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Abstract
We present experimental validation results of an adaptive, image-based refocusing algorithm of dual-
mode ultrasound arrays (DMUAs) in the presence of strongly scattering objects. This study is
motivated by the need to develop noninvasive techniques for therapeutic targeting of tumors seated
in organs where the therapeutic beam is partially obstructed by the ribcage, e.g., liver and kidney.
We have developed an algorithm that takes advantage of the imaging capabilities of DMUAs to
identify the ribs and the intercostals within the path of the therapeutic beam to produce a specified
power deposition at the target while minimizing the exposure at the rib locations. This image-based
refocusing algorithm takes advantage of the inherent registration between the imaging and
therapeutic coordinate systems of DMUAs in the estimation of array directivity vectors at the target
and rib locations. These directivity vectors are then used in solving a constrained optimization
problem allowing for adaptive refocusing, directing the acoustical energy through the intercostals,
and avoiding the rib locations. The experimental validation study utilized a 1-MHz, 64-element
DMUA in focusing through a block of tissue-mimicking phantom [0.5 dB/(cm·MHz)] with embedded
Plexiglas ribs. Single transmit focus (STF) images obtained with the DMUA were used for image-
guided selection of the critical and target points to be used for adaptive refocusing. Experimental
results show that the echogenicity of the ribs in STF images provide feedback on the reduction of
power deposition at rib locations. This was confirmed by direct comparison of measured temperature
rise and integrated backscatter at the rib locations. Direct temperature measurements also confirm
the improved power deposition at the target and the reduction in power deposition at the rib locations.
Finally, we have compared the quality of the image-based adaptive refocusing algorithm with a
phase-conjugation solution obtained by direct measurement of the complex pressures at the target
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location. It is shown that our adaptive refocusing algorithm achieves similar improvements in power
deposition at the target while achieving larger reduction of power deposition at the rib locations.

Index Terms
Adaptive beamforming; high-intensity focused ultrasound (HIFU); phased arrays; therapeutic
ultrasound; ultrasonic imaging

I. INTRODUCTION
High-intensity focused ultrasound (HIFU) continues to receive increased attention as a
therapeutic tool in the treatment of cancer and other tissue abnormalities. HIFU offers some
unique advantages as a form of nonionizing radiation suitable for the localized treatment of
deep-seated tumors in a noninvasive or minimally invasive manner [1]. Image guidance using
diagnostic MRI [2] and ultrasound [3] has led to increased acceptance of HIFU as a noninvasive
therapeutic tool. Currently, HIFU is approved worldwide for use in the treatment of uterine
leimyomas [4] and prostate cancer [5]. The HIFU beam experiences minimum distortion when
focusing at the target sites by utilizing a noninvasive probe for the treatment of the uterine
leimyomas and an intracavitary transducer for the prostate [4], [5]. During the treatment
session, image guidance is vital to target the treatment location and to avoid the potential for
collateral damage to the intervening tissue in the path of the HIFU beam. Temperature-sensitive
MRI has been used in monitoring the application of HIFU in the treatment of uterine fibroids,
and ultrasound has been shown to provide adequate feedback in guiding the HIFU treatment
of prostate cancer. Other systems employing ultrasound-guided HIFU in the treatment of a
variety of tumors are also being investigated.

Current clinical HIFU systems employ concave mechanically scanned transducers with
relatively low fnumber (to provide high focusing gain). Both single-element and (coarsely
sampled) array transducers are being used. Array transducers for generating HIFU beams offer
additional advantages of compensating for tissue heterogeneities in the path of the HIFU beam
[6]–[13]. Depending on the size and distribution of the array elements, amplitude and/or phase
compensation of the driving signals to the elements can be used to refocus the HIFU beam at
the target in the presence of tissue aberrations. This, of course, assumes that information about
tissue aberration is reliably measured or estimated. One way to estimate these aberrations is
by using 3-D numerical modeling of the acoustic wave propagation based on tissue parameters
from pretreatment X-ray computed tomography (CT) or MRI patient datasets [14], [15]. This
approach has been suggested for focusing HIFU beams through the skull, but it will be of
limited value when targeting tumors in abdominal organs where motion is significant.
Alternatively, implantable hydrophones can be used to measure the array directivity at or near
the target and refocus the beam based on phase-conjugation or time-reversal methods [16].
This approach was suggested for focusing hyperthermia arrays where the acoustic sensors can
be integrated with the necessary temperature sensors, but it is less attractive in HIFU
applications where the use of temperature sensors is not mandated.

We have recently introduced the concept of dual-mode ultrasound array (DMUA) systems for
image-guided application of therapeutic HIFU [17]–[21]. The advent of piezocomposite
transducer technology has provided us with new generation of transducers capable of producing
high-power levels suitable for therapy with reasonably wide bandwidth suitable for imaging
[22]. Furthermore, piezocomposite technology results in array elements with low lateral cross-
coupling leading to more predictable element and beam patterns, both in imaging and therapy
modes. We have investigated a number of approaches for improving the image quality of a
prototype DMUA that was originally optimized for therapeutic performance [23], [24],
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including conventional imaging in sector scan format [25] and Cartesian coordinates using
synthetic aperture (SA) and single transmit focus (STF) imaging [17], harmonic and nonlinear
quadratic imaging [26], nonlinear frequency compounding [18], and the use of coded excitation
with pseudoinverse filtering to balance axial and lateral resolution [24], [27].

In this paper, we address the problem of using DMUAs in targeting tumors in organs where
the HIFU beam is partially obstructed by the ribcage, e.g., liver and kidney tumors. This is
illustrated in Fig. 1, which shows a converging HIFU beam to a focal point in a liver tumor
based on homogeneous field calculations. The challenge is to achieve a specified therapeutic
dose at the target focus (within the tumor) while minimizing high-power exposure to the ribs.
Heating of the ribs and their immediate surroundings is likely to be significantly higher than
the normal tissue due to increased absorption of the transmitted wave, increased reflection due
to the impedance mismatch, and potential mode conversion due to the tissue–solid interface.
The latter could compound the heating problem due to high local absorption of shear waves in
the soft tissue [28]. Our approach to this problem takes advantage of the inherent registration
between the imaging and therapeutic coordinate systems of the DMUA by identifying
(approximately) the rib and target locations from gray-scale SA or STF images. Since the same
beamforming parameters are used in imaging and therapy, the estimate of the rib location is
valid even in the presence of tissue aberrations. The DMUA element directivities at the rib
locations and the target are estimated from the beamforming parameters. From the element
directivities, we form array directivity vectors to the target and a set of critical points at the rib
locations. The array directivity vectors provide all the necessary information for solving the
constrained optimization problem of finding the complex excitation vector that achieves a
specified power deposition level at the target while minimizing the power deposition at the
critical points. The complex array excitation vector is used to compute the delay profiles
necessary to obtain STF images of the treatment region at diagnostic levels. Backscatter from
the rib locations in response to these test patterns provides feed-back on the success of the
refocusing algorithm in reducing the incident power at the rib locations.

It must be emphasized that DMUA imaging is the key to both the identification of the critical
points and the assessment of the quality of the refocused beams in terms of minimizing the
power deposition at these locations. The latter represents a unique advantage of the approach
described in this paper as STF imaging provides immediate feedback on the power deposition
to the critical points. The integrated backscatter from these locations can be obtained within
the acquisition time of a single STF frame time for a given test pattern (100–200 µs). This
allows for the transmission and assessment of multiple test patterns within very short intervals

(1 ms). Thus, it will be possible to obtain this diagnostic-level feedback without any
significant interruption to the treatment protocol and at acquisition rates that will allow for
motion tracking in real time. This cannot be matched by any other form of image guidance by
a separate diagnostic imaging system. However, we also emphasize that we do not claim that
our approach will eliminate the need for separate diagnostic image-guidance system, but
provides key feedback features in terms of monitoring and control of the HIFU beam directly
at the target and any significant critical points in its path.

II. MATERIALS AND METHODS
A. Dual-Mode Ultrasound Array Prototype

A 64-element, 1-MHz, linear concave array on a spherical shell (100 mm radius) has been
designed and fabricated using HI-1 piezocomposite technology (Imasonic, Besançon, France)
[22] for HIFU applications, which is available in our laboratory. Each element in the DMUA
has an elevation of 50 mm and pitch of 2.0 mm. The DMUA prototype has a low fnumber of 0.8
in order to maximize the array focusing gain in the intended therapeutic operating field
(ThxOF), and is sampled spatially at 1.333̄λ. spacing in the lateral direction that results in
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grating lobes, which we have previously established through computer simulation, and are kept
at least 25 dB below the focus for every point within the ThxOF [21], [24]. In therapeutic mode,
the array has shown to produce up to 250 W with efficiency ≈60% with a 37% bandwidth
around the center frequency of 1.1 MHz [21]. In pulse-echo mode without matching, the
DMUA has two predominant resonance frequencies at 1.1 and 2.1 MHz. These characteristics
are consistent with an earlier prototype that was described in [24] and [25].

B. Instrumentation
We have designed and built a DMUA driver system employing amplifier boards and matching
circuitry allowing for pulsed-wave (PW) and continuous-wave (CW) operation at 1 MHz. A
Spartan3 field-programmable gate array (FPGA) (XC3S200, Xilinx, Inc., San Jose, CA) is
used to generate control signals and driving patterns for the DMUA prototype. The current
driver runs at a 300-MHz clock allowing for ≈0.0067 Vdc and 1.2° amplitude and phase
resolutions, respectively.

The DMUA elements were connected to a transmitter and a receiver through a diplexer and a
4 × 64 matrix switch (Tektronix, Beaverton, OR). A pulser/receiver (Panametrics 5800, GE,
Fair-field, CT) was connected to the receive terminals on the matrix switch with the receiver
connected to a 20-Msample/s 23-bit digitizer (E1437A, Agilent, Santa Clara, CA). For field
scan measurements, a hydrophone (TNU001A, NTR, Seattle, WA) was used with a 30-dB
preamplifier connected to a three-stage position system. The instrumentation was controlled
utilizing software developed in MATLAB (Instrument Control Toolbox, Mathworks, Natick,
MA).

C. Target Volume
To demonstrate the feasibility of the adaptive focusing method, we designed a tissue-
mimicking phantom with four embedded Plexiglas ribs (9.25 mm in diameter) spaced 16 mm
apart to simulate the rib cage. The phantom measured 90 mm × 70 mm × 65 mm and was
fabricated from gelatin, glutaraldehyde, graphite, propanal, and water, as suggested in [29].
For the purposes of this paper, the phantoms served as an attenuating [0.45 dB/(MHz·cm)]
speckle-generating medium. The phantom is 2-D due to the nature of the 1-D 64-element array
used to image and provide therapy. A 1.5-mm-diameter needle thermocouple (OMEGA
Engineering, Stamford, CT) was used as a target in the ThxOF of the DMUA with an additional
1.5 mm needle thermocouple(s) placed on the rib(s) in the simulated rib cage. The thermocouple
measurements were taken at a rate of 200 Hz using a data acquisition unit (34970A, Agilent,
Santa Clara, CA). A diagram of the experimental setup is shown in Fig. 2.

D. Image Formation
B-mode images of the phantom were formed using SA beam-forming and STF imaging. STF
images were taken before and after employing the refocusing algorithm using the setup
described before.

1) Synthetic Aperture Imaging—SA images were obtained by using the full SA technique
with two-way (transmit-and-receive) dynamic focusing [30]. The SA images are among the
highest quality conventional image from any given array [30]. The echo signal from each pixel
location is computed by [26]

(1)

Ballard et al. Page 4

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2010 June 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



where c is the speed of sound, Ai and Bj are, respectively, the transmit and receive apodization
weights, Rip and Rjp are, respectively, the distances from the transmitting and receiving
elements to the image pixel P, and si,j (t) is the echo received by element j when transmitting
with element i.

2) Single Transmit Focus Imaging—STF imaging is a modified version of (1) where we
image with the pulsed (one to two cycles duration) therapeutic beam as the transmit imaging
focus at diagnostic intensity levels. To form a 2-D image throughout the DMUA imaging field
of view, dynamic receive focusing is used, which in a uniform speckle region amounts to
imaging the therapeutic beam. This imaging mode allows for the visualization (and possible
characterization) of strongly scattering objects in the path of the HIFU beam (e.g., bone) at
safe diagnostic levels. It provides an imaging method for surveying the treatment volume at
diagnostic levels before the therapeutic HIFU beam is applied. The image formation equation
for STF images is as follows:

(2)

where sj is the received waveform at element j, and Rwp is the minimum distance between the
leading edge of the converging wavefront of the STF and pixel P at the time t = 0. All other
quantities are the same as their counterparts in (1).

E. Adaptive Refocusing Algorithm Design
The B-mode image provides feedback for the determination of target and critical points. The
objective of adaptive focusing is to maximize the array intensity gain at a target point(s) r ⃗T,
while minimizing across a set of critical points r ⃗T(i), i = 1, 2, …, Mc. This becomes an
optimization problem, which can be solved using Lagrange multipliers or a regularized
minimum-norm least squares solution [31] utilizing the pseudoinverse method [23]. In order
to solve the optimization problem, the element directivities at the target and critical points must
be known. This is generally not the case without direct measurements (e.g., using implantable
hydrophones [16]) or detailed computational models for wave propagation in inhomogeneous
media [13], [14]. However, these directivities can be estimated from the beamforming
parameters used in forming STF or SA images of the treatment region. From these
measurements, we define a vector ht from the N-element array to the target location(s) by the
array directivity vectors hk(r ⃗T), k = 1, 2, …, N

(3)

Likewise, vectors from the array to each critical location hi are defined by the array directivity
vectors. A matrix HC is the collection of these vectors from the critical locations

(4)

The weighting matrix WC is formed with the matrix of critical directivity vectors and an
appropriately chosen regularization parameter γ as follows:

(5)
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Our selection of γ was the smallest nonzero singular value of the singular value decomposition
of HC. This leads to the optimal complex array excitation vector for the weighted minimum-
norm solution as follows:

(6)

where p0 is the specified complex pressure at the target. Note that, for a single focus at the
target, p0 is a scalar and  is a row vector. For the multiple-focus case, these will be expressed
as a vector of complex pressures and a matrix of element directivity vectors, respectively.

As outlined in Section I, the element directivity vectors at the target and critical points can be
estimated from the beamforming parameters in the imaging mode. Either SA or STF imaging
can be used to estimate these quantities from the imaging coordinates. STF imaging is used in
the assessment of the reduction of power deposition at the critical points.

III. RESULTS
We describe an experimental study to validate our image-based adaptive refocusing algorithm
in the presence of strongly scattering obstacles in a speckle-generating phantom, as shown in
Fig. 2. This section is organized around the three aspects of the proposed method: 1) the
identification of the target and critical points from SA or STF images and the application of
the adaptive refocusing algorithm. Direct temperature measurements at the target and rib
locations are used to assess the resulting changes in power deposition; 2) the use of STF imaging
to provide feedback about the power deposition to the ribs upon refocusing. Experimental
results relating the integrated back scatter from rib locations to the directly measured
temperatures are presented; and 3) acoustic characterization of the HIFU beam distribution at
the DMUA surface, rib plane, and target plane. The results of the image-based refocusing
algorithm are compared with the results of refocusing based on direct hydrophone
measurements of the element directivities at the target location [16]. These results demonstrate
that our refocusing algorithm produces well-behaved field patterns with well-behaved array
excitation vectors, i.e., the inverse problem solved by (6) is well posed.

A. Image-Based Adaptive Refocusing
1) Image Guidance—Fig. 3 shows the SA image (50 dB) of the phantom with the target at
the geometric focus (0 mm lateral, 100 mm axial) with the ribs visible at an axial distance of
55 mm. Note that the application of the algorithm does not require a strong scatterer at the
target location. In this paper, we used the thermocouple as a scatterer at the target location to
demonstrate the relation between changes in echogenicity and temperature change upon
refocusing. It is interesting to note that the image of the target in this image appears quite diffuse
with high lateral sidelobes. This is due to beam distortions that were not taken into account in
the SA beamforming algorithm. Compared to the image of the target in the absence of the ribs
(not shown), this distortion is quite pronounced as one might expect. Nonetheless, the image
suggests that the DMUA still achieves certain level of focusing around the target. Based on
the image shown, four critical points at the (approximate) center of each rib were chosen in
addition to the target point. The matrix Hc was formed by using the array directivity vectors
in the vicinity of each critical point. Specifically, for each critical point, we have computed the
array directivity vectors for a set of points covering the extent of the corresponding rib in the
lateral direction with spatial sampling of λ/2, where λ is the operating wavelength in the soft
tissue (1.5 mm in this case). The array directivity vector at the target  is also obtained from
the beamforming parameters at the target point, i.e., without correcting for the inhomogeneity
presented by the ribs.
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The estimated array directivity vectors were used to refocus the DMUA at the target in the
presence of the ribs. Before applying the HIFU beam for therapeutic heating, the DMUA was
driven with a diagnostic-level excitation vector resulting from (6) in the pulse mode to obtain
STF images of the target medium upon refocusing. Fig. 4 shows STF images (50 dB) of the
target region and the ribs using: 1) the geometrically focused HIFU beam (assuming
homogeneous medium) and 2) the refocused HIFU beam according to (6). The two images are
normalized to the same maximum intensity for comparison purposes. One can see that the
echogenicity of the ribs is lower in the refocused image with respect to the echogenicity of the
target.

Fig. 5 further illustrates the change in relative echogenicity at the middle rib locations upon
refocusing. The line plots show the echogenicity profiles along an axial line through the target
[Fig. 5(a)] and two axial lines through the two central ribs [Fig. 5(b) and (c)]. The solid lines
are obtained from the image in Fig. 4(a) and the dashed lines are obtained from Fig. 4(b). The
results clearly show that while the relative echogenicity of the target is the same for both HIFU
beams, the echogenicity of the ribs drops measurably (6–10 dB) upon refocusing. This result
suggests that STF imaging can be used as an early indicator of the success of the refocusing
algorithm in lowering the power deposition at the rib locations.

To further demonstrate the usefulness of the feedback provided by the STF imaging using
diagnostic-level HIFU beams, we show a summary of the experimental results of refocusing
when targeting points 5 and 10 mm laterally off the DMUA geometric center in Section III-
A3.

2) Direct Temperature Measurements—Temperature measurements were taken at the
target and rib location(s) before, during, and after a 4-s HIFU exposure. This was done for both
the geometrically steered and refocused driving patterns for all three target locations given
before. For each case, the dc power delivered to the DMUA was normalized for the adaptively
and geometrically focused driving patterns. Furthermore, to show repeatability, each
measurement was taken a minimum of five times. The results shown in Fig. 6 show a
comparison of normalized temperature change (and variance) at the target and one rib location
for the geometrically focused and adaptively refocused driving patterns when the target is at
the geometric focus. The temperatures are normalized with respect to the maximum
temperature at the target resulting from the geometrically focused HIFU beam. One can see
that using the refocused HIFU beam increased the temperature at the target by 65%. At the
same time, it decreased the temperature at the rib by nearly 80%. In this case, the target to rib
temperature ratio TT /Trib was increased from 0.94 to 6.1. Table I shows the relative temperature
change across both the middle ribs as well as at the target location for the cases when the target
point is located at (5, 100) and (10, 100) mm, respectively. These results show that the relative
temperature increase at the target upon refocusing varies depending on the location of the target
with respect to the ribs. Similarly, the degree of relative decrease in temperature at the ribs also
varies for the different cases. It is, however, important to note that the trends shown by these
results are quite general in that the application of the adaptive refocusing always results in
increasing the power deposition at the target and reduction in power deposition at the ribs.

3) Summary of Temperature and Echogenicity Changes—The STF imaging results
shown before suggest that changes in the echogenicity at the target and rib locations upon
adaptive refocusing agree with the measured temperature changes at these locations. Table I
summarizes these changes in terms of the temperature ratio TT /Trib for each case. We also
report the measured echogenicity from the normalized STF images for each case. For the
adaptive refocusing cases, we show the relative change in target to rib echogenicity in decibels
defined as follows:
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where ETG (ERG) and ETR (ERR) are the integrated backscatter values from the target (rib)
location due to the geometrically focused and the adaptively refocused HIFU beams. The
integrated backscatter measurement is formed from the average of five beamformed A-lines
centered at the location of interest. One can see that the relative changes in echogenicity appear
to have the same trend as the relative changes in temperature ratios. While this is currently not
a quantitative measurement, it suggests a monotonic relationship between temperature change
(a measure of power deposition) and the integrated backscatter. This relationship allows the
use of STF to provide immediate feedback from the target and rib locations on the increase/
decrease in power deposition upon refocusing. Given that the frame times of STF imaging is
in the 100–200 µs range, this form of feedback allows for testing multiple refocused beams
during very short intervals on the order of (1 ms) and choose the best in terms of increasing
power deposition at the target while decreasing the power deposition at the rib locations in the
path of the HIFU beam. This is illustrated in the next section.

B. Image-Based Feedback on Changes in Power Deposition
The selection of the critical points from gray-scale images involves some level of uncertainty
due to the following reasons.

1. The lateral resolution of the imaging system is limited (1.2 mm for the DMUA
prototype used).

2. The geometry of the obstacle with respect to the DMUA produces angular scattering
functions that may obscure the shape of the obstacle. This is especially true for our
DMUA, which has poor axial resolution of ≈2.6 mm. As can be seen from the images
shown before, even a strongly scattering object appears amorphous, especially in STF
images.

3. The surrounding speckle from the soft tissue may drown the echoes from the obstacle,
except for the strongest specular reflection. This is clearly the case in STF images,
but is less so in the SA image shown, which appears to capture the top surface of the
ribs.

Due to the aforementioned reasons, it may be necessary to test several “refocused” HIFU beams
accounting for the uncertainty in the obstacle locations. To demonstrate this, we have varied
the estimated position of the critical points associated with one of the middle ribs when focusing
at (5, 100) mm. We have used the critical point corresponding to the right rib and varied its
position by ±0.5 and ±1 mm. Equation (6) was used to find the excitation vector corresponding
to each one of these critical points. We then used these excitation vectors to obtain STF images
of the treatment region to measure the changes in rib echogenicity corresponding to each
driving vector. Finally, we applied the different excitation vectors in the 4-s therapeutic mode
described before and recorded the resulting temperature profiles at the target and the rib. The
results of this experiment are summarized in Fig. 7. The figure shows the recorded temperature
in Fig. 7(b) and the axial echogenicity profiles in Fig. 7(a) for four of the six cases (to avoid
crowding): original critical point with geometric focusing (thick solid), original critical point
with refocusing (dotted), shifted critical point (+1 mm) with refocusing (dashed-dotted), and
shifted critical point (−1 mm) with refocusing (thin solid). The recorded temperatures are
relative to the maximum temperature at the target using the geometrically steered HIFU beam.
Fig. 7(c) shows the maximum recorded temperature plotted against the maximum echogenicity
for each case. This result demonstrates the feasibility of using STF imaging for providing
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feedback on reduction/increase in power deposition at a given obstacle resulting from the use
of different HIFU beams in focusing at a specific target. This feedback is practically
instantaneous. For example, all six STF images can be obtained in approximately 900 µs. With
dedicated beamforming and image processing hardware/software, it is possible to select the
most appropriate pattern (in terms of maximum power deposition at the target with minimum
power deposition at the critical point) within milliseconds. This will have negligible effect on
the treatment protocol and will still allow for real-time treatment control, including motion
tracking.

C. Acoustic Field Characterization
Additional insight on the workings of the refocusing algorithm is provided by direct
measurement of the acoustic field profiles in the rib and target planes for different HIFU
excitation vectors in the presence of the ribs. To do this, we placed the ribs in front of the
DMUA, as shown in Fig. 2, without the speckle-generating phantom present. A needle
hydrophone was used to measure the intensity profiles directly behind the ribs (as seen from
the DMUA) and in the target plane in degassed water (3 ppm dissolved oxygen). Three HIFU
beams were used: 1) a geometrically focused beam (0, 100); 2) an adaptively focused beam
using (6); and 3) a phase-conjugation solution obtained by measuring the complex pressures
from the DMUA elements at the target location. Phase conjugation is the spatial matched-filter
solution [16], which maximizes the array gain at the measurement point. This measurement
amounts to measuring the DMUA element directivities directly at the target point. This is the
CW equivalent of the time-reversal solution proposed by Fink and coworkers [13], [32]–[34].
This solution may serve as a gold standard for the refocusing problem described in this paper
as it incorporates the full knowledge of the array directivity at the target (subject to
measurement error).

Fig. 8 shows the results of this experiment for the three driving patterns. Fig. 8(a) shows the
focal plane intensity profiles for the geometrically focused (solid), the adaptively refocused
(dotted), and the phase-conjugation refocused (dashed-dotted) HIFU beams. The intensity
profiles just behind the ribs (as seen from the DMUA) are shown in Fig. 8(b). All patterns are
normalized with respect to the peak intensity of the geometrically focused HIFU beam in the
focal plane. One can see that both the adaptively refocused and the phase-conjugation refocused
HIFU beams nearly double the focal intensity for the same dc power input to the DMUA. This
is a significant improvement in the array gain compensating for the effects of the ribs.
Comparison between the two refocused beam profiles not only shows the general agreement
between them, but also reveals some subtle differences. In particular, the adaptively refocused
HIFU beam relies more on the intercostals in producing the focused field at the target while
the phase-conjugation refocused HIFU beam appears to allow for relatively higher partial
transmission through the ribs, as shown in Fig. 8(b). The relative distributions of power in the
rib plane due to the different refocusing algorithms must be compared in terms of their ability
to achieve the specified therapeutic endpoint at the target while minimizing the heating of both
the ribs and the intercostals. Our adaptive refocusing approach is based on treating the ribs as
critical structures where the power deposition is to be minimized, thus favoring the transmission
through the intercostals. This criterion can be modified to allow for some partial transmission
through the ribs if it is determined that it will be safe to do so at power levels necessary to
achieve a specified intensity gain at the target.

Comparing the focal plane intensity profiles, one observes increased grating lobe levels for all
three patterns, but especially for the adaptively refocused HIFU beam. These grating lobes are
not due to the DMUA elements sampling. They are due to the presence of a “virtual array” in
the intercostals due to the partial blocking of the HIFU beams by the ribs. The height of the
grating lobes can be explained by the relative level of partial blocking.
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Finally, it is interesting to examine the typical magnitude and phase distributions of the DMUA
excitation vector resulting from the application of adaptive refocusing according to (6), as
shown in Fig. 9. These distributions resulted from refocusing the DMUA at (5, 100) mm in the
presence of the Plexiglas ribs as described before. One can see that all the array elements are
activated, even those elements shadowed by the ribs. This is due to the fact that all elements
are needed to obtain the highest level of destructive interference at the rib locations while
maximizing constructive interference at the target. We have compared our adaptive refocusing
based on (6) with a ray tracing solution, which shuts off the DMUA shadowed by the ribs. The
results have clearly shown that the ray tracing solution consistently results in higher power
deposition at the rib location. Therefore, our adaptive refocusing algorithm intelligently uses
all the degrees of freedom (DMUA elements) to meet the constraints at the target while
minimizing the power deposition at the ribs.

IV. DISCUSSION
The results presented in this paper are applicable to practical applications based on the current
status of imaging with DMUAs. We have previously shown that DMUA imaging in the tissue
and speckle-generating quality assurance phantoms produces images that can be compared
with those obtained using diagnostic scanners [21] with the following differences.

1. Currently, a typical DMUA with 30% fractional band-width produces images with
axial resolution of approximately 2.6 mm, which is significantly poorer than
diagnostic probes (generally in the submillimeter range).

2. Due to their large aperture and concave geometry, DMUAs produce excellent lateral
resolution typically around 1 mm.

We have shown that improvements in the DMUA image quality can be achieved using coded
excitation and pulse-compression inverse filtering together with explicit accounting to some
of the element and array geometry in beamforming. However, even without these
improvements, results shown in this paper demonstrate the feasibility of identifying strongly
scattering structures like the ribs, even when they are embedded in tissue-mimicking phantoms.

Both our SA and STF imaging have been largely based on conventional beamforming, and
therefore represent a form of backscatter imaging. With the large-aperture array, SA imaging
captures the proximal edge of the ribs, which may allow for reasonable selection of the critical
points associated with each obstacle and its extent from the specular reflections. STF images,
on the other hand, currently do not capture the geometry of the obstacle, but only the critical
point obtained from the dominant specular reflection. This can be appreciated by comparing
the specular reflections from the ribs in the SA image in Fig. 3 and the STF image in Fig. 4.
One can see a more contiguous specular reflection from the proximal edge of each rib in the
SA image as compared to the spot-like specular reflections in the STF image. In practice, this
means that we may use SA imaging for the initial survey of the scene to estimate the extent of
each obstacle and perform the real-time tracking of the critical point associated with each
obstacle using STF imaging. As we have illustrated in Section III-B, uncertainty in the location
of the critical point can be overcome by using several test patterns and choosing the one that
minimizes the backscatter from the rib location.

The adaptive refocusing algorithm presented in this paper is optimal in the sense of achieving
a specified power level at the target while minimizing the power level at the ribs. Comparisons
with the phase-conjugation method for refocusing show that both approaches improve the
DMUA focusing gain at the target and direct the power flow into the intercostals with minimum
differences. These differences primarily stem from the different levels of partial transmission
through the ribs, but may be attributed to other factors. For example, the adaptive refocusing
method uses the uncorrected array directivity vector hT as opposed to the measured directivity
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vector used by the phase-conjugation method. We are currently investigating methods for
estimating the array directivity vectors at the target location for use with our refocusing
algorithm. We, however, emphasize that the refocusing algorithm compares favorably with the
phase-conjugation refocusing method despite the errors in the estimation of hT.

The use of cylindrical Plexiglas ribs should not be construed as an unrealistic simplification
that diminishes the significance of the results reported in this paper. In fact, in comparing SA
and STF images of imaging the Plexiglas and real ribs from beef samples, we significantly
observed more distortion from the Plexiglas ribs. The Plexiglas ribs are being used for two
reasons.

1. The geometry of the current DMUA prototype is fundamentally 1-D, and we wanted
to use obstacles that do not vary in the elevation direction to accommodate this
limitation. Obviously, this will not be necessary if we had a 2-D or even 1.5-D DMUA
(currently being designed).

2. We are also developing a forward scattering model for further validation of our
imaging concepts. The cylindrical geometry of the Plexiglas ribs lends itself to closed-
form scattering solutions that can be used in validating our forward scattering model.

There are several variations on the current adaptive refocusing algorithm that can be studied,
for example, a two-step procedure that performs the synthesis problem in the soft tissue first
from a virtual array within the intercostals to the target followed by a second synthesis problem
from the physical DMUA to the virtual array. This approach will also allow us to incorporate
the partial transmission through the ribs as part of the optimization problem (by extending the
virtual array to the distal edges of the ribs). In order to do this meaningfully, however, this
approach will need to be developed along with a reliable forward scattering model phase and
amplitude distortions due to propagation through bone. The two-step approach is also useful
in designing (or configuring) an appropriate DMUA for a given target (defined by the tumor
depth and size) and an available discontinuous acoustical window. We are working on
developing this approach, together with the forward scattering model mentioned before, to
provide a complete solution to the optimization and design of DMUAs for this important
application area.

V. CONCLUSION
We have presented experimental verification of an image-based, adaptive transthoracic
refocusing algorithm for improved therapeutic targeting of tumors in organs where the HIFU
beam is partially obstructed by the ribcage. The results have clearly demonstrated the feasibility
of controlling the flow of acoustical power through the intercostals to achieve a specified level
of power deposition at the target while minimizing the power deposition at the ribs (critical
points). We have also shown that gray-scale STF images provide suitable feedback on the
improved quality of the adaptively refocused HIFU beams in terms of lowering the power
deposition at the rib locations. This form of feedback is fast (100–200 µs per STF frame) and
spatially accurate, especially at the proximal side of the ribs. This allows for several HIFU
beams targeting the same point to be tested at subtherapeutic levels below 1 ms to determine
which beam produces minimal heating of the ribs in the path of the HIFU beam. In addition,
as we have shown previously [21], linear and nonlinear imaging methods using DMUAs can
be used to assess tissue response to HIFU lesion formation. Therefore, DMUA imaging
provides the necessary feedback to refocus HIFU beams in the presence of strongly scattering
structures as well as the assessment of the target tissue to the application of the HIFU beam.
This feedback is most valuable due to the inherent registration between the imaging and
therapeutic coordinate systems for DMUAs. Together with the results shown in [21], the results
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shown in this paper demonstrate the promise of the DMUAs in providing a unique paradigm
for noninvasive, image-guided surgery.
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Fig. 1.
Medical illustration showing a geometric focused beam profile targeting a tumor in the liver.
The beam is distorted due to the heterogenities of the rib cage, and thus causes undesirable
heating across the ribs.
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Fig. 2.
Experimental setup showing the position of the Plexiglas ribs within the tissue-mimicking
phantom and a thermocouple placed at the target location.
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Fig. 3.
SA image (50 dB) of the tissue-mimicking phantom with embedded Plexiglas ribs and the
target placed at (0, 100).
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Fig. 4.
Normalized STF images (50 dB) of the target region utilizing (a) the geometrically focused
HIFU beam and (b) the refocused HIFU beam obtained with the adaptive refocusing algorithm
with the target placed at the geometric focus (0, 100) mm. (a) Geometrically focused. (b)
Adaptively refocused.
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Fig. 5.
Echogenicity profiles along an axial line through (a) the target, (b) the middle right rib, and (c)
the middle left rib are shown. The solid line and dashed lines are obtained from the
geometrically focused and refocused images, respectively, when the target is placed at the
geometric focus (0, 100) mm. (a) Target echogenicity. (b) Right rib echogenicity. (c) Left rib
echogenicity.
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Fig. 6.
Normalized measured temperature change (bars indicate variance) at (a) the target location and
(b) rib location for a 4-s HIFU exposure when the target was placed at the geometric focus (0,
100) mm. Normalization taken with respect to the maximum temperature at the target in
response to the geometrically focused HIFU beam.
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Fig. 7.
Effect of uncertainty of critical point selection for a target at (5, 100) mm. (a) and (b)
Echogenicity and corresponding temperature profiles for the geometrically focused (thick
solid), adaptively refocused (dotted), adaptively refocused with the critical point shifted by −1
mm (dashed-dotted) and by +1 mm (thin solid). (c) Maximum temperature plotted against the
maximum echogenicity for the geometrically focused beam and five different critical point
selections.
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Fig. 8.
Field intensity profiles are plotted at (a) the target plane and (b) rib plane for the geometrically
focused (solid line), refocused (dotted line), and the phase-conjugation (dashed-dotted line)
HIFU beams.
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Fig. 9.
Magnitude and phase of the array excitation vector obtained from the adaptive refocusing
algorithm.
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TABLE I

Target to Rib Temperature and Echogenicity Ratios for the Six HIFU Beams Described in Section III-A1

Case (xT,zT) TT/TRib ET/Erib (dB) ΔE (dB)

Geometric Focusing (0,100) 0.94 4.1, 6.2

Adaptive Refocusing (0,100) 6.7 14.3, 13.1 10.2, 6.9

Geometric Focusing (5,100) 1.8, 1.0 −14.8, −7.6

Adaptive Refocusing (5,100) 3.8, 2.7 0.2, 12.1 15.0, 19.7

Geometric Focusing (10,100) 0.4, 0.6 −9.0, −10.9

Adaptive Refocusing (10,100) 1.7, 2.9 1.6, −2.4 10.6, 8.5

Double entries are for right and left ribs, respectively.
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