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7) ABSTRACT

The present invention provides methods and systems for
generating ultrasound images of a plurality of scatterers
disposed in a target region. More particularly, a method of
the invention derives model response functions for each of
a plurality of transducers for a given distribution of scatter-
ing media. The interrogation pattern can be selected to
include a set of unfocused ultrasound waves generated by
one or more of the transducers. The interrogation pattern is
transmitted into the target region, and the transducers are
utilized to detect echoes generated by the scatterers in the
target region in response to the interrogation pattern. The
methods and systems of the invention advantageously allow
obtaining ultrasound images of a target region without
employing beamforming either in transmission of ultra-
sound waves into the region or in detection of echoes
generated by scatterers in the target region in response to the
transmitted waves.
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METHODS AND SYSTEMS FOR CONSTRUCTION
OF ULTRASOUND IMAGES

BACKGROUND

[0001] The present invention relates generally to methods
and systems for obtaining ultrasound images, and more
particularly, to such methods and systems that provide
real-time ultrasound images having clinical quality.

[0002] An ultrasound system can typically include a trans-
ducer array, a signal processing unit and a display. The
transducer elements generate ultrasonic waves, transmit the
waves into a region to be imaged, and receive returning
echoes, generated in response to the transmitted waves, by
one or more scatterers in the region. The signal processing
unit utilizes the echoes to construct an image of the scat-
terers, which can then be presented to a viewer on the
display.

[0003] In traditional ultrasound systems, narrow beams
are employed for image acquisition. In many such systems,
the transducer elements transmit identically-shaped pulse
signals which are delayed relative to each other to ensure
that the pulses arrive at a desired focal point at the same
time, thus forming a beam in a particular direction. During
the receiving step, the echoes generated in response to the
pulses are similarly delayed so that at any particular time,
the echo signals sent by the transducers to the processing
unit correspond to signals generated at the same point along
the beam. The image values corresponding to scatterers
located along the beam direction are set to the sum of the
intensities of the respective echo signals. This procedure is
often referred to as “delay-and-sum”, or “beamforming”. An
image of a selected region is constructed by repeating this
process along a number of transmitted beam directions. The
system component, typically hardware, that performs delay-
ing and adding of the echo signals to isolate the scatter
properties in a particular location is called a “beamformer”.

[0004] In most traditional ultrasound systems, the trans-
ducer elements are arranged along a single straight or curved
line, which confines the transmitted waves to an imaging
plane. Aresulting image corresponds to a cross-section of an
imaged object along the imaging plane. More recently,
matrix (2-dimensional) transducer arrays have been intro-
duced that allow full volumetric imaging. Alternatively, a
linear array can be moved/rocked to transmit pulses in all
directions in a given volume.

[0005] The data collection time in the systems described
above is proportional to the number of beams required to
generate the image. The number of beams required to
generate a volumetric image is equal to the square of the
number of beams required to form a planar image of the
same resolution. For example, to extend a two-dimensional
64-beam image into three dimensions (3D) while maintain-
ing the same resolution, 64x64=4,096 beams are needed.
Similarly, extending a 128-beam image into 3D requires
128x128=16,384 beams. Hence, a transition from planar to
volumetric imaging can result in approximately two orders
of magnitude increase in the amount of data and the acqui-
sition time. Since the time of each transmit-receive iteration
(ie., transmitting a single beam and receiving the echoes
from the scatterers in the selected region) is determined by
the speed of sound in the region to be imaged (e.g., tissue),
the number of beams that the system can transmit and
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receive in any given time is inherently limited (approxi-
mately 5000 per second). At real-time frame rates (e.g., 30
frames per second), this corresponds to approximately 150
beams per image, which is insufficient for volumetric imag-
ing. Thus, there is a need for improved ultrasound imaging
methods and associated systems. There is also a need for
such ultrasound imaging methods and systems that allow
efficiently generating ultrasound images in real-time.

SUMMARY OF THE INVENTION

[0006] The invention provides a method of generating an
ultrasound image of a plurality of scatterers disposed in a
target region by constructing response functions for each of
a plurality of transducers for a given ultrasound interroga-
tion pattern and a given distribution of scattering media. The
interrogation pattern can be selected to include a set of
unfocused ultrasound waves generated by one or more of the
transducers. The phrase “unfocused ultrasound wave”, as
used herein, refers to one or more ultrasound waves that
have not been designed, for example, by selection of their
relative phases, to substantially interfere constructively in a
selected region. The interrogation pattern is transmitted into
the target region, and the transducers are utilized to detect
echoes generated by scatterers in the target region in
response to the interrogation pattern.

[0007] An image of the scatterers is then globally con-
structed based on comparison of the detected echoes and
echoes predicted by the response functions. The term “glo-
bally constructing an image”, as used herein, refers to
computing the ultrasound image by mathematically process-
ing echoes received from any part of an entire portion of the
target region that is illuminated by the unfocused transmitted
ultrasound waves, including any interferences among these
echoes, without the need for beamforming. Hence, the
method of the invention generates an ultrasound image of a
selected target region without utilizing beamforming either
in transmission of ultrasound waves into a target region or
in detection and processing of echoes generated by scatterers
in that region in response to the transmitted waves.

[0008] In a related aspect, an echo signal £ (t) detected by
the n-th transducer of a plurality of transducers is defined in
accord with the relation:

Ful) = fﬁ(t, v)dv

[0009] wherein V represents a selected region to be
imaged, v represents a particular location in the selected
region V, and F,(t, v) represents a function predicting echo
signal that is reflected by scatter at point v and detected by
the n-th transducer.

[0010] In many embodiments of the invention, a linear
model is utilized for predicting echoes detected by each
transducer. For example, an echo signal f () detected by
n-th transducer can be defined in accord with the relation:
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fu(D) = f‘ (2, VISV dy

Jy

[0011] wherein s(v) represents a scattering parameter of a
scatterer positioned at point v in the selected region V, B.(t,
v) represents a linear response function associated with the
n-th transducer element corresponding to a point v in the
selected region V.

[0012] In a related aspect, the echoes detected by the
transducers are discretized. This discretization process can
be accomplished uniformly, for example, by sampling and
digitizing each echo signal at uniform temporal intervals.
Alternatively, the echo signals can be discretized non-
uniformly, for example, by sampling and digitizing each
echo signal at temporal intervals having different durations.
For example, an echo signal associated with the n-th trans-
ducer £ (t) can be discretized into a plurality of echo signals
f,(k), each of which is defined in accord with the relation:

£ = f B(k, vistv) dv

[0013] wherein k is an index representing a discrete echo
sample, ranging from 1 to K, and B(k, v) is the response
function associated with the n-th transducer discretized
using the same time intervals as the detected echo signal.

[0014] In some embodiments, the target region can be
represented as a plurality of discrete portions. The discrete
portions can have the same or variable sizes. Further, the
discrete portions can be distributed through the target region
in a uniform or non-uniform manner. In such a case, an echo
£(1) associated with the n-th transducer can be defined in
accord with the relation:

v

JACESIR ARE)

v=1

[0015] where v enumerates the discrete portions ranging
from1to V.

[0016] In a related aspect, in a method of generating an
ultrasound image as described above, the model response
functions are derived based on any of computational mod-
eling, measurements using a calibration phantom, or a
combination thereof. For example, the step of deriving
model response functions for the transducers can include
detecting, with each transducer, an echo signal from a
calibration phantom in response to pre-defined excitation
signals transmitted into the calibration phantom by one or
more transducers. The unfocused transmitted waves are then
selected to include the pre-defined signals.

[0017] In some preferred embodiments, simplification of
the functional form of a response function associated with
n-th receiving transducer can be achieved by modeling an
echo received by this transducer in response to an interro-
gation pattern generated by a plurality of transmitting trans-

Jan. 8, 2004

ducers as a sum of echo waveforms that the n-th transducer
would have received if the transmitting transducers trans-
mitted their respective waveforms one at a time. In particu-
lar, the response function B_(t, v) can be defined in accord
with the following relation:

M
By, V)= ) Bunlt, V)
m=1

[0018] wherein B, (t,v) is a pairwise response function
representing a contribution of the m-th transmitting trans-
ducer to the echo signal detected by the n-th receiving
transducer. This assumption can advantageously reduce the
number of calibration steps and/or simplify analytical mod-
eling of the response function.

[0019] In a related aspect, the invention derives a model
for a response function of a transducer element analytically
based on the physical properties of ultrasound propagation
and reflection in the target medium. According to this model,
an excitation signal E_(t) applied to the m-th transmitting
transducer can result in generation of an ultrasound wave-
form by that transducer whose amplitude can be represented
by a convolution of the excitation signal E_(t) and an
impulse response function h (t) of the transducer. The
amplitude of the generated waveform can be modeled as
decaying linearly with the traveled distance before it is
reflected by a scatterer at location v. The reflected wave can
travel back to the n-th receiving transducer and impinge
upon the transducer as an incoming ultrasound wave that is
detected as an echo waveform. This echo waveform can be
represented as a convolution of the amplitude of the incom-
ing ultrasound wave and an impulse response function h,(t)
of that transducer. Hence, the contribution of the m-th
transmitting transducer to the echo detected by the n-th
receiving transducer can be determined by the following
relation:

Con(t=7(m, v) = 1(n, v))

Bunlt, v) = T(m, V)T(R, ¥)

[0020] wherein C__(t) represents a pre-defined ultrasound
signal transmitted by an m-th transducer element and
received by the n-th receiving transducer element (i.c.,
C,m=E,*h_*h , where * denotes convolution), t(m, v)
represents a transit time of an ultrasound signal transmitted
by the m-th transducer element to a point v in the target
region, and ©(n, v) represents a transit time of an ultrasound
signal from point v to the n-th transducer element.

[0021] In a related aspect, an analytical model can be
refined by employing calibration measurements. For
example, the exact nature of the signal decay with traveled
distance can be established using a phantom. This hybrid
approach allows refining the analytical model and reducing
the number of calibration measurements required to con-
struct the response functions for all transducers.

[0022] In other aspects, in a method of ultrasound imaging
according to the teachings of the invention as described
above, a matrix equation is defined to relate the discrete echo
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signals detected by the transducers to the scattering param-
eters of one or more scatterers located in the discretized
portions of the target region in accord with the relation:

f=Bs

[0023] wherein f is a column vector formed by concat-
enation of the discrete echo signals f, (k) associated with the
transducers, s is a column vector that is composed of
scattering parameters corresponding to one or more scatter-
ers located in the discrete portions of the target region, and
B is a matrix that is formed by concatenating the discretized
response functions B, (k, v) associated with the transducers.

[0024] 1In another aspect, in a method of the invention for
generating an ultrasound image, subsequent to transmission
of the unfocused ultrasound waves and acquisition of the
echoes, the ultrasound image is globally constructed by
solving a system of linear equations, such as that defined
above. A solution can be obtained by utilizing a variety of
techniques. For example, in some preferred embodiments,
the scatter parameter vector § can be obtained by linearly
combining a pre-computed matrix of reconstruction coeffi-
cients (A) with the echo signals f in accord with the
following relation:

$=Af,

[0025] An optimal reconstruction coefficients matrix A
can be defined as follows

A=(B"B)'B,
[0026] wherein BT represents transpose of the B matrix,
and (B™B)™" represents an inverse of the B'B matrix. This

corresponds to minimizing the differences between the
detected echo signals and the ones predicted by the model.

[0027] The computations associated with reconstructing
the image can be rendered more efficient by application of
a transformation to the echo signals and a compensating
transformation to the matrix A to define the following
relation for obtaining the scattering parameter vector s:

$=AF ()

[0028] wherein F denotes a selected transformation, and
F denotes the inverse of this transformation. The transfor-
mation F is preferably selected to decrease the number of
computations needed for obtaining the ultrasound image.
The (Fast) Fourier transform is one example of a suitable
transformation that can be utilized in the practice of the
invention.

[0029] In another aspect, the invention provides an ultra-
sound imaging system that includes a plurality of transduc-
ers for generating and transmitting a plurality of unfocused
ultrasound excitation signals corresponding to a selected
interrogation pattern into a target region in which a plurality
of scatterers are disposed. The transducers can also detect
echoes generated by the scatterers in response to the exci-
tation signals. The system can further include a plurality of
analog-to-digital converters associated with the transducers
to sample and digitize echoes detected by the transducers to
generate a plurality of discrete echo signals. It should be
understood that the transmitting elements can be the same or
different than the receiving elements. Further, each analog-
to-digital converter is not necessarily associated with only a
single receiving element. That is, each analog-to-digital
converter can process echoes from several transducers and
vice versa. A computational module operates on the echo
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signals to globally construct an image of the scatterers based
on comparison of the detected echoes with echoes predicted
based on model response functions for each of the trans-
ducers corresponding to the interrogation pattern. For
example, the computational module can construct the ultra-
sound image to minimize the differences between the
detected and the predicted echoes.

[0030] In another aspect, an ultrasound imaging system of
the invention as described above can include a memory
module for storing the echo signals and/or the pre-computed
reconstruction coefficients.

[0031] In a related aspect, the computational module can
mathematically process the echo signals associated with the
transducers in parallel to generate a plurality of intermediate
output signals that can be summed to generate the ultrasound
image. Alternatively, the computational module can con-
struct different portions of the image in parallel and combine
the constructed image portions to generate the entire image.

[0032] The system can also include a transformation mod-
ule that receives the echo signals and applies a selected
transformation, e.g., Fourier Transform, to the echo signals
prior to processing of the echo signals for image construc-
tion.

[0033] In further aspects, an ultra-sound imaging system
of the invention can include a user-interface having a display
for presenting the constructed ultrasound image to a viewer.
The system can further include a graphical object, e.g., a
window, associated with the display image for selecting a
portion thereof. Upon selection of an image portion, the
computational module can recompute the selected portion at
a resolution that is different, e.g., higher, than that of the
displayed image. The re-computed image can be presented
in the portion of the display associated with the graphical
object, e.g., within the window utilized to select that portion.
It should be understood that more than one window can be
provided in the display for selecting different portions of the
image. Further, a window utilized for selecting a portion of
the image can have a variety of shapes, e.g., circular,
rectangular, and/or a variety of sizes. Further, a graphical
object utilized for selecting a portion of the image is not
limited to a window. For example, in some embodiments a
cursor can be provided for selecting a pre-defined area
surrounding a point to which the cursor is directed.

[0034] Further understanding of the invention can be
obtained by reference to the following detailed description
in conjunction with the associated drawings, which are
briefly described below.

BRIEF DESCRIPTIONS OF THE DRAWINGS

[0035] FIG. 1 schematically depicts operation of an exem-
plary ultrasound imaging system of the invention for volu-
metric imaging by employing a two-dimensional transducer
array in which an exemplary path of an ultrasound wave
transmitted by transducer element m, reflected by a scatterer
located at point v, received by element n, amplified, and
digitized by an analog-to-digital converter is illustrated.

[0036] FIG. 2 illustrates exemplary matrices utilized in a
linear forward model in an ultrasound imaging method
according to the teachings of the invention to represent echo
signals f, system response coefficients B, and scattering
strength s.
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[0037] FIG. 3 depicts an optimal solution according to the
teachings of the invention for a linear forward model, such
as that shown in the previous figure, by illustrating the
relationship between the estimated scatter distribution S, the
reconstruction matrix (BTB)™'BT and the received echo
signal f.

[0038] FIG. 4 schematically depicts a user interface hav-
ing a display for presenting an ultrasound image constructed
according to the teachings of the invention and a dynamic
window associated with the display for selecting a portion of
the image to be displayed at a different resolution (typically
higher) than the rest of the image.

[0039] FIG. S illustrates an exemplary ultrasound imaging
system of the invention which utilizes a plurality of trans-
ducer elements to transmit ultrasound excitation signals into
a selected target region and to detect echoes generated in
response to these signals, and further employs pre-loaded
model response functions of the transducers obtained
according to the teachings of the invention to construct an
image of the target region based on the detected echoes.

[0040] FIG. 6 illustrates an exemplary system architecture
that can be utilized in an ultrasound imaging system accord-
ing to the teachings of the invention for parallel processing
of a plurality of receive channels by employing several
computational modules in parallel for computing interme-
diate results corresponding to different regions of an ultra-
sound image, and summing the intermediate results to obtain
the entire image.

[0041] FIG.7 illustrates an exemplary system architecture
that can be implemented in an ultrasound imaging system of
the invention in which each data channel is processed by a
selected transformation prior to processing for image con-
struction in order to reduce computational load.

[0042] FIG. 8 schematically illustrates operation of an
exemplary computational unit in an ultrasound imaging
system of the invention in which a plurality of digitized echo
signal f, from the receiving element n, and pre-computed
matrix An for the same receiving element are stored in
memory, and the intermediate image A f, is computed by
straightforward multiplication of the echo samples with the
corresponding coefficients.

[0043] FIG. 9 schematically illustrates another implemen-
tation of a computational unit in an ultrasound imaging
system of the invention in which each array of digitized echo
signals f_ from each receiving element n, together with
non-zero elements of A and their associated indices, are
stored in memory and the intermediate image A_f, is com-
puted by looking up the corresponding element in the echo
signal array and multiplying it with the respective non-zero
coefficients of A .

[0044] FIG. 10 schematically illustrates another imple-
mentation of a computational unit of an ultrasound imaging
system of the invention in which, in addition to each
digitized echo signal array f_ from a receiving element n, for
each row in matrix A , the first index and the total number
of non-zero coefficients are stored, followed by the coeffi-
cients themselves, and the intermediate image A f, is com-
puted by multiplying the row of coefficients with the cor-
responding sub-set of the echo signal array.

DETAILED DESCRIPTION

[0045] The present invention provides methods and sys-
tems for generating ultrasound images in real-time (e.g., 30
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frames per second) without utilizing beam-forming either in
transmission of ultrasound waves into a region of interest or
in processing echoes received from scatterers present in this
region in response to the transmitted waves. With reference
to FIG. 1, in one exemplary method of the invention for
generating an ultrasound image of scatterers present in a
region of interest, one or more transducers 10 (e.g., M
transducer elements), such as transducer element m, transmit
a plurality of unfocused ultrasound waves into the region of
interest, for example, the illustrated imaging volume 12.
Although in this exemplary embodiment, the transducers 10
function as both transmitting and receiving elements, in
other embodiments some transducers can be employed only
as transmitting elements and others only as receiving ele-
ments. Alternatively, some transducers can function only as
receiving or transmitting elements during a selected tempo-
ral portion of data acquisition period, and as both transmit-
ting and receiving elements during other portions of the
acquisition period. Thus, in this embodiment, each trans-
ducer can transmit an unfocused ultrasound excitation signal
into a region of interest and can also receive echoes gener-
ated in response to this signal or signals transmitted by other
transducers into the region. Although in this exemplary
illustration, the transducers are arranged as a planar two-
dimensional array, those having ordinary skill in the art will
realize that other arrangements are also possible. For
example, the transducers can be arranged in a linear fashion
along a straight or curved line, or any other geometrical
arrangement suitable for a particular application. Further,
although the exemplary region of interest 12 is three-
dimensional, the methods of the invention can be utilized to
generate ultrasound images of scatterers present in a region
having any dimensionality, e.g., two dimensions. For a
distribution of scatterers, herein denoted as s(v), in the
region of interest, for example the region 12, where v
represents the parameterization of the space (it can be 1-, 2-
or 3-dimensional space, Euclidean or polar coordinate sys-
tem, or any other parameterization), an echo received by a
transducer element n (1=n=N) can be modeled by utilizing
the following relation:

L= fﬂ(n v)dv,

[0046] where F (t, v) represents a response furction asso-
ciated with the n-th transducer, i.c., it predicts the echo
signal received by the n-th transducer that was reflected by
the scatterer at location v. Under the linear model of ultra-
sound imaging, Equation (1) can be simplified to the fol-
lowing relation:

f@) = an(t. Vsv)dv,

[0047] where B (t, v) represents a linear response function
associated with the n-th transducer. The response function
B,(t, v) represents an echo that the transducer element n
would have received, in response to the transmitted ultra-
sound waves, from a scatterer positioned at location v and
having unit scattering strength. As discussed in detail below,
the present invention teaches a variety of methods for
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constructing the response function which include analytical
modeling, empirical modeling, or a combination thereof.

[0048] 1In one preferred embodiment of the invention, the
region of interest, e.g., the above exemplary region 12, is
modeled as a plurality of discrete portions, each of which is
herein referred to as a “voxel”. Further, each echo received
by one of the transducers is discretized, for example, by
sampling and digitization, into a plurality of discrete echo
signals. The discretization of an echo can be achieved either
uniformly, for example, by sampling the echo at equal time
intervals, or alternatively, non-uniformly, for example, by
sampling and digitizing the echo at a plurality of varying
time intervals. An echo received by the n-th transducer can
then be represented in accord with the following relation:

v 3

[0049] wherein v is an index enumerating voxels, V rep-
resents the number of voxels forming the region of the
interest, that is 1 =v=V, k is an index representing a sampled
echo signal, K represents the number of sampled echo
signals in a received echo, that is 1=k=K, and s(v) repre-
sents a scattering parameter, €.g., scattering amplitude asso-
ciated with the v-th voxel. The above Equation (3) can be
written in a matrix form in accord with the following
relation:

fo=Bus (4)
[0050] wherein f, represents the vector of discrete echo
signals, s represents the vector of the unknown scattering
parameters associated with different voxels, and B, is the
matrix of the discretized response function values B(k, v).

[0051] With reference to FIG. 2, the echo measurements
associated with all of the receiving transducer elements can
be combined, e.g., concatenated, into a single vector, herein
denoted as f, and the respective response function matrices
of these transducers elements, such as the matrix B, can
also be combined to form a composite response function
matrix, herein referred to as B, to obtain a unified linear
model that relates the received echo signals with the
unknown scatter distribution in accordance with the follow-
ing equation:

f=Bs. 5
[0052] 1In preferred embodiments of the invention, the
number of echo samples, e.g., NxK, exceeds the number of

scatter estimates V by a significant amount, thereby render-
ing the estimation problem over-constrained.

[0053]

[0054] An ultrasound image of the region of interest can
be genecrated by obtaining a solution for the scattering
parameter vector s in the above Equation (5). In many
embodiments of the invention a plurality of reconstruction
coefficients, herein represented by a matrix A, are pre-
computed in order to reduce the amount of real-time com-
putation and thereby facilitating fast real-time imaging. The
detected echoes are then linearly combined using the pre-
computed coefficients as follows:

Y, ®)

I. Image Reconstruction
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[0055] where § denotes a solution for the scattering vector
s, and A denotes the reconstruction matrix. As shown in
FIG. 3, in one embodiment, the reconstruction matrix A can
be defined as follows in order in terms of the response
function matrix B to obtain an optimal solution that mini-
mizes the square error between echo signals predicted by
vector Bs and the actually measured echo signals f:

A=(B"B)BT, ¢

[0056] where (*)' denotes the inverse of a matrix and
(*)T denotes matrix transpose.

[0057] Thus, unlike conventional methods, in a method of
the invention, a solution for the scattering parameters asso-
ciated with scatterers present in the voxels forming a region
of interest can be obtained by utilizing an entire set of echo
signals received from the region of interest without beam
forming either in transmission of ultrasound waves into the
region and/or in processing the echo signals received in
response to these transmitted waves.

[0058] With continued reference to FIG. 3, the response
function matrices B, are constant for any particular geom-
etry of a set of transducer elements and a given transmitted
signal set. Therefore, a set of reconstruction coefficient
matrices A, can be pre-computed for each receive channel in
accordance with the following relation:

N ! ®)
_(pTplpT _ Th. T
A, =B"B'Bl =|> B'B;| B!

i=1

[0059] As described in more detail below, in one embodi-
ment, these pre-computed coefficient matrices are uploaded
into a memory module of a computational unit of an imaging
system of the invention prior to transmission of ultrasound
waves into the region of interest. Upon transmission of the
waves into the region and acquisition of echo signals gen-
erated in response to the transmitted waves, an optimally
reconstructed image S is recovered through a series of
multiply-add operations as schematically illustrated in FIG.
3 in accordance with the following relation:

N K ®
) = Z Z A, DK,
n=1 k=1
[0060] II. Constructing Response Functions

[0061] The quality of a constructed image depends, at
least in part, on how well the response functions B, utilized
to generate the image reflect the physical processes associ-
ated with ultrasound wave propagation and reflection in a
region of interest. Several methods for constructing these
response functions are described below.

[0062]

[0063] In one embodiment, analytical modeling is
employed to define a relationship between the excitation
signals, the scatter in the imaged volume and the received
echoes. Using superposition principle, the response function
B, associated with the n-th transducer can be modeled as a

Ila. Analytical Approach
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sum of pairwise response functions such that each pairwise
response function B™ defines an echo waveform detected
by the transducer n in response to an ultrasound waveform
transmitted by the transducer m:

M (10)
By(t,v)= Y Bunt, V).
m=1

[0064] Each transmitting transducer, for example, trans-
ducer m, can be driven by a pre-defined excitation signal, for
example, E (1), to generate an echo waveform. A linear
model for the transducer transfer function defines an ultra-
sonic waveform transmitted by a transducer element m as a
convolution of the excitation signal E_(t) and the element’s
impulse response h,(t) in accordance with the following
relation:

€290 = [Ey byl = f En(TVnlt ~T)dT, an
T

[0065] where * denotes convolution of two signals. Simi-
larly, an echo signal detected by a transducer element n can
be modeled as a convolution of an input ultrasound wave-
form C,™(t) and the element’s impulse response h.(t) in
accordance with the following relation:

o (r) = [CF by J0) = f C(Dhy (- TdT.
T

[0066] Further, it has been shown theoretically, and dem-
onstrated empirically, that the amplitude of an ultrasonic
wave decreases with increasing distance from the source of
the wave. In particular, the change in the wave amplitude can
be inversely proportional to the distance traveled by the
ultrasound signal. Using these properties of the ultrasonic
propagation, a pairwise response function of the n-th receiv-
ing transducer element associated with the m-th transmitting
transducer element can be defined as follows:

Con(t—1(m, v) —7(n, V) (13)

B, V) =
ol T(m, v)r(n, v)

[0067] wherein C,(t), which represents the contribution
of the ultrasound wave transmitted by a transducer element
m to the echo detected by a transducer element n, can be
defined as follows:

Com=En ™ By, &)
[0068] and Wm, v) represents the transit time of the
ultrasonic wave from the transducer element m to the
scatterer of unit strength positioned at the location V, t(n, v)
represents the transit time of an ultrasonic wave between the

point v and the transducer element n, and * represents
convolution.

[0069] A variety of different coordinate systems can be
employed to parameterize the above equations. For example,
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the coordinates of the transducer element n can be expressed
in a Cartesian coordinate system as (x,,y,z,), and the
coordinates of the location v can be expressed as (x,, ¥, Z,)-
The transit time t(n, v) can then be expressed in accord with
the following relation by utilizing these Cartesian coordi-
nates:

1 15
7, 1) = = = 0 = 30+ =2, ()

[0070]

medium.

[0071] The response function constructed in this section
can be discretized according to a selected echo sampling
protocol and voxelization of the region of interest and can be
employed to construct the response function matrices B, in
above Equations (3) and (4).

[0072] IIb. Calibration

[0073] Insome embodiments, the response function matri-
ces B, can be modeled theoretically, as discussed above. In
other embodiments, direct measurements can provide accu-
rate estimates of the system parameters expressed by the
coeflicient matrices B,. More particularly, one preferred
embodiment of a method of the invention for generating an
ultrasound image includes a calibration step in which all
pairwise interactions between the transmitting and the
receiving elements are measured by employing a known
target (phantom), or a set of such targets.

[0074] For example, during the calibration step, a set of
known scatter distributions s(v) can be utilized in conjunc-
tion with the model of Equation (4) to estimate the matrix of
coefficients B, for each receiving element of a transducer
array.

[0075] While a calibration step can provide accurate esti-
mates for the matrix of coefficients B, its implementation
can require a substantial amount of time and multiple
phantoms. Hence, in some embodiments of the invention, a
hybrid approach is employed that derives the functional
dependency between the excitation pulses and the recorded
echoes analytically, and estimates the parameters of the
function from calibration measurements. The measurements
are essentially used to refine the analytical model.

[0076] For example, rather than performing a full calibra-
tion, the impulse response of each transducer element can be
estimated by varying the excitation pulse and measuring the
ultrasonic signal emitted by the transducer element. Simi-
larly, the impulse response of each receiving element can be
estimated by measuring the echo signals produced by the
element in response to various ultrasonic waveforms. More-
over, the functional form of signal attenuation can be
obtained by transmitting various pulses into a medium of
interest, and measuring the amplitude of the wave at a
plurality of locations at different distances from the trans-
ducer that generates the pulses.

[0077] TII. Pulse Shape and Length and the Number of
Transmit Events

[0078] Inmany embodiments of the invention, the number
of measurements, e.g., the number of measured echo signals,

wherein ¢ represents the speed of sound in the
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is significantly larger than the number of scattering param-
eters. Thus, so long as the transmitted signals are not
identical, the information carried by each echo signal can be
utilized, together with the information carried by the other
echo signals, to disambiguate contributions from different
locations in the imaged region. In other words, the method
of the invention can be practiced without a need for employ-
ing orthogonal or substantially orthogonal transmitted wave-
forms. Furthermore, standard techniques in linear algebra,
including eigenvalue analysis, can be employed to estimate
the stability of the linear system of equations relating the
scatter parameter matrix to the reconstruction coefficients
and detected echoes, thereby permitting prediction of the
amount of error in the resulting scatter parameter vector as
a function of the noise level present in the input signals
(echoes). For example, a series of pulse shapes and lengths
can be examined by constructing the coefficient matrix B
and analyzing its stability to choose the most stable con-
figuration.

[0079] Those having ordinary skill in the art will, how-
ever, appreciate that although the use of orthogonal trans-
mitted waveforms is not necessary for practicing the method
of the invention, such orthogonal or substantially orthogonal
waveforms can be employed in a method of the invention,
for example, to minimize the number of independent mea-
surements.

[0080] In addition to the shape of the excitation pulses, the
length of the pulses and the number of transmit events affect
the number of measurements, and consequently the quality
of image reconstruction. As the duration of a transmitted
signal increases, the returning echoes, generated in response
to the transmitted signal, carry more information about the
imaged medium. However, increasing the lengths of the
transmitted signals may reduce resolution and increase the
extent of a zone in front of the transducer from which no
imaging information can be obtained.

[0081] Hence, in some embodiments of the invention,
rather than increasing the lengths of the transmitted signals,
several independent transmit events are performed sequen-
tially. The number of the transmit events can be limited by
a desired frame rate and/or the depth of the imaged volume.

[0082] For any particular configuration of the transducer
array, an optimal pulse length (and shape) and/or an optimal
number of the transmit events can be determined either
through eigenvalue analysis or can be estimated empirically
in the calibration step.

[0083]

[0084] 1In general, the number of multiply-add operations
required for performing the reconstruction calculations is
KxVxN, where V represents the number of voxels in an
image, N is the number of the receiving elements, and K is
the number of samples in each echo signal. The number of
voxels in an image and the number of echo samples are
typically large, thus resulting in a large number of multiply-
add operations to be performed.

[0085] However, in many embodiments of the invention in
which the transmitted signals are relatively short in com-
parison with the echo acquisition time, the coefficient matri-
ces B, (and therefore A,) are inherently sparse. This some-
what mitigates the amount of computation, reducing it to
K, xVxN multiply-add operations, where K, is the average

IV. Computation Optimizations
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number of non-zero elements in the rows of A, which is
much smaller than the number of echo samples K.

[0086] In some embodiments of the invention, a further
reduction in the number of multiply-add operations can be
achieved by applying a transformation, e.g., Fourier Trans-
form, to the data (received echoes) and the coefficient
matrix. If the transformation of the signal can be imple-
mented in a relatively small number of operations, the total
number of operations can be reduced. For example, the
above equation Equation (7) can be modified as follows:

$=(AF YY), (16)

[0087] where F is an invertible transformation matrix. The
transformed coefficient matrix (AF™) can be pre-computed
and uploaded into a computational module of an ultrasound
imaging system of the invention in advance of data acqui-
sition. In such embodiments, the total number of multiply-
add operations required for image reconstruction is equal to
K, xVxN+NxKxL, where K, is the average number of
non-zero elements in the rows of matrix AF~, and L is the
average number of operations required to compute an ele-
ment of Ff.

[0088] One example of such transformation is the Fourier
Transform, for which the transformation (Ff) can be com-
puted by employing Fast Fourier Transform techniques in
NxK log(K) operations. The total number of operations
required for reconstructing the image is then K, xVxN+NxK
log(K). Since log(K) is orders of magnitude smaller than V,
the number of operations needed for image reconstruction
can be substantially smaller than the original number of
computational operations, if K, is smaller than K.

[0089]

[0090] As shown in the previous section, the number of
operations required for image reconstruction is proportional
to the number of voxels in the image. Increasing resolution
leads to improved image quality, but, it requires more
computation. Because the number of multiply-add opera-
tions can be limited by the frame rate requirements, it is
desirable to reduce the number of operations per voxel in the
image, for example, as outlined in the previous section.

[0091] Another solution utilized in some embodiments of
the invention is to allocate voxels in a non-uniform manner
throughout the volume of interest. One possibility is to
generate a non-uniform partition of the volume of interest
into voxels of different sizes at the modeling stage. For
example, the center of the volume can be imaged at higher
resolution than the peripheral regions. The resulting coeffi-
cients can be loaded onto the respective imaging system to
be utilized during imaging. The users of the system can then
position the transducer so that the center of the volume
includes the region of interest.

[0092] 1In another embodiment, the response functions are
generated for a region of interest according to the teachings
of the invention, and the reconstruction coefficients are
computed for the entire region at two or more resolutions.
With reference to FIG. 4, a display A provided in a user
interface B can be employed to present a constructed ultra-
sound image C to a viewer. Further, a graphical object, such
as exemplary dynamic window D, can be provided in the
user interface to select a portion of the displayed image, for
example, by defining the boundary of an image portion, to

V. Computation Resource Allocation
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be displayed at a different (typically higher) resolution. As
the user defines a high-resolution region, a list of recon-
struction voxels is created by combining all the voxels of the
higher resolution model inside the window and the voxels of
the lower resolution model outside the window. For many
shapes of the high resolution window (circular, rectangular
or other), it can be readily determined in real time whether
a voxel is inside the widow as the user moves the window
around.

[0093] The above methods for presenting a selected por-
tion of an image at higher resolution relative to the other
portions advantageously allow increasing image resolution
in a limited region while saving substantial computational
time and resources that would otherwise be needed if the
resolution of the entire image were increased. As an
example, consider increasing the resolution of a volumetric
image by a factor of q. If the original image contained V
voxels, the new image will contain Vg voxels. Suppose that
a high resolution window is created inside the volumetric
image. If the linear dimensions of the window are 1/p of the
dimensions of the original volumetric image, its volume is
1/p> of the total volume. The total number of voxels in the
high resolution window is Vq*/p>. The number of voxels in
the peripheral area is V(1-1/p°). Consequently, the total
number of voxels in the new image is (1+(¢q>-1)/p°) of the
original voxel count. As a concrete example, if q=2 (twice as
high resolution) and p=2 (the high resolution window is half
of the image linear dimension), the number of the voxels in
the new image is 1.875 of that in the original volume, which
is significantly smaller than q°=8 increase required to recon-
struct the entire volume at the higher resolution.

[0094] A similar analysis for two-dimensional images
shows that increasing the resolution in the entire image will
require q> times more voxels, while constructing a high
resolution window will require 1+(q*-1)/p* times more
voxels. For the specific example of gq=2,p=2, this corre-
sponds to a 1.75 fold increase using a dynamic window as
described above compared to a factor of 4 increase if the
resolution of the entire image is doubled.

[0095] Thus, the use of a dynamic window having a
smaller size, but a higher resolution, than the entire image
provides a high degree of flexibility in allocating available
computational resources depending on the requirements for
image resolution by trading off the size of the window (p)
and its resolution (q). Such a dynamic window can be
utilized in a variety ultrasound imaging applications. For
example, an ultrasound image of a patient’s heart obtained
at moderate resolution may alert a medical professional to
potential problems with a heart valve. In such a case, a
dynamic window containing the suspect heart valve can be
defined, and a high resolution of the valve within the
window can be obtained by utilizing the methods described
above without a need to recompute in real time an image of
the entire heart at a high resolution.

[0096]

[0097] The ultrasound imaging methods of the invention,
as described above, can be implemented in a variety of
ultrasound imaging systems. For example, FIG. § illustrates
an exemplary ultrasound imaging system 14 according to the
teachings of the invention which includes an array of
transducers 16 for transmitting a plurality of unfocused
ultrasound pulses into a region of interest. In addition to

VI. System Implementation
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transmitting ultrasound pulses, the transducers 16 function
as receiving elements for detecting echoes generated by
scatterers present in the region of interest in response to the
transmitted pulses. The exemplary imaging system 14 fur-
ther includes a receive interface module 18 having a plu-
rality of amplifiers 20 for amplifying the received echoes,
and one or more analog-to-digital converters 22 for sam-
pling and digitizing the amplified echoes to generate a
plurality of discrete echo signals f,(k). The system further
includes at least one memory module 24 for storing the echo
signals and a plurality of pre-computed coefficients A, (k, v).
A computational module 26 can perform multiply-add
operations required by the image reconstruction methods of
the invention. The exemplary system 14 can also include one
or more processor units 28 for processing, e.g., summing,
the intermediate results of the multiply-add operations. The
computational module can be implemented, for example, as
a general purpose computer, a Field Programmable Gate
Array (FPCA) compute element, a Digital Signal processor
(DSP), or a specially built integrated circuit.

[0098] FIG. 5 schematically depicts one exemplary com-
putational technique employed by the computational module
26 for calculating the above Equation (9). Each of the echo
signals £y, f,, . . ., fy 1s received from one of the receive
channels associated with one of the transducers 16, and is
typically represented as a vector having a plurality of
elements, each of which represents a digitized echo signal.
The echo signals f,,f,, . . ., f; are processed in parallel by
a plurality of computing elements A;, A,, . . . , Ay of the
computational modules 26. In particular, each computing
element can implement the A f, operation for each receive
channel. The partial results are then summed to produce the
resulting image.

[0099] The physical boundaries between the computa-
tional units are not necessarily aligned with the logical
boundaries of the processing of the received echoes. For
example, FIG. 6 demonstrates an embodiment that employs
several computational units to process one memory compo-
nent corresponding to a single receive channel. For example,
exemplary computational units A,; and A, process the echo
signal f, while computational units A,, and A,, process the
echo signal f,. In this exemplary architecture, different areas
of the image are computed in parallel by a set of computa-
tional units associated with each receive channel. For
example, the outputs of one set of the computational units,
e.g., exemplary units A;j, A, . . ., Ay, are summed to
compute one portion of the image, herein represented by 8(1,
..., V,), and the outputs of another set of the computational
units, €.g., exemplary units A, ,AL,, . . . , Asn, are summed
to compute another portion of the image, herein represented
bys(Vi+1, ..., V;+V,) and so on. These computed portions
are then combined to construct the entire image.

[0100] Alternatively, several receive channels can be pro-
cessed by a single processor element, depending on the
bandwidth capability of each processing element. Moreover,
those having ordinary skill in the art will appreciate that the
general configuration of an ultrasound imaging system of the
invention can be different from that described above so long
as the system is capable of performing the multiply-add
operations required by the image reconstruction method of
the invention.
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[0101] The system architecture described above can be
readily modified to implement the reconstruction method
defined by Equation (16). For example, with reference to
FIG. 7, a transformation unit, such as units 30a, 305, . . .,
30n, can be inserted in each receive channel to process each
echo signal, e.g., signal f;, for each receive channel prior to
processing of the echo signals by a respective computational
unit. For example, the illustrative transformation unit 30a
effects a transformation of the echo signal vector f,, e.g., the
Fast Fourier transformation, and the computational unit 264
processes the transformed echo signal in accord with the
relation defined by Equation (16). The outputs of the com-
putational units can be summed to generate the entire image.
FIG. 8 schematically illustrates an exemplary implementa-
tion of the computations performed by a computational unit
of an ultrasound imaging system of the invention. In this
exemplary approach, for each echo signal vector f, each
row of a reconstruction coefficient matrix A containing the
respective pre-loaded reconstruction coefficients is multi-
plied by the echo signal vector to generate an intermediate
result which is added to an intermediate result obtained by
multiplication of the next row with the echo signal vector, to
provide an output value corresponding to the respective
receive channels. As discussed above, the reconstruction
coefficient matrices A_ are typically sparse, i.¢., they contain
many zero elements. Accordingly, as shown schematically in
(FIG. 9), an alternative implementation stores only the
non-zero elements and their associated indices and utilizes a
lookup scheme to perform the multiplication of the non-zero
elements of each row with the respective elements of the f,
echo signal vector. Similar to the previous implementation,
the intermediate values obtained by processing successive
rows of the matrix are summed to generate an output value
corresponding to the respective receive channel.

[0102] Matrix A, is often band-diagonal, which allows for
an even more efficient implementation, schematically
depicted in FIG. 10. In this implementation, a first index
indicating the position of the first non-zero element in a row
and the number of non-zero elements in that row are stored
for every row of matrix A, followed by the non-zero
elements themselves. This implementation lends itself natu-
rally to a general architecture such as that in FIG. §, as well
as the ones shown in FIG. 6 and FIG. 7.

[0103] Those having ordinary skill in the art will appre-
clate that various modifications can be made to various
embodiments of the invention as described above without
departing from the scope of the invention.

What is claimed is:

1. A method of generating an ultrasound image of a
plurality of scatterers disposed in a target region, comprising

constructing response functions for each of one or more
transducers for a given ultrasound interrogation pattern
and a given distribution of scattering media, the inter-
rogation pattern being a set of unfocused ultrasound
waves generated by one or more of the transducers,

transmitting the interrogation pattern into a target region,

utilizing said transducers to detect echoes generated by
scatterers in the target region in response to the inter-
rogation pattern, and
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globally constructing an image of said scatterers based on
comparison of the detected echoes and echoes pre-
dicted by the response functions.
2. The method of claim 1, wherein an echo £ (t) detected
by an n-th transducer of said transducers is defined in accord
with the relation:

Jul) = fﬁ(t, v)dv

wherein
V represents said selected region,
v represents a point in said region V, and

f,(t, v) represents a function predicting echoes generated
by scatter at location v in said region V and detected by
the n-th transducer.

3. The method of claim 1, wherein an echo signal f,(t)

detected by an n-th transducer of said transducers is defined
in accord with the relation:

Jult) = f B (t, v)s()dv,

wherein

s(v) represents a scattering parameter of a scatterer posi-
tioned at point v in said region, and

B, (t, v) represents a linear response function associated
with the n-th transducer element corresponding to a
point v in said region.

4. The method of claim 1, further comprising discretizing

cach of said echoes into a plurality of sampled echo signals.

5. The method of claim 4, wherein each of said discrete

echo signals is defined in accord with the relation:

£k = f Bk, vistv) dv

wherein

f (k) represents k-th discrete echo signal detected by an
n-th transducer of said transducers, and

B,(k, v) represents a linear response function B(t, v)
associated with the n-th transducer corresponding to a
point v in said region and sampled at a time corre-
sponding to the k-th sampled echo signal.

6. The method of claim 1, further comprising representing

said selected region as a plurality of discrete portions.

7. The method of claim 6, wherein an echo f,(t) detected

by an n-th transducer of said transducers is defined in accord
with the relation:

v
F0= )" Byt vistv)

v=1



US 2004/0006271 Al

wherein
v represents one of said discrete portions,
V represents the number of said discrete portions,

s(v) represents scattering parameter associated with scat-
ter in the v-th discrete portion, and

B.(t, v) represents a linear response function associated
with the n-th transducer element corresponding to a
point v in said region.

8. The method of claim 5, further comprising representing

said region as a plurality of discrete portions and defining
said discrete echo signals in accord with the relation:

wherein
v represents one of said discrete portions,
V represents the number of said discrete portions, and

s(v) represents scattering parameter associated with scat-

ter in the v-th discrete portion.

9. The method of claim 8, further comprising defining a
matrix equation relating the discrete echo signals detected
by said transducers to the scattering parameters of one or
more scatterers located in said discrete portions of said
region in accord with the relation:

f=Bs
wherein

f is a column vector composed of concatenation of the
discrete echo signals f (k) associated with said trans-
ducers,

s is a column vector composed of scattering parameters
s(v) corresponding to scatterers located in said discrete
portions of the selected region, and

B is a matrix composed of concatenation of the linear

response functions of said transducer elements.

10. The method of claim 9, further comprising selecting
any of an echo sampling rate for generating said discrete
echo signals, a number of transmitting transducers, duration
of transmitted ultrasound waves, or a combination thereof
such that a number of discrete echo signals is larger than a
number of scattering parameters.

11. The method of claim 1, wherein the step of construct-
ing response functions is based on any of computational
modeling, measurements using a calibration phantom, or a
combinations thereof.

12. The method of claim 1, wherein the step of construct-
ing response functions further comprises constructing the
response function of at least one of said transducers as a sum
of pairwise response functions each representing the
response of said transducer to a waveform present in said
interrogation pattern and generated by another transducer
independent of the response of said at least one transducer
to other waveforms present in the interrogation pattern.

13. The method of claim 1, further comprising modeling
an ultra-sound waveform C,°*(1) transmitted by an m-th
transducer of said transducers as a convolution of an exci-
tation signal E_(t) applied to the m-th transducer and an
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impulse response function h,, () of the transducer element in
accordance with the relation:

Cot () = [En # (1) = f En(Thmlt = T)dT.
T

14. The method of claim 1, further comprising modeling
an echo signal C,*"(t) detected by an n-th transducer of
said transducers as a convolution of an input ultrasound
waveform C,™(t) and an impulse response function h, (t) of
the transducer element in accordance with the relation:

o) = [Ct e b)) () = f C™(Tih,(1-T)dT.
1

15. The method of claim 1, further comprising modeling
a decay of an amplitude of each of said ultrasound waves
with the distance traveled by the wave as being inversely
proportional to any of distance or time traveled by the wave.

16. The method of claim 3, further comprising modeling
the response function B, in accordance with the relation:

M N
[Ep By 5 B, ) (1= T(m, v) — (1, V)
Biov)= ), o, Ve, V)

wherein

E_.(1) represents a pre-defined excitation signal applied to
the m-th transducer for generating an unfocused ultra-
sound wave,

h.(t) and h(t) represent the impulse response functions
of the transducers m and n respectively, ©(m, v) repre-
sents a transit time of an ultrasound signal transmitted
by the m-th transducer element to a point v in said
selected region, and T(n, v) represents a transit time of
an ultrasound signal from point v to said n-th trans-
ducer element.

17. The method of claim 1, wherein the step of construct-
ing response functions for the transducers comprises detect-
ing, with each transducer, an echo signal from a calibration
phantom in response to pre-defined excitation signals trans-
mitted into the calibration phantom.

18. The method of claim 17, wherein said unfocused
transmitted waves are selected to comprise said pre-defined
signals.

19. The method of claim 17, further comprising selecting
the calibration phantom to comprise a plurality of discrete
¢lements.

20. The method of claim 1, further comprising measuring
an amplitude of an ultrasound wave transmitted by each of
the transducers in response to a pre-defined excitation signal
in the target region.

21. The method of claim 1, further comprising measuring
decay rate of one or more of said unfocused ultrasound
waves in the target region.

22. The method of claim 1, wherein the step of globally
constructing an image comprises obtaining scattering
parameters associated with said scatterers by minimizing a
difference between the detected echoes and echoes predicted
by the response functions.
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23. The method of claim 1, wherein the step of globally
constructing an image comprises obtaining scattering
parameters associated with said scatterers by minimizing a
difference between detected echoes and echoes predicted by
a linear model of said response functions.

24. The method of claim 9, wherein the step of globally
constructing an image comprises generating an estimated
scatter parameter vector § in accord with the relation:

$=Af
wherein

A 1s a matrix of reconstruction coefficients, and

f is the vector of concatenated echo signals.

25. The method of claim 24, further comprising defining
the reconstruction coefficients matrix A in accord with the
relation:

A=(BTB) BT
wherein
BT represents transpose of the B matrix, and

(B™B)™! represents an inverse of the BTB matrix.

26. The method of claim 24, wherein the matrix A is a
sparse mairix.

27. The method of claim 24, further comprising trans-
forming the matrix of echo signals by an invertible trans-
formation.

28. The method of claim 27, wherein the step of globally
constructing an image further comprises solving for the
scattering parameter vector s in accord with the relation:

$=(AF O/
wherein F denotes an invertible matrix such that matrix
AF  includes less elements than matrix A.

29. The method of claim 28, further comprising selecting
the transformation F to be Fourier transform.

30. The method of claim 28, further comprising selecting
the transformation F be fast Fourier transform.

31. The method of claim 25, further comprising construct-
ing at least two different reconstruction coefficient matrices
A such that the number of discrete portions in the images
representing said region associated with one of said recon-
struction coefficient matrices is different than the respective
number of discrete portions associated with the other recon-
struction coefficient matrix.

32. The method of claim 31, further comprising generat-
ing an image of said target regions by combining selected
portions of one of said two images with selected portions of
the other image.

33. An ultrasound imaging system, comprising

one or more ultrasound transducers for transmitting an
interrogation pattern comprising unfocused ultrasound
waves into a target region in which a plurality of
scatterers are disposed, said transducers detecting ech-
oes generated by said scatterers in response to said
transmitted excitation signals,

one or more analog-to-digital converters for digitizing
said detected echoes into a plurality of discrete echo
signals, and
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a computational module that receives said echo signals
and globally constructs an image of said scatterers
based on comparison of the detected echo signals and
echo signals predicted based on model response func-
tions for each of the transducers for said ultrasound
interrogation pattern.

34. The ultrasound imaging system of claim 33, wherein
the computational module globally constructs the image by
choosing scattering parameters associated with said scatter-
ers so as to minimize differences between the detected and
the predicted echo signals.

35. The ultrasound imaging system of claim 33, wherein
the computational module employs reconstruction informa-
tion computed based on said response functions to construct
the image.

36. The ultrasound imaging system of claim 35, further
comprising a memory module for storing said reconstruction
information based on said response functions.

37. The ultrasound imaging system of claim 33, further
comprising a memory module for storing said detected
echoes.

38. The ultrasound imaging system of claim 33, wherein
the computational module processes the echo signals asso-
ciated with said transducers in parallel to generate a plurality
of intermediate output signals and sums said intermediate
output signals to generate the ultrasound image.

39. The ultrasound imaging system of claim 33, wherein
the computational module constructs different portions of
the image in parallel and combines the constructed image
portions to generate the entire image.

40. The ultrasound imaging system of claim 33, further
comprising a transformation module for receiving said echo
signals and applying a selected transformation to said echo
signals.

41. The ultrasound imaging system of claim 40, wherein
said selected transformation is the Fourier Transform.

42. The ultrasound imaging system of claim 40, wherein
said selected transformation is the Fast Fourier Transform.

43. The ultrasound imaging system of claim 33, further
comprising a user interface having a display for presenting
the constructed ultrasound image.

44. The ultrasound imaging system of claim 43, further
comprising a graphical object associated with said displayed
image for selecting a portion thereof.

45. The ultrasound imaging system of claim 44, wherein
said computational module computes a portion of the image
corresponding to the selected portion of the displayed image
at a resolution different from that of the displayed image.

46. The ultrasound imaging system of claim 45, wherein
said graphical user interface is a window and said portion of
the image computed at a different resolution is displayed in
said window.
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