of
exposure.

SUMMARY

[0006] In an aspect, the invention features a system for
performing ablation of target tissue. The system includes an
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ultrasound phased array having a plurality of ultrasonic
transducers and drive circuitry coupled to the ultrasonic
transducers. The drive circuitry is configured to generate
signals that cause the ultrasonic transducers to focus ultra-
sound radiation at the target tissue. The system also includes
a diagnostic system configured to percutancously collect
diagnostic data that is indicative of a condition of the target
tissue and computational circuitry that is interfaced to the
drive circuitry and to the diagnostic system. The computa-
tional circuitry is configured to control the drive circuitry
based on the diagnostic data.

[0007] In some embodiments, the ultrasound phased array
is two-dimensional and configured for placement in a
patient’s esophagus. In some embodiments, the drive cir-
cuitry includes multi-channel radio-frequency drivers and
the diagnostic system includes an imaging system for pro-
ducing an image of the target tissue. Examples of the
imaging system include a magnetic resonance imaging
(MRI) system, an ultrasound imaging system, a computed
tomography imaging system, an X-ray imaging system, and
a positron-emission tomography imaging system. In some
embodiments the diagnostic system includes a temperature
monitoring system which may, for example, include an MRI
system, and is configured to collect the diagnostic data in
real-time.

[0008] In another aspect, the invention features methods
and computer readable mediums for performing ablation of
target tissue. The method includes identifying a target loca-
tion of the target tissue from an image of the target tissue;
focusing ultrasound radiation from an ultrasound phased
array at the target location; collecting diagnostic data per-
cutaneously, the diagnostic data being indicative of a con-
dition of the target tissue; and controlling a characteristic of
the ultrasound radiation (e.g., phase, frequency, and power)
based on the diagnostic data such that the ultrasound radia-
tion ablates the target tissue without damaging surrounding
tissue. The computer readable medium includes instructions
for performing the method.

[0009] In some embodiments, the target location is deter-
mined in relation to a periodic triggering event (e.g., a
heartbeat) and the ultrasound radiation is focused at the
target location for a predefined period of time in response to
detecting the triggering event. In other embodiments the
target location is determined in real-time. In some embodi-
ments the coordinates of the image are transformed to
coordinates of the ultrasound phased array. In some embodi-
ments collecting diagnostic data also includes acquiring
temperature data that is indicative of ablation.

[0010] The details of one or more embodiments of the
invention are set forth in the accompanying drawings and
the description below. Other features, objects, and advan-
tages of the invention will be apparent from the description
and drawings, and from the claims.

DESCRIPTION OF DRAWINGS

[0011] FIG. 1 shows a system block diagram for an
ultrasonic ablation system;

[0012] FIG. 2A shows a two-dimensional ultrasound
phased array from the system of FIG. 1;

[0013] FIG. 2B shows a two-dimensional ultrasound
phased array from the system of FIG. 1;
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[0014] FIG. 3 shows a one-dimensional ultrasound array
from the system of FIG. 1,

[0015] FIG. 4 depicts an interface between the transducers
in the array and the drive circuitry in the system of FIG. 1,

[0016] FIG. 5 depicts ablation using the two-dimensional
ultrasound array of FIG. 2A;

[0017] FIG. 6 shows the system of FIG. 1 deployed for
trans-esophageal cardiac ablation;

[0018] FIG. 7 illustrates the functions carried out by the
computer system from the system of FIG. 1;

[0019] FIG. 8 illustrates the coordinate registration func-
tion shown in FIG. 7,

[0020] FIG. 9 illustrates target-tissue identification and
motion detection shown in FIG. 7,

[0021]
FIG. 7;

[0022] FIG. 11 illustrates periodic ablation shown in FIG.
7

FIG. 10 illustrates continuous ablation shown in

[0023] FIG. 12 illustrates image-array coordinate regis-
tration;
[0024] FIG. 13 illustrates sonication volume movement

detection;

[0025] FIG. 14 shows a diagram of a simulation configu-
ration showing an ultrasound phased array, esophageal wall
and the three groups of foci in cardiac muscle;

[0026] FIG. 15 shows plots of a non-uniform grid and a
simulated ultrasound beam;

[0027] FIG. 16 shows plots of squared acoustic pressure
amplitudes that result from sonicating nine of the foci shown
in FIG. 15;

[0028] FIGS. 17-19 show plots of lesions that resulted
from sonicating the first group of foci, shown in FIG. 15,
over different sonication durations;

[0029] FIGS. 20A and 20B show plots safe and unsafe
sonications that were simulated for the foci shown in FIG.
15;

[0030] FIG. 21 shows a plot of average transducer acous-
tic power that was achieved at various sonication durations
for different peak temperatures; and

[0031] FIG. 22 shows a plot of the average length and
width of the simulated lesions that were achieved at various
sonication durations for different peak temperatures.

DETAILED DESCRIPTION
[0032] FIG. 1 depicts a block diagram of the ultrasound

ablation system 12 for performing ablation on a target tissue
24 using ultrasonic radiation 22. The system includes an
ultrasound array 20 directed toward the target tissue 24,
drive circuitry 34 for driving the array, an magnetic-reso-
nance imaging (MRI) diagnostic system 26 for receiving
data indicative of the condition of the tissue, an optional
(electrocardiogram) ECG system 14 for receiving vital sign
information 6 from the patient, and a computer system 30 for
controlling the drive circuitry 34 in response to data pro-
vided by the MRI diagnostic system 26 and the ECG system
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14. Other types of diagnostic tools such as ultrasonic imag-
ing, computed tomography imaging (CT scan), x-ray,
positron-emission tomography imaging (PET scan) could be
used in place of the MRI diagnostic system 26. Moreover
any combination of diagnostic tools could also be used. In
addition to the ECG system 14, other types of vital-sign
monitoring systems such as electroencephalogram (EEG),
and ultrasonic imaging could be used.

[0033] The MRI diagnostic system 26 collects diagnostic
data 10 from the target tissue 24 and the surrounding
anatomy 8 of the patient. The diagnostic data is collected
percutanously, i.e., without puncturing or breaking the skin.
In one implementation, the MRI diagnostic system 26
acquires an image on a line-by-line basis using fast line-scan
MRI. The fast line-scan MRI technique enables the image
data in a line to be analyzed in real-time as the line is
scanned without waiting for the whole scan to finish. The
MRI diagnostic system 26 processes the diagnostic data 10
into a series of images and temperature measurements that
collectively comprise MRI data 28. This MRI data 28, and
optimally, ECG data 16, is sent to a computer system 30.

[0034] From the MRI data 28 and the ECG data 16, the
computer system 30 identifies the location of the target
tissue 24 as a function of time. The computer system 30
could also identify the location of the target tissue in
real-time. The computer system 30 calculates the radio-
frequency (RF) signals 18 required to focus the ultrasonic
radiation 22 at the target-tissue location and sends informa-
tion representative of those RF signals 18 as control signals
32 to the drive circuitry 34. In response to the control signals
32, the drive circuitry 34 generates radio frequency (RF)
signals 18 that cause the ultrasound array 20 to focus
ultrasonic radiation 22 at the target-tissue location. While
the tissue is undergoing sonication, the MRI diagnostic
system 26 sends a stream of MRI data 28 to the computer
system 30. Using the MRI Data 28, the computer system 30
monitors the movement of the target tissue, tracks the
progress of the sonication, and determines when the ablation
is complete. In addition to MRI, other imaging techniques
such as ultrasound echo imaging could be used to track the
target-tissue movement and monitor the sonication.

[0035] Referring to FIGS. 2A and 2B, in one embodi-
ment, shown in FIGS. 2A and 2B, the array 20 is a
two-dimensional ultrasound array having multiple transduc-
ers 40 and an image marker 48. The transducers 40 are
connected together by multilayer flexible circuits 42, though
other types of connective circuits, such as micro-coaxial
cables, could also be used. Any number of transducers could
be arranged in any pattern, though a preferred arrangement
has a thousand transducers arranged in concentric circles in
which the horizontal distances 44 and vertical distances 46
between the transducers are equal to half the wavelength of
the ultrasonic radiation 22. The vertical and horizontal
spacing between transducers could be equal but different
than one half wavelength of the ultrasonic radiation or they
could be unequal. Other patterns could include a grid, a
spiral, or an irregular pattern, though any pattern is possible.
The array 20 could include transducers 40 of the same size,
shape, and material composition or the array 20 could
include any combination of transducers 40 of different sizes,
shapes, and material compositions.

[0036] As seen in FIG. 3, the ultrasound array 20 could
also be a one-dimensional array. However, a two-dimen-
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sional array is preferred over a one-dimensional array
because the focus 62 of the ultrasonic radiation 22 produced
by a two-dimensional array can be moved freely in three
dimensions. For a one-dimensional array, the focus is lim-
ited to the axial plane that extends perpendicular to the array
plane, hence to enable angular positioning of the focus 62
the one-dimensional array would need to be mechanically
rotated.

[0037] FIG. 4 shows the interface between the drive
circuitry 34 and the array 20. Each transducer 40 in the
ultrasound array 20 is connected to a driver 100 through an
impedance matching circuit 102. Each driver 102 includes a
dedicated signal generator and an amplifier. The driver 100
receives a control signal 32 and produces an RF signal 18 as
a response. The RF signal 18 in turn stimulates an associated
transducer 40 to produce ultrasonic radiation of a required
frequency and phase. The drive circuitry 34 is capable of
driving thousands of transducers 40. For such a large num-
ber, individual electrical impedance matching of each trans-
ducer 40 to the output impedance of its corresponding driver
100 may not be feasible. A more practical approach is to
sample the output impedances of the drivers and to provide
an impedance matching circuit that gives the best matching
when duplicated for all array elements. This type of match-
ing circuit could be designed on a circuit board and mass-
produced.

[0038] FIG. 5 shows the ablation of the target tissue 24 at
a sonication volume 60. The sonication volume 60 is the
volume of target tissue 24 that is ablated at the focus 62. If
the focus 62 is not large enough to cover an entire volume
of target tissue 24, the target-tissue volume is divided into a
series of contiguous sonication volumes that are ablated
individually. The ultrasonic radiation 22 is chosen to be
sufficient to ablate the sonication volume 60 within the target
tissue 24 without damaging any of the surrounding tissue 64.

[0039] FIG. 6 shows how the ablation system 12 could be
used to perform trans-esophageal cardiac ablation. In this
procedure, the phased array is positioned in the esophagus
80 of the patient. Ultrasonic radiation 22, delivered to the
heart from an array 20 inserted into the esophagus 80 by a
catheter 81, ablates arrhythmogenic target tissue 84 without
damaging the esophagus 80 or any surrounding heart tissue
82. In addition to the esophagus, the array could be inserted
into other lumens, such as those associated with the colon,
nose, and ears, or the array could be placed external to the
body. The target tissue 24 could include any type of abnor-
mal tissue, such as cancerous and benign tumors, fibroid
cysts, polyps, and infected tissue.

[0040] FIG. 7 depicts a block diagram of the computer
system functions 118 performed by the computer system 30.
The functions 118 include a coordinate registration function
120, a target-tissue identification function 122, a target-
tissue motion detection function 124, a decision function
126, a continuous ablation function 128, and periodic abla-
tion function 130. The functions 118 receive MRI data 28.
The periodic ablation function 130 also receives ECG data

16.

[0041] The ablation process begins when the coordinate
registration function 120 registers the coordinates of the
ultrasound array 20 with the coordinates of the MRI data 28.
Then, the target-tissue identification function 122 identifies
the image space coordinates of the target tissue. These
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coordinates are translated from image space 264 to array
space 260 (see FIG. 12) by the coordinate registration
function 120. The target-tissue motion detection function
124 determines how much a sonication volume 60 on the
target tissue 24 is moving. A decision function 126 then
determines, on the basis of this motion, to pursue either
continuous ablation or periodic ablation.

[0042] FIG. 8 shows the coordinate registration function
120 of FIG. 7 in more detail. As shown in FIG. 12, an image
marker 48 has known coordinates 262 denoted by Q, where
Q=[x y z] is referenced to the array-coordinate system. The
coordinate registration function 120 begins by storing the
coordinates 262 in memory (step 150). An MRI image is
taken of the image marker 48 and its surroundings. The
computer system 30 receives and stores the resulting MRI
data (step 152) and identifies the image marker (step 154).
The image marker 48 is made of a material that makes it
easily identifiable in an MRI image. The identification step
(step 154) could be performed using an image segmentation
algorithm. The coordinates 156 of the marker image
(denoted by Q) are then read from the image and stored (step
156). The transformation matrix T that relates the array-
coordinate system to the image-coordinate system is deter-
mined by solving the transformation equation: Q T=Q' (step
158). The transformation matrix T is then stored in memory
(step 162) to be used in subsequent functions for transform-
ing image-coordinates into array-coordinates.

[0043] FIG. 9 depicts the target-tissue identification func-
tion 122 and target-tissue motion detection function 124 of
FIG. 7 in more detail. From the MRI data 28, the target-
tissue volume is identified (step 180). The identification
could be performed using an image segmentation algorithm.
The image is then divided into a number N of sonication
volumes 60 (step 182). At any given time t; 186, image
coordinates of the first sonication volume (i=0) 184 are
located (step 188), transformed into array coordinates (step
190), and stored in a memory array (step 192). As shown in
FIG. 13, the coordinates of the first sonication volume are
determined at subsequent times over a cardiac cycle period
308. By calculating the maximum distance 288 between the
sets of coordinates, the sonication volume movement 280 is
determined for the duration of a cardiac cycle 196. If the
movement of the sonication volume requires that the focus
be moved (step 200), the periodic ablation function 130 is
executed; otherwise the continuous ablation function 128 is
executed.

[0044] FIG. 10 illustrates continuous ablation 128. The
distance between the sonication volume and the array is
calculated (step 222). The computer system 30 then calcu-
lates the RF signals required to cause the array 20 to focus
the ultrasonic radiation 22 at the sonication-volume coordi-
nates (step 224). The computer system 30 then sends a
sonication command to the drive circuitry 34 (step 226).
MRI data is received and stored (step 152). On the basis of
this data, the system 30 determines if the target tissue 24 at
the sonication volume 60 has ablated. If not, the system 30
sends another sonication command. This procedure contin-
ues until ablation has occurred. When the sonication is
complete, the system moves to the next sonication volume
and continues until all target tissue sonication volumes have
been ablated (steps 230, 232, 236).

[0045] In FIG. 11, the periodic ablation function 130
proceeds in much the same way as the continuous ablation
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function 128 except that the sonications are initiated when a
trigger event 300 is detected (step 220). The trigger event
could be the peak amplitude of an ECG signal shown in
FIG. 13. Once the trigger event is detected, the system 30
performs the necessary calculations and sends a sonication
command signal to the drivers to initiate sonication (steps
222,224, 226). During the sonication, MRI data is received
and stored (step 152). The system uses this data to determine
if the sonication volume 60 is still in the focus or if it has
moved out of range (step 227). While the sonication volume
60 is still in range of the focus 62, the system 30 will monitor
its temperature to determine if it has ablated (step 228). If the
sonication volume 60 has moved outside the range of the
focus 62, the system 30 will send a command to terminate
the sonication. If the sonication volume 60 is not fully
ablated, the system 30 will have to wait until it detects
another trigger event before it can resume sonication. This
procedure continues until ablation has occurred. When the
sonication is complete, the system moves to the next soni-
cation volume and continues until all target-tissue sonication
volumes have been ablated (steps 230, 232, 236).

[0046] The procedures for performing continuous ablation
and periodic ablation are not limited to those illustrated in
FIG. 10 and FIG. 11, respectively. The location of the
target-tissue as a function of time could be measured using
imaging methods other than MRI. The information could be
stored over several heart cycles. In a procedure for continu-
ous ablation, the phased-array would then focus the radia-
tion according to this predetermined pattern using the heart-
beat as a reference. Another possible method includes
providing online location feedback from MRI line-scan
image data. Instead of using MRI to provide the feedback
data, ultrasound could be used. Some of the transducers in
the phased-array could be used for sending diagnostic ultra-
sound pulses and receiving the echoes to locate the sonica-
tion volume.

EXAMPLES

[0047] The feasibility of transesophageal cardiac thermal
ablation using a planar ultrasound two-dimensional phased
array was investigated in computer simulation studies.

Summary of Results

[0048] The results of the study showed that by varying
sonication duration and power, the array can produce con-
trollable tissue coagulation without damage to the overlay-
ing or surrounding tissues. The array modeled in the studies
was a two-dimensional planar ultrasound phased array hav-
ing a 1 MHz output frequency, dimensions of 60x10 mm?,
0.525 mm inter-element spacing, and 114x20 transducer
elements. Using electronic beam steering, three groups of
foci (total 39 foci) in cardiac muscle were defined at short,
medium and long (20, 40 and 60 mm) radial distances from
the transducer surface and at different steering angles from
the transducer radial axis. A full range of ultrasound pressure
distribution in a volume of 60x80x80 mm?>, including esoph-
ageal wall, was calculated using a multilayer acoustic wave
transmission model for each focus. The corresponding ther-
mal effect in both esophageal wall and cardiac tissue due to
the acoustic energy absorption was simulated using the
bioheat transfer equation. For short, medium and long (1-,
10-, and 20-second sonications that did not produce thermal
lesions in the esophageal wall, the acoustic power ranges
needed to achieve a 60° C. maximum temperature in cardiac
muscle were 105 W to 727 W, 28 W tol 17 W, 21 W to 79
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W, respectively. Similarly, for the same sonications, the
acoustic power ranges needed to achieve a 70° C. maximum
temperature in cardiac muscle were 151 W to 1044 W, 40 W
to 167 W, and 30 W tol 14 W, respectively. A thermal dose
in equivalent minutes at 43° C. (denoted T,;) was applied to
the foci for at least 240 min. The resulting tissue lesion
lengths at these foci were 1-6, 3-11, 3-13 mm and 3-15, 5-19,
6-23 mm, respectively. The lesion widths were 1-4, 2-7, 3-9
mm and 3-9, 4-13, 4-17 mm, respectively. The following
text describes the studies in greater detail.

Simulation Configuration

[0049] The tissue lesions produced by various transesoph-
ageal ultrasound fields under different sonication powers and
durations were simulated on a computer. The two-dimen-
sional planar ultrasound phased array that was modeled in
the studies had a length of 60 mm, a width of 10 mm,
produced ultrasound at 1 MHz, and included 2280 trans-
ducers having a 0.525 mm inter-element center-to-center
spacing arranged as a 1 14x20 grid such that the diagonal
and maximum transducer array inter-element center-to-cen-
ter spacing was less than half a wavelength (0.75 mm at 1
MHz). The planar phased array was capable of steering the
beam by proper element phasing and amplitude weighting
with respect to the distances from the elements to the focus.
The full steering functionality enabled the array to aim the
beam and track cardiac tissue motion during sonication. The
planar phased array was also modeled to be positioned
inside an esophagus, facing the heart, with water filling the
space between the transducer and the esophageal wall. The
simulation assumed a 4.4 mm esophageal wall thickness and
defined the inner and outer surfaces of the esophageal wall
as being the surfaces that were in contact with water and
cardiac muscle. Each of the surfaces of the esophageal wall
was interpolated from seven arcs that were evenly distrib-
uted along z-axis. Each arc was constructed as either a half
circle having a 10 mm radius for the outer surface or a 5.6
mm radius for the inner surface and being centered on the
z-axis. Sixty evenly spaced points were randomly selected
along the arc such that the distances from the points to the
z-axis varied randomly by a distance up to +2 mm. The
variation of the points deformed the half-circle arc to an
irregular arc centered at the z-axis, which was constructed
by a spline interpolation on the points. The whole outer
surface was then linearly interpolated from the seven smooth
arcs centered at the z-axis. In this way, up to 2 mm curvature
variations were added onto the esophageal wall surfaces to
approximate the uneven surfaces.

[0050] FIG. 14 shows a diagram of the relative positions
of the transducer array, the esophageal wall, the cardiac
muscle and the locations (referred to as foci) on the cardiac
muscle at which tissue lesions were produced. Three groups
of foci (39 foci in total) were placed at short, medium and
long (20, 40 and 60 mm) radial ranges and different steering
angles from the transducer surface. A first group of foci
contained 15 foci (focus numbers 1 to 15, shown as circles
in FIG. 14) in the x=0 plane. A second group of foci
contained 15 foci (focus numbers 7, 8, 9, and 16 to 27,
shown as triangles in FIG. 14) in the z=0 plane. A third
group of foci contained 15 foci (focus numbers 7, 8, 9, and
28 to 39, shown as plus signs in FIG. 14) in a slanted plane
between x=0 and z=0 planes. The three planes intersect at
y-axis and the three groups shared three common foci (focus
numbers 7, 8 and 9, shown as overlaying of circles, triangles
and plus signs in FIG. 14). The three groups share the same
three foci in the y-axis. Table 1 shows the coordinates of
each of the foci.
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TABLE 1
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focus coordinate
number [x y z] mm

focus coordinates
number [x y z] mm

focus coordinates
number [x, y, z] mm

focus
number [x y z] mm

coordinate

1 [0, 20, 30] 11 [0, 40, -15] 21 [10 60 0] 31 [10 20 15]
2 [0, 40, 30] 12 [0, 60, -15] 22 [-10200] 32 [10 40 15]
3 [0, 60, 30] 13 [0, 20, -30] 23 [-10 40 0] 33 [10 60 15]
4 [0, 20, 15] 14 [0, 40, -30] 24 [-10 60 0] 34 [-1020-15]
5 [0, 40, 15] 15 [0, 60, -30] 25 [-20200] 35 [-10 40 -15]
6 [0, 60, 15] 16 [20200] 26 [-20 40 0] 36 [-10 60 -15]
7 [0, 20,0] 17 [20 40 0] 27 [-20 60 0] 37 [-20 20 -30]
8 [0, 40, 0] 18 [20 60 0] 28 [20 20 30] 38 [-20 40 -30]
9 [0, 60, 0] 19 [10200] 29 [20 40 30] 39 [-20 60 -30]
10 [0, 20, -15] 20 [10 40 0] 30 [20 60 30]
[0051] The simulation evaluated the near field heating in layer after another to produce the transmitted acoustic field
the esophageal wall that was caused by absorbed acoustic from the curved tissue layers.
intensity. To accomplish this, a full range of acoustic pres- .
sure field distributions were calculated in a three-dimen- [0053]. The tra.nsdufcer stlllrfacil.waz treated. as a mmpﬁe
sional orthogonal grid of field points for each focus. The acoustic source 1nterface that radiated acoustic waves.. The
pressure field distribution calculated by the simulation waves then propagated through the water layer, the inner
spanned from —40 to 40 mm in the x-axis, 0 to 80 mm in the esophageal wall, the esophagus layer and the outer esoph-
y-axis, and -40 to 40 mm in the z-axis. The same three- ageal wall and into the cardiac muscle. The tissue interface
dimensional grid was also used in a finite difference thermal ~ partitioning mesh size was 0.5x0.5 mm?® in the study. The
simulation. acoustic properties of the media are listed below in Table 2.
TABLE 2
acoustic specific thermal blood
attenuation heat conduc-  perfusion
density  speed of  coefficient at 1  capacity tivity rate
medium (kg/m®) sound (m/s) MHz (Np/m) (J-kg/K) (W/m/K) (kg/m>s)
water 1500 1000 2.88 x 107 4180 0.615 0
esophagus 1650 1040 7 3200 0.5 14.2
cardiac muscle 1572 1060 4.1 3720 0.537 71
blood 1030 — — 3620 — —

Transesophageal Acoustic Field Calculation

[0052] Continuous-wave sonications were modeled in the
computer simulation studies. The transesophageal ultra-
sound pressure fields in cardiac muscle were calculated with
a multilayer acoustic wave transmission model that consid-
ered both attenuation in a tissue layer and refraction at a
curved tissue layer interface. In this model, a tissue layer
interface was partitioned into planar rectangular mesh
patches that were small enough (about a quarter wavelength
in dimension) to be treated as simple sources. The working
variables were the particle normal velocities on these
patches. The particle normal velocity at a field point in front
of a tissue layer interface was calculated using a Rayleigh-
Sommerfeld surface integral over the simple sources on the
tissue interface. Each simple source was assumed to be only
radiating in its forward half space to model the ultrasound
non-illuminating area obstructed by tissue geometry. The
refracted particle normal velocities at each tissue layer
interface were approximated using Snell’s law on the planar
patches. To simulate the non-transmitting situation, a total
possible reflection was considered by calculating the inci-
dent angle of each acoustic beam from any simple source to
the current patch. For a multilayer problem, the propagation-
refraction processes at the multiple interfaces cascade one

[0054] The ratio of the acoustic pressure to the associated
normal particle velocity in a medium is the specific acoustic
impedance of the medium. Ignoring non-linearity, the acous-
tic pressure in a small (about a quarter wavelength in
dimension) patch can be obtained from the product of the
particle normal velocity and the specific acoustic impedance
of the tissue. A reported human esophagus speed of sound
measurement could not be found in published literature.
Therefore, the speed-of-sound value corresponds to a speed-
of-sound measurement of a pig esophagus sample using a
scanning laser acoustic microscope.

Tissue Coagulation Simulation

[0055] The temporal profile of tissue temperature spatial
distribution (T(x, y, z, t)) during ultrasound sonication was
modeled using the Pennes bioheat transfer equation:

AT(x, ¥, 2, © Eq. 1
c, (xyz): q

Pr a1
2
alp(x, y, z)l
4 AP Y et

V[V T, y, 2, 0] - WG [T(x, y, 2, 1) = 1] e
1
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where p,, C, and k, are the density, specific heat capacity, and
thermal conductivity of the tissue, C,, and W are the specific
heat capacity and the perfusion rate of the blood. The
variables a, ¢, p(X, y, Z) represent acoustic pressure attenu-
ation, the speed of sound of the tissue, and the acoustic
pressure amplitude in the tissue. The variable T, is the body
temperature (37° C.). The first, second, and third term in the
right hand side of Equation 1 simulate the heat conduction
in tissue, heat loss due to blood perfusion and energy
absorption from the acoustic field, respectively. The third
term is the specific absorption rate (SAR) as a measure of
energy absorption rate from external energy sources. The
pressure amplitude p(x, y, z) was calculated in the ultrasound
field simulation. The thermal properties of the media are
listed in Table 2.

[0056] The temperature profile (T(x,y,z,t)) obtained by
solving Equation 1 was then mapped to a thermal dose in
equivalent minutes at 43° C. (T, (X, y, z)) using Sapareto
and Dewey’s thermal dose function expressed as:

Eq. 2
Ti(x, v, 9 = f RETor0 gy, 4
0

05 (T(x,y,z,1)<43°C.)

where R =
{0.25 (T(x,y,z,1)>43° C.)

Tissue was considered necrotic when T,4(X,y,z) exceeded
240 minutes in the simulation volume.

Numerical Implementation

[0057] The acoustic pressure amplitude spatial distribu-
tion (p(X, ¥, z)) in a volume of 60x80x80 mm was calculated
for each of the 39 foci using the multilayer acoustic wave
transmission model. The pressure distribution in the volume
was sampled with a three-dimensional rectangular grid of
field points. To determine the array element phase necessary
for forward transesophageal beam steering, a reverse transe-
sophageal propagation process, in which a point source was
radiating at the desired focus, was first simulated using the
multilayer transmission model to obtain the reverse complex
pressure at each element. The conjugated phase of the
reverse complex pressure was fed to each element in the
forward transesophageal propagation. This ensured the nec-
essary phase compensation for both beam steering and phase
aberration correction caused by esophageal wall. The source
intensity of each element was weighted by the distance
between the element and the focus so that the propagated
wave amplitude at the focus from all elements would be the
same.

[0058] Because the transducer array had a 60 mm length
along the z-axis and a 10 mm width along the x-axis, the
beam width along the z-axis was narrower than that along
the x-axis. The spatial grid spacing had to be very small to
accurately capture the beam pressure amplitude profile along
the z-axis. Furthermore, the pressure distribution (p(x, ¥, z))
was used to calculate the specific absorption rate (SAR=
alp(x, y, z)]*/pC) in thermal simulation. Therefore, the nar-
row beam width in z-axis also facilitated the use of a fine
grid in the thermal simulation domain to ensure spatial
convergence of T(x, y, z, t) using a finite difference scheme.
However, a fine spatial sampling of the pressure amplitude
would have led to an expensive calculation cost to obtain the

Mar. 9, 2006

p(X, ¥, z) in the given volume. To reduce the computational
cost and yet to maintain a fine resolution of acoustic pressure
field for the following thermal simulation, a non-uniform
three-dimensional grid was used in calculating the p(x, y, z)
in the given volume, with the smallest spacing in the focal
region and the largest spacing in the marginal region outside
of the beam. Several small spatial grid spacings in the focal
region (0.5 mm, 0.25 mm and 0.125 mm) were examined in
the thermal simulation to evaluate spatial convergence of the
calculated temperature field.

[0059] FIG. 15 shows an example of a non-uniform
spatial grid and the simulated ultrasound beam in the yz-
plane. The “+” marks in the beam spatial profile plots
represent grid sampling location. A0.5-mm grid spacing was
sufficient to capture spatial temperature change across the
focal region along the y-axis, while a 0.25-mm grid spacing
was effective for capturing the spatial temperature change
across the focal region along the z-axis. Based on the spatial
temperature field convergence test, the grid spacing along
the z-axis varied from 0.25 mm to 1 mm, and the grid
spacing along the x-axis and along the y-axis varied from 0.5
mm to 1 mm in the study. The grid spacing change took a
smooth transition from the focal region to the marginal
region to ensure that the spatial derivative in Equation 1 was
accurate and stable.

[0060] The bioheat equation (Equation 1) was solved
using a finite difference scheme in Cartesian coordinates to
obtain T(x, y, z, t). Because of the minor differences in their
values, the inhomogeneity of thermal conductivity k, in
different media was ignored for implementation simplicity.
Due to the non-uniform grid, a modified spatial derivative
operator using a central differencing scheme was adopted
instead of its conventional counterpart for uniform grid. The
resulting discrete equation of Equation 1 is

Tk =T+ He 3
ki i IP(TE i x0) + QUT 0 yi) + R(T7 4, 2] =
Ar
—x @ jul piju
Prn G Wi i Co, [TV — Ta) 4+ 2P
NV [N} ik LA 0k a PruCiik

with the discrete operators P(*), Q(-) and R(") being defined
as:

PT i 31) = Eq. 4
(Tin—l,j,k ~ Tk T~ The ]/(){[L—l + A+ ;+1]
X=X X =X 2 2

TP i, ) = (T[rfj—l,/« - Tfj,k _ Tfj,k - T[’,Ljﬂ,/‘ ]/
R Y= V=Yt
(y;l‘—l HY) YitYia ]
2 2

R(TZ 40200 = [Ti',Lj,k—l “Tik Tfj,/; - 7;:?j,k+1 ]/
. G~ % L~ Zer1

(2271 A ]
2 2

where n is the discrete time step, 1, j, k are the indices for the
nonuniform grids in the x-, y- and z-axes and take all the
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integer values between the second and the second to the last
indices. The specific-absorption rate (SAR) term in Equation
3 used an average value in the voxel by taking arithmetic
mean among the |p; ;> an d its neighboring values. As a
reasonable approximation when dealing with a large volume
in which the thermal source was far away from the bound-
aries, Neumann boundary conditions

were set on the tissue volume surfaces. The temporal deriva-
tive was implemented using a forward differencing scheme
in Equation 3. Corresponding with the smallest spatial grid
spacing aforementioned, the time step size was chosen as
0.05 s for a stable finite difference thermal simulation.

[0061] Before each sonication, a pre-cooling phase was
used to lower the initial temperature of the esophageal wall
and to reduce the risk of thermal damage in esophagus. In
the pre-cooling phase, 20° C. degassed water was filled in
between the transducer and the esophageal wall as coupling
medium. The initial water temperature and the tissue tem-
perature were 20° C. and 37° C., after which the temperature
field evolved to its steady state without external sonication
(SAR=0 in Equation 1). Approximately 190 seconds later,
the water-tissue system reached its steady condition as
defined by a maximum temperature change between two
consecutive time steps that was less than 0.01° C. At this
steady condition, the mean temperatures in the inner and
outer surfaces of the esophageal wall were 20° C. and 32.5°
C., respectively. The steady condition was then used as the
initial condition for a following sonication.

Results

[0062] FIG. 16 shows nine plots of the yz-plane squared
pressure-amplitude contours determined for the acoustic
focal beams corresponding to focus numbers 1 to 9 in Table
1. The horizontal and vertical axes of the plots are y- and
z-axes in millimeter units, respectively. The value difference
between two adjacent contour lines is 20% of the peak
pressure square value of the field.

[0063] Transesophageal focal beam steering was achieved
in a wide range of the field. The near-field squared pressure
amplitudes increased when the beam steering angle
increased. The average value that the foci shifted away from
their intended focal locations was 0.9+0.7 mm for the 39
foci.

[0064] Three sonication durations of 1-, 10- and 20-sec-
onds were adopted to simulate the short, medium and long
ultrasound exposure times. The peak temperature at each
focus was set as 60° C. or at 70° C. at the end of each
sonication. The cooling times for the 1-, 10-, and 20-second
sonications were adequately set as 24, 40 and 50 seconds to
allow for tissue temperature dropping back close to 37° C.
The simulated lesions at the 39 foci at 1-, 10-, and 20-second
sonications to reach a 60° C. or 70° C. peak temperature
were examined, with a total of 234 simulated lesions.

[0065] The disadvantage of using an intra-cavity planar
probe for thermal ablation is the higher-than-normal trans-
ducer power requirement needed to achieve high enough
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focal intensity for tissue coagulation. Consequently, poten-
tial thermal damage to the intervening tissue layer could
occur due to the proximity between the probe and the cavity
wall. This may spatially compromise the safe thermal abla-
tion zone for the planar phase array. To evaluate the safety
of these sonications to patients, the thermal dose accumu-
lation inside esophageal wall was calculated. Sonications
that did not cause the thermal dose in equivalent minutes at
43° C. (T,5) to be greater than 5 minutes in the esophageal
wall are referred to as “safe” sonications. Sonications that
produced a T,; greater than or equal to 5 minutes in the
esophageal wall are referred to as “unsafe” sonications. The
5-minute T, threshold imposed a conservative safety crite-
rion for thermal damage estimation.

[0066] The 15 foci of the first group, having focus num-
bers 1 to 15, were in the x=0 plane. FIG. 17 shows plots of
simulated yz-plane contours that result from sonicating the
first group of foci at peak temperatures of 60° C. and 70° C.
and at a thermal dose in equivalent minutes at 43° C.
(T,3=240 min). The solid, dashed and dotted contours rep-
resent 1-, 10- and 20-second sonication durations. These
sonications were safe sonications. Depending on the steering
angle and sonication time, the safety limit thermal dose
(T,525 min) was reached in esophageal wall for other
simulated lesion volumes. For each focus at the same peak
temperature, the tissue lesion size enlarged when the soni-
cation duration increased. In sonications at the same peak
temperature, the tissue lesion size enlarged when the steer-
ing angle increased. The lesion sizes at the 70° C. peak
temperature were larger than those at the 60° C. peak
temperature.

[0067] The 15 foci of the second group (focus numbers 7,
8,9, and 16 to 27) were in the z=0 plane. FIG. 18 shows
plots of simulated xy-plane contours that result from soni-
cating the second group of foci at peak temperatures of 60°
C. and 70° C. and at a thermal dose (T,3) of 240 min. The
solid, dashed and dotted contours represent 1-, 10- and
20-second sonication durations. All of these sonications in
z=0 plane were safe sonications.

[0068] The 15 foci of group 3 were in a slanted plane
between x=0 and z=0 planes, spanning a slanted slice in the
cardiac muscle. FIG. 19 shows plots of simulated isosur-
faces that result from sonicating the third group of foci at a
peak temperature of 70° C. with a thermal dose (T,;) of 240
min over 1-, 10- and 20-second safe sonication durations.
FIG. 19 also shows a plot of the temperature history at 0-,
40-, 0-mm for the 1-, 10- and 20-second safe sonications.

[0069] FIGS. 20a and 20b show plots that summarize the
occurrence of the 10- and 20-second safe and unsafe soni-
cations in the three foci groups at peak temperatures of 60°
C. and 70° C., respectively. The occurrences of safe soni-
cations are marked by an “o” and the occurrences of unsafe
sonications are marked by an “x”. The safe sonication zone
was not symmetric due to the surface curvature variations
added in constructing the esophageal wall. The range of the
beam steering angle and distance at which safe sonications
could be achieved were more limited for the simulations
with higher peak temperatures and longer sonication times
than for the simulations with the lower peak temperature and
shorter sonication times.
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[0070] FIG. 21 shows a plot of the average transducer
acoustic powers that produced peak temperature of 60° C.
and 70° C. peak at the foci for the 1-, 10- and 20-second safe
sonications.

[0071] FIG. 22 shows a plot of average lengths and widths
of the lesions that resulted from the safe sonications
described in FIG. 21. These sonications were simulated at a
thermal dose (T,;) was applied for at least 240 min. Table 3
lists the transducer acoustic power ranges needed to achieve
60° C. and 70° C. peak temperatures at the foci for 1-,
10-and 20-second safe sonications and the corresponding
lesion length and width ranges.

TABLE 3

Sonication Duration ~ Acoustic Power Lesion Length  Lesion Width
(s) W) (mm) (mm)

60° C. peak temperature

1 105-727 0.7-6.4 0.6-3.9
10 28-117 2.7-10.8 2.0-7.0
20 21-79 3.3-13.4 2.7-9.3

70° C. peak temperature

1 151-1044 2.9-14.5 2.8-8.7
10 40-167 4.6-19.1 3.6-13.2
20 30-114 5.6-23.0 4.0-16.9

[0072] Table 4 lists the maximum, minimum and mean
peak pressure amplitude at the foci for the 1-, 10-, 20-second
safe sonications at 60° C. and 70° C. peak temperatures.

TABLE 4
Sonication =~ Maximal Pressure ~ Minimal Pressure ~ Mean Pressure
Duration (s) (MPa) (MPa) (MPa)
60° C. peak temperature
1 7.7 6.4 6.8 =04
10 4.0 2.6 3104
20 35 21 2.6 0.4
70° C. peak temperature
1 9.3 7.7 82 0.5
10 4.8 31 3705
20 4.7 2.6 3105
Discussion

[0073] At 1 MHz, the simulated planar two-dimensional
phased array (60x10 mm?®) was able to steer and focus its
beam through esophageal wall into cardiac muscle through
a wide range of angles. By varying sonication duration and
power, the array produced a thermal dose that was high
enough to cause tissue necrosis of different sizes. Therefore,
on it was feasible to use a two-dimensional planar ultra-
sound phased array for transesophageal cardiac thermal
ablation.

[0074] The esophagus offers a convenient ultrasound win-
dow to the heart, particularly, the back structures, such as the
atria. Such proximity makes the proposed transesophageal
ultrasound ablation technique promising since the esopha-
gus tissue layer induces minimal distortion of the wave. The
flexible transesophageal three-dimensional beam steering
can produce continuous thermal lesions by properly plan-
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ning ablation locations. Furthermore, such a flexible three-
dimensional beam steering capability enables the motion of
a beating heart to be tracked during sonication.

[0075] Ultrasound pressure greater than a certain thresh-
old may cause acoustic cavitation in biological tissues. The
possibility of inertial cavitation under these power levels for
the three sonication durations was examined by comparing
the peak pressure at the foci with the cavitation pressure
threshold in muscle in vivo. The peak pressure values for all
the 10- and 20-second sonications (shown in Table 4) were
below the cavitation threshold in dog muscle (5.3 MPa at 1
MHz). The peak pressure values for all the 1-second soni-
cations (shown in Table 4) were greater than the cavitation
threshold because more acoustic energy was needed to
coagulate tissue in a very short time. One should, however,
note that there are no cavitation threshold measurements for
cardiac tissue. The cavitation phenomena can be utilized to
enhance tissue heating and may also be useful for cardiac
ablation. The cavitation phenomena, however, was not simu-
lated in this study. To achieve high enough peak temperature
for a short sonication time while suppressing cavitation, a
higher operating frequency has to be used to raise the
cavitation threshold. Or, the sonication duration must be
long enough to allow the acoustic pressure, which is lower
than cavitation threshold, to slowly produce a thermal
lesion.

[0076] Power requirement is a practical concern when
designing a phased array for thermal ablation. The proposed
array size in this study was 60x10 mm®. The acoustic
intensity on an array surface is high when thermal lesions are
to be produced rapidly. For example, the transducer acoustic
power requirements for achieving 70° C. peak temperature
with 1-, 10- and 20-second sonication at foci (0, 40, 0) mm
were 377, 80, and 58 W and corresponded to acoustic
intensities of about 63, 13, 10 W/cm? on the transducer
surface, respectively. The planar transducer array size can be
increased to increase the focal pressure gain and add trans-
ducer surface area to reduce the power requirement. The
human esophagus is about 25 mm in diameter. The proposed
transducer array width was only 10 mm in this study;
however, the transducer array width could be enlarged to
reduce the power requirement of the array. The correspond-
ing acoustic powers for a larger transducer (60x20 mm? '
261, 60, 45 W (acoustic intensity on the transducer surface
about 22, 5, 4 W/cm?), respectively. These acoustic power
outputs are within the reach of current transducer array
technology. With these arrays, however, the number of
transducer elements becomes an issue in RF power amplifier
design and channel wiring. There are tradeoffs between the
transducer element size, sonication duration and acoustic
power.

[0077] A number of embodiments of the invention have
been described. Nevertheless, it should be understood that
various modifications may be made without departing from
the spirit and scope of the invention. Other embodiments are
within the scope of the following claims.

What is claimed is:
1. A system for performing ablation of target tissue, the
system comprising:
an ultrasound phased array having a plurality of ultrasonic
transducers;
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drive circuitry coupled to the ultrasonic transducers, the
drive circuitry configured to generate signals that cause
the ultrasonic transducers to focus ultrasound radiation
at the target tissue;

a diagnostic system configured to collect diagnostic data
percutaneously, the diagnostic data being indicative of
a condition of the target tissue; and

computational circuitry interfaced to the drive circuitry
and to the diagnostic system, the computational cir-
cuitry configured to control the drive circuitry based on
the diagnostic data.

2. The system of claim 1, wherein the ultrasound phased
array is configured for placement in a patient’s esophagus.

3. The system of claim 1, wherein the ultrasound phased
array is two-dimensional.

4. The system of claim 1, wherein the drive circuitry
comprises multi-channel radio-frequency drivers.

5. The system of claim 1, wherein the diagnostic system
comprises an imaging system and the diagnostic data com-
prises an image of the target tissue.

6. The system of claim 5, wherein the imaging system
comprises one of: a magnetic resonance imaging (MRI)
system, an ultrasound imaging system, a computed tomog-
raphy imaging system, an X-ray imaging system, and a
positron-emission tomography imaging system.

7. The system of claim 1, wherein the diagnostic system
comprises a temperature monitoring system.

8. The system of claim 7, wherein the temperature moni-
toring system comprises an MRI system.

9. The system of claim 1, wherein the diagnostic system
is configured to collect the diagnostic data in real-time.

10. A method for performing ablation of target tissue, the
method comprising:

identifying a target location of the target tissue from an
image of the target tissue;

focusing ultrasound radiation from an ultrasound phased
array at the target location;

collecting diagnostic data percutaneously, the diagnostic
data being indicative of a condition of the target tissue;
and

controlling a characteristic of the ultrasound radiation
based on the diagnostic data such that the ultrasound
radiation ablates the target tissue without damaging
surrounding tissue.
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11. The method of claim 10, wherein identifying a target
location of a target tissue comprises determining a target
location in relation to a periodic triggering event.

12. The method of claim 10, wherein identifying a target
location of the target tissue comprises determining the target
location in real-time.

13. The method of claim 10, further comprising trans-
forming coordinates of the image to coordinates of the
ultrasound phased array.

14. The method of claim 11, wherein focusing ultrasound
radiation comprises focusing ultrasound radiation at the
target location for a predefined period of time in response to
detecting the triggering event.

15. The method of claim 14, wherein detecting the trig-
gering event comprises detecting a heartbeat.

16. The method of claim 10, wherein controlling a char-
acteristic of the ultrasound radiation comprises selecting at
least one of a phase, frequency, and power of the ultrasound
radiation.

17. The method of claim 10, wherein collecting diagnostic
data further comprises acquiring temperature data that is
indicative of ablation.

18. A computer readable medium having, stored thereon,
software for performing ablation of target tissue, the soft-
ware comprising instructions for causing a computer to:

identify a target location of the target tissue from an image
of the target tissue;

focus ultrasound radiation from an ultrasound phased
array at the target location;

collect diagnostic data percutaneously, the diagnostic data
being indicative of a condition of the target tissue; and

control a characteristic of the ultrasound radiation based
on the diagnostic data such that the ultrasound radiation
ablates the target tissue without damaging surrounding
tissue.

19. The computer readable medium of claim 18, wherein
the software further comprises instructions that cause the
computer to transform coordinates of the image to coordi-
nates of the ultrasound phased array.

20. The computer readable medium of claim 18, wherein
the software further comprises instructions that cause the
computer to acquire temperature data that is indicative of
ablation.
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