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MEDICAL ULTRASONIC IMAGING
METHOD AND SYSTEM FOR SPATIAL
COMPOUNDING

BACKGROUND

The present invention relates to medical ultrasound
imaging, and in particular to imaging methods and systems
that provide improved imaging of directional targets.

Objects of interest for medical ultrasonic imaging include
resolvable targets with strong directionality such as mem-
branes between different types of soft tissue, ducts, tendons,
muscle fibers, and interventional devices such as biopsy
needles. In general, objects with substantially planar or
linear acoustic impedance boundaries within the round-trip
sample volume of an imaging system behave as directional
acoustic targets. They do not scatter incident sound waves
isotropically, but reflect them back anisotropically such that
the reflection angle with the surface/line normal is equal to
the incidence (insonification) angle (Snell’s Law). For this
reason, such directional targets locally have a narrow spatial
or lateral bandwidth. If the imaging system spatial impulse
response has a narrow bandwidth, i.e. the range of incidence
angles is narrow and the receiver is responsive to substan-
tially the same range of angles, directional targets will often
not be detected when the incidence angle is substantially
different from zero. On the other hand, if the system spatial
impulse response has a wide bandwidth, i.e. the insonifica-
tion subtends a wide range of angles and the receiver is
responsive to echoes from a wide range of angles, then the
signal-to-noise ratio (SNR) of the narrow bandwidth signals
(c.g., reflections from a directional target) are compromised.
In either case the detectability of directional targets may be
significantly reduced.

One prior-art technique that improves the detectability of
directional targets is spatial compounding, where the target
is imaged multiple times from substantially different angles
and the images are then combined after amplitude detection
(Jago U.S. Pat. No. 6,126,599 and Schmiesing U.S. Pat. No.
0,135,956). With the conventional spatial compounding
technique, however, the temporal resolution is sacrificed
because of multiple firings needed for each frame of com-
pounded image (Entrekin U.S. Pat. No. 6,126,598 and
Robinson U.S. Pat. No. 6,210,328). The temporal resolution
loss can be unacceptably high for applications that require
high temporal bandwidth, or for applications that inherently
have low frame rates, e.g., 4-D imaging. The conventional
spatial compounding technique also suffers from motion
artifacts if the transducer or object is in motion during the
acquisition of component image frames (Jago U.S. Pat. No.
6,117,081). Images with conventional spatial compounding
can also exhibit seam artifacts at the borders of component
image frames (Jago U.S. Pat. No. 6,224,552). Thus, a need
presently exists for an improved method for imaging direc-
tional targets that has a reduced adverse effect on the frame
rate, reduced motion artifact and reduced discontinuities in
the compound frame.

SUMMARY

The methods and systems described below improve the
contrast resolution of medical ultrasound images, particu-
larly when directional targets of the type described above are
imaged. The disclosed systems compound multiple images
that are generated using only a single firing per ultrasound
line or in some cases two firings per ultrasound line. Speckle
variance is also reduced as a natural result of spatial
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compounding, and this further improves the detectability of
soft-tissue lesions.

One system described below uses a bank of anisotropic
band-pass filters prior to amplitude detection to create
multiple component images. The other system creates mul-
tiple receive beams from a single weakly diverging, planar,
or weakly focused transmit beam by using partially over-
lapping receive sub-apertures. Both the filtered images of
the first system and the sub-aperture receive beams of the
second system are selectively sensitive to directional targets
oriented in respective ranges of angular positions. When the
filtered component images (in the first system) or the sub-
aperture receive beams (in the second system) are combined
after detection, the desired improved imaging of directional
targets is obtained. The first system preserves the frame rate
and the second system allows spatial compounding with
improved frame-rates. Therefore these systems address the
temporal resolution loss issues of conventional spatial com-
pounding and consequently provide reduced motion artifact.

The foregoing paragraphs have been provided by way of
general introduction, and they should not be used to narrow
the scope of the following claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of a medical ultrasonic imaging
system that incorporates a first preferred embodiment of this
invention.

FIG. 2 is a block diagram of a method implemented by the
system of FIG. 1.

FIGS. 3 and 4 show the angular and temporal frequency
responses, respectively, of a bank of anisotropic pre-
detection filters for a three-way spatial compounding
example.

FIGS. 5, 6 and 7 show contour plots of the magnitude of
the spatial impulse response of the filters of FIG. 3.

FIG. 8 shows the contour plots of the magnitude of the
spatial frequency spectra of the filters of FIG. 3.

FIG. 9 is a block diagram of a system for implementing
the bank of filters 24 of FIG. 1.

FIGS. 10-14 are angular spectral content graphs for five
of the signals of FIG. 9.

FIG. 15 is a block diagram of another system for imple-
menting the bank of filters 24 of FIG. 1.

FIG. 16 is a schematic diagram illustrating operation of
the system of FIG. 15.

FIG. 17 is a schematic diagram of a medical ultrasonic
imaging system that incorporates a second preferred
embodiment of this invention.

FIG. 18 is a block diagram of a method implemented by
the system of FIG. 17.

FIGS. 19-23 are schematic diagrams illustrating various
modes of operation of the system of FIG. 17.

DETAILED DESCRIPTION OF THE DRAWINGS

Turning now to the drawings, FIG. 1 is a block diagram
of an ultrasonic imaging system 10 that incorporates a first
preferred embodiment of this invention. The system 10
includes a transducer array 12 that is coupled to both a
transmit beamformer 14 and a receive beamformer 16 by a
transmit/receive switch 18.

The elements 12-18 can be conventional systems. The
transducer array 12 can be a 1, 1.25, 1.5, 1.75, 2, or
3-dimensional array. By way of example, the transducers
described in the following patents (all assigned to the
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assignee of the present invention) can readily be adapted for
use with this invention: U.S. Pat. Nos. 5,261,408; 5,297,533,
5,410,208; 5,415,175; 5,438,998; 5,562,096; 5,657,295;
5,671,746; 5,706,820, 5,757,727, 5,792,058; 5,916,169;
5,920,523. This list is not intended to be limiting, and any
suitable transducer array can be used.

Similarly, a wide variety of analog and digital techniques
can be used to implement the transmit beamformer 14 and
the receive beamformer 16 (on occasion referred to as the
transmitter and the receiver, respectively, in this
specification). The following U.S. Patents, all assigned to
the assignee of the present invention, provide examples of
the types of approaches that can be used to implement the
transmit beamformer 14: U.S. Pat. Nos. 4,550,607, 4,699,
009; 5,148,810; 5,608,690; and 5,675,554. The following
U.S. Patents, also all assigned to the assignee of the present
invention, provide examples of the types of approaches that
can be used to implement the receive beamformer 16: U.S.
Pat. Nos. 4,550,607, 4,699,009; 5,555,534. These examples
are, of course, not intended to be limiting in any way, and it
should be understood that the receive beamformer 16 can
perform the appropriate delay, phase adjustment and
apodization in either the time domain or the frequency
domain.

The receive beamformer 16 generates receive beams
along selected receive directions, and these receive beams
are applied to a phase alignment system 20. The phase
alignment system 20 corrects phase misalignment between
laterally adjacent samples in the receive beams. Such phase
misalignment may result from system-related factors such as
scan geometry, physical aperture limitations and the like.
Any suitable system can be used to perform the desired
phase adjustment, including the systems described in the
following U.S. Patents, assigned to the assignee of the
present invention: U.S. Pat. Nos. 5,928,152, 5,921,932. For
some scan geometries (such as the sector scan geometry)
and some imaging systems, phase misalignment may not be
a problem and the system 20 may not be needed.

The phase-aligned receive beams generated by the phase
alignment system 20 are applied to a frame memory 22,
which stores two or more phase-aligned receive beams. In
one example, the frame memory stores all or part of a frame.

Abank of filters 24 is provided, and each of the filters 24
is coupled with the frame memory 22. In this embodiment,
each of the filters 24 is a respective anisotropic spatial
band-pass filter that filters at least in the lateral direction
(across receive beams). For example, each filter 24 may be
a respective lateral or a respective 2-dimensional filter. The
filters 24 can operate in the spatial domain or in the spatial
frequency domain. Any pre-detection line or range interpo-
lation is preferably deferred until after the images have been
filtered with the filters 24 for reasons of efficiency.

The filtered and interpolated images from the filters 24 are
applied to an amplitude detector 26, and the detected images
are applied to a combiner 28.

The samples of the beamformer output, impulse response
of the filters 24, and output of the filters 24 are defined in the
axial (range) z axis and at least one of the lateral axes,
azimuth x and elevation y. Note that x, y and z in this
example are the axes of the acoustic grid and not necessarily
the axes of the Cartesian coordinate system, because the
filtering and compounding preferably take place before scan
conversion.

In the following we will describe a 2-D spatial compound-
ing technique, where one of the axes is the axial and the
other one is a lateral (azimuth or elevation) axis. 3-D spatial
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compounding is a straightforward extension of the 2-D
technique described below.

Spatial Compounding Using Spatial or Frequency
Domain Filtering

The spatial domain filtering for 2-D spatial compounding
is a 2-D convolution of the phase-aligned beamformer
output b(x, z) with the 2-D impulse response h(x, z) of an
anisotropic filter 24.

As an example, 2-D two-way compounding
(compounding with two 2-D component images) in the
spatial domain can be described as follows:

c,(x, 2)=b(x, z)*h,(x,2),

¢x(x,2)=b(x,2) h,(x,2),

d(x, Z)=g(|C1(X’ Z)|> |C2(X’ Z)|> |b(X7 Z)l),
where * is the 2-D convolution operation in x and z, h, and
h, are the impulse responses of anisotropic filters with
partially overlapping or nonoverlapping pass bands, ¢, and
¢, are the filtered component images, g(.) is a compounding
function, || is the magnitude function, and d(x, z) is the
compounded image. As indicated here, the compounding
function g(.) may also be a function of the input image
(beamformer output) in addition to being a function of the
component images.

The frequency domain filtering for 2-D spatial
compounding, on the other hand, is a multiplication of the
two-dimensional Fourier transform B(f,, f,) of the phase-
aligned beamformer output b(x, z) with the two-dimensional
Fourier transform H(f,, f.) of the impulse response h(x, z) of
an anisotropic filter 24.

As an example, two-way compounding in the spatial
frequency domain can be described as follows:

Cl(fx7 fz)=B(fx5 fz) Hl(fx’ fz)’

C2(fx7 fz)=B(fx5 fz) H2(fx’ fz)’

Cl(X’ Z)=F_1{C1(fx’ fz)}’

CZ(X’ Z)=F_1{C2(fx’ fz)}’

d(X’ Z)=g(|C1(X’ Z)|,|C2(X, Z)l’ |b(X’ Z)D’
where, B, H, and H, are the 2-D Fourier transforms of the
phase-aligned beamformer output b(x, z) and the impulse
responses h,(x, z) and h,(x, z) of the anisotropic filters 24,
respectively; f, is the lateral spatial frequency and f, is the
axial spatial frequency; C, and C, are the Fourier transform

of the component images ¢, and c,; and F*{.} indicates a
two- dimensional inverse Fourier Transform.

Anisotropic Filter Impulse Response

The spatial domain impulse response h(x, z) of an aniso-
tropic filter 24 can be derived by the linear superposition of
plane waves where each plane wave is weighted by the
desired angular and temporal frequency weight.

- sin(f)x-+cos
hix, 2) = f f G(6, fre™ @mth s g g

where G(6,f) is the angular and temporal frequency weight
of a plane wave (the exponential term) having a steering
angle 6 and a temporal frequency f. The round-trip speed of
sound in the medium is ¢/2, where c is the one-way speed of
sound. In general G(6,f) can be an arbitrary complex func-
tion of 6 and f.

In the preferred embodiment, G is a separable function of
6 and {, ie., G(8,£)=T(6) S(f). Therefore,
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I .
h(x, 2) = f 7(9) | Sif)e @m0 e gg

where T(0) is the angular response, S(f) is the round-trip
temporal frequency response. T(8) can be selected to maxi-
mize SNR (i.e., detectability) of a particular anisotropic
target by matching T(6) to the angular response of the target
(matched-filter). T(0) can also be designed to compensate
for the angular response of the imaging system 10 (Inverse
Filter or Wiener Filter). S(f) can be selected to preserve the
input temporal spectrum (a band-pass or an all-pass filter),
or alternatively it can be selected to provide additional
filtering (e.g., Matched Filter, Inverse Filter, Wiener Filter,
etc.). Note that even though G(0,f) is a separable function of
8 and f, the resultant filter impulse response h(x, z) in
general is not a separable function of x and z, i.e., it can not
be written as the multiplication of a function of x and a
function of z.

Anisotropic Filters for Spatial Compounding

In the preferred embodiment, the angular weighting func-
tions T40), i=1:N, of the anisotropic filters 24 are chosen
such that they partially overlap in 8 covering the full angular
(lateral) spectral width of the beamformer output from 0,,,,,,
to 8,,..» S(f) on the other hand is selected to preserve the
input temporal response. Therefore, if the beamformer out-
put is an Intermediate Frequency (IF) or Radio Frequency
(RF) signal, S(f) is preferably the frequency response of a
wide-band band-pass filter. If the beamformer output is a
base-band analytic signal, then S(f) is preferably the fre-
quency response of a wide-band low-pass filter. However, if
the same filter bank is expected to perform additional
functions other than generating the component images for
spatial compounding, such as whitening, then S(f) may take
other shapes.

The number of lateral sub-bands N and/or the type of the
angular weighting function T (6) can be varied dependent on
the clinical application, e.g., abdomen, OB, breast,
musculoskeletal, etc. S(f) can be a function of the corre-
sponding T«0). For example, the upper band edge of the
band-pass temporal frequency response S{f) can be shifted
down as the absolute value of angle |6] increases in order to
reduce grating lobes. The shape of the angular and the
temporal frequency responses can also be selected indepen-
dently. The shape can be Gaussian, RECT, triangular or any
other arbitrary shape. However, to keep the side-lobes and
range-lobes of the filter’s spatial impulse response low, the
angular and temporal frequency responses are preferably
smooth in their pass band and tapered at the edges.

T«8) and S{f) can also be adaptive. For example, the
number of angular sub-bands N, and therefore the angular
width of each sub-band, can be adaptive to the pixel or local
Coherence Factor. The coherence factor is the ratio of the
coherent (phase-sensitive) summation to the incoherent
(phase-insensitive) summation of the delayed and apodized
signals of the receive channels. The local Coherence Factor
is the pixel Coherence Factor averaged over an area around
each pixel. The number of angular sub-bands N can be
reduced as the Coherence Factor increases. Similarly, S(f)
can be adaptive to the pixel or local SNR in that it can be
selected to be a Wiener Filter if the SNR is high or a
Matched Filter if the SNR is low.

FIGS. 3 and 4 show the angular and temporal frequency
responses, respectively, of a set of anisotropic filters 24
h{x,z), i=1:3, for a three-way compounding example. The
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respective angular responses Ty(8), i=1:3, are flat-top,
Cosine-Taper in shape and have the same -6 dB angular
width of 20°. The center angles of the filters are -20°, 0° and
+20°, respectively. The assumption here is that the beam-
former output has angular frequency components ranging
from -30° to +30°, ie. 0,,=-30° to 0, =30°. The
temporal frequency responses are the same for all three
filters, S,(f)=S(f), i=1:3, and S(f) is a band-pass filter with a
flat-top, Cosine-Taper pass band.

FIGS. 5, 6 and 7 respectively show the contour plots of
|h(x,2)|, i=1:3, where || is the magnitude operator. The axes
of the contour plots are the lateral x and axial z dimensions.
Note that the filters are complex, and they are therefore fully
defined by the magnitude and phase, or the real and imagi-
nary parts of the impulse response. The equi-phase lines of
an anisotropic filter impulse response are substantially at
normal angle to the center angle axis.

FIG. 8 shows the -6 and =20 dB contour plots of the
spatial frequency spectra Hy(f,, ), i=1:3 (i.e., 2-D Fourier
Transform of h(x, z), i=1:3). The axes are the lateral spatial
frequency f, and axial spatial frequency f..

Compounding Function

The combiner 28 for both the spatial domain and the
spatial frequency domain embodiments can use various
compounding functions. The most general form of the
combiner is

d(x, 2)=g(c1(X, 2),c2(X, 2), - - - , cal(X, 2),b(X, 2)),
where g(.) is a multi-input, single-output compounding
function (map). The compounding function may include a
nonlinear relationship between one or more of its inputs and
the output. The inputs of the compounding function may
also include the beamformer’s output b(x, z). The com-
pounding may also be dependent on the local statistics such
as the local average of the magnitude of c(x, z) and/or b(x,
z).

Some examples of compounding functions are as follows:

) Log Domain Compounding

d(x, 2)=2_ v &; 10 log,(fcy(x, Z)),

b) Intensity Domain Compounding

d(x, 2)=10 log1o(Z;_.v & edx, 2))
¢) MAX Compounding
d(x, 2)=10 log o(max,_, p{lcdx, 2)I°}),
where max{.} is the maximum operator.

The parameter ¢, in examples (a) and (b) above is the
weighting coefficient for the i” filter’s output and it is
typically set to 1/N. a; may also be adaptive to, for example,
the pixel or local Coherence Factor, or the pixel or local
SNR of the map’s input images. ¢; may also be used to
compensate for the element factor of the transducer ele-
ments. The spatial frequency spectrum of the element factor
is dominated by a lateral Sinc function (Sinc(w f.)) that has
its first zeros at f =+1/w, where w is the effective element
width along the x axis. The compounding function itself may
also be varied within the same compounded frame. The
variation can be adaptive to the pixel or local Coherence
Factor, or the pixel or local SNR of the component images
c(x, z), i=1:N.

Operation

FIG. 2 provides a flowchart of a method implemented by
the system 10 of FIG. 1. In block 40 an ultrasound image is
acquired. Such an image may for example be an image
stored in the frame memory 22 of FIG. 1.

In block 42 a given image is filtered with multiple
band-pass filters to create multiple filtered images prior to
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amplitude detection. Each filter is selectively responsive to
directional targets oriented in a respective range of spatial
directions. As pointed out above, the band-pass filters can
operate in the spatial domain or the spatial frequency
domain, and the filters can include lateral one-dimensional,
two-dimensional and three-dimensional filters. The filtered
images are then amplitude detected in block 44, and at least
some of the filtered, detected images are combined in block
46.

The combining act of block 46 represents a type of spatial
compounding. Because the filters used in block 42 are
selectively responsive to respective directional targets, the
compounding of block 46 achieves the desired result of
enhancing the image of such directional targets. The com-
pounded image produced in block 46 is then applied to an
image processor.

Alternatively the combining act may include the human
observer. For example a two-way compounding operation
may consist of applying the left and right component images
(directly or after a 3-D specific processing) respectively to
the left and right eyes of the observer. The human brain will
then perform the combining operation of the compounding.
This may help 3-D visualization of the anatomy if a 2-D
array is used. Another alternative is a hybrid approach where
some combining takes place in the imaging system and the
rest in the human brain.

A Particular Implementation with Three Component
Images

For the general 2-D case, each filter 24 in the bank of
anisotropic filters 24 will require inseparable 2-D convolu-
tion. Alternatively, it may be more efficient to implement the
filters in the frequency domain. The associated processing,
as discussed above, includes a Fourier transform of the input
signal, as well as an inverse Fourier transform of the
component images. For example, spatial compounding
based on three component images can be performed with
four Fourier transform operations, or three convolution
operations.

When the requirements of the application are met by
compounding with three component images, separated from
other requirements such as adaptive filtering or whitening,
the architecture can leverage the symmetries in the signal
processing to achieve significant simplification in filter bank
complexity. One such approach is illustrated in FIG. 9. This
architecture for a filter bank produces three sub-band com-
ponent images, with only a single inseparable filtering
operation. The following discussion assumes a hardware
implementation of the signal processing, but similar con-
siderations apply to a software approach, whether on a
general-purpose CPU or a dedicated DSP.

In the system of FIG. 9, the input image, b(x,z), is filtered
through an anisotropic spatial filter in block 200. This filter
is constrained to an angular frequency response that is
symmetric about 0°, such as the angular response T2 of FIG.
3. The output of this filter, c,(x,z), is the component image
for the center spatial frequency band.

The original input image, b(x,z), and the center compo-
nent image, c,(x,z), are used to generate the component
images for lateral spatial frequency bands. First, in subtrac-
tor 202, the center component image is subtracted from the
input image. This results in ¢, 4(x,z), which is a component
image consisting of the left and right spatial frequency
bands. This may be of use directly, or can be further
separated by applying a half-band filter, block 204, which
generates c¢,(x,z). The final sub-band component image
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c4(x,2) is generated by taking the difference of ¢, 4(x,z) and
¢,(x,2) in subtractor 206.

FIGS. 10-14 display a representation of how the spectral
content of the signals throughout processing of FIG. 9 may
look. Clearly, the actual spectra depend primarily on the
input signal spectrum and the design of the filter h,(x,y) of
FIG. 9.

The value of this architecture is that it is possible to
implement the entire bank of anisotropic filters with a single
programmable function. The rest of the signal processing
can be implemented with fixed processing, relying primarily
on the simple arithmetic functions of addition and subtrac-
tion. The cost and complexity is collected in the single
anisotropic filter 200 of FIG. 9. This filter is defined in such
a way as to allow even further simplification.

The symmetry conditions on the filter frequency response
leads to even symmetry in Fx, and therefore even symmetry
in x for the tap weights of an FIR filter core. Such a filter can
be implemented by convolution with only one half of the
multipliers that would be required for an asymmetric filter of
the same complexity.

Alternatively, the function of block 200 can be imple-
mented in the spatial frequency domain, as suggested above.
This may be appropriate, given the computational efficiency
of FFT algorithms. Should such an approach be chosen, only
two Fourier transform operations are used, instead of the
four suggested previously.

The complexity in the generation of ¢,(x,2) and C4(x,z)
lies in the filter h,,(x,y) of FIG. 9. This filter, however, is
separable in Fx and Fz, and is all-pass in Fz. That is, it is
only a lateral filter that to separates positive frequencies
from negative frequencies. Standard simplification
approaches exist for efficient half-band filter implementa-
tion. One possibility is to apply an FIR half-band filter,
which can be constrained to have all of the even coefficients
set to 0. While the coefficients will be complex, the number
of complex multipliers will still be one half of the effective
number of taps. Another possibility is to employ the Hilbert
transform to separate the positive and negative frequencies.
Regardless of the approach, the function can easily be
implemented in fixed hardware with no programmability.

This discussion has assumed that the filtering and com-
pounding operations are applied on full images. However,
the approach is general, and can also be applied to sub-sets
of the image. The choice of full images or sub-sets of the
images will often depend on the architectural capabilities of
the ultrasound system.

A Particular Implementation with Uniform
Component Bands

The previous implementation leveraged a single complex,
non-separable 2-D filter to generate three component
images. It is also possible to use a single complex, non-
separable 2-D filter to deliver an arbitrary number of com-
ponent images, under the constraint that pass bands vary
only in the center angular frequencies.

This type of filter bank is diagrammed in FIG. 15. The
input image signal b(x,z) is first rotated by an angle ®, by
rotator 210, and then filtered by the anisotropic spatial filter
212. The filtered output is further rotated by the negative
angle =@, in counter rotator 214, producing a single com-
ponent image. This operation can be repeated any number of
times with unique rotations as successively selected by the
block 2185, thereby producing as many component images as
desired. The implementation may use the same rotation and
filter engine multiple times on buffer images, or
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alternatively, may include multiple instances of the engine
which operates on the same image in parallel.

FIG. 16 further illustrates this architecture by considering
the selection of the image components of a single angular
orientation. In this example, the input image is segmented
for processing and then re-assembled to generate the com-
ponent image. This sequence is repeated for each angular
orientation and component image.

The value of this architecture is again that it can leverage
a single complex non-separable 2-D filter. As described
previously, the filter itself may be implemented by convo-
lution or Fourier transform techniques.

Second Preferred Embodiment

The embodiment of FIGS. 17-23 also enhances imaging
of directional targets, without requiring the pre-detection
filters of the system 10. FIG. 17 shows a block diagram of
an ultrasonic imaging system 110 that includes an array 112,
a transmit beamformer 114, and a receive beamformer 116.
The elements 112, 114, 116 may correspond to the elements
12, 14, 16 described above.

The receive beamformer 116 performs the appropriate
delay, phase adjustment, and apodization in either the time
domain or the frequency domain. The receive beamformer
can be a conventional parallel beamformer that can, using a
single receive data set, form multiple beams with partially
overlapping apertures along an ultrasound line.
Alternatively, it can be a beamformer that can, using a single
receive data set, form multiple beams for each acoustic or
display grid point within the insonification area/volume.
This beamformer can achieve very high frame rates if the
insonification area/volume per transmit firing is wide/big as
in the case of weakly diverging, planar or weakly focused
transmit waves. A few firings would then be sufficient to
form a spatially compounded image frame or image volume.
However, this beamformer requires much higher processing
bandwidth and storage capacity than conventional beam-
formers. Also achieving clinically acceptable clutter levels
may require special measures because of transmit beams
being unfocused or weakly focused. See U.S. patent appli-
cation Ser. No. 09/518,972 (assigned to the assignee of the
present invention and hereby incorporated by reference in its
entirety) for further details.

The receive beams generated by the receive beamformer
116 are applied to an amplitude detector 118, and selected
ones of the detected beams are combined in a combiner 120.

FIG. 18 provides a block diagram of a method imple-
mented by the system 110. In block 160, a set of pulsed
ultrasonic wavefronts is transmitted toward a selected
region.

FIGS. 19 and 20 provide schematic representations of the
array 112 and semi-planar targets 115,115' in two different
orientations. In this example, the transmit pulse has a planar
wavefront 130 that makes an angle o, with respect to the
array normal. Ultrasonic energy is reflected from the direc-
tional targets 115,115 such that the reflection angle 133 with
the target’s surface/line normal is equal to the incidence
angle 132, In this example the available and addressable
aperture of the array 112 for the particular target position for
the targets 115,115 is divided into three receive sub-
apertures 134, 135 and 136. Note that the available aperture
is limited by the element factor, grating lobes and the
physical aperture size. Therefore the available aperture is
dependent on the target’s depth and lateral position. The
addressable aperture, on the other hand, is limited by the
number of system acquisition channels. In this example each
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sub-aperture overlaps its adjacent sub-aperture by about
50%. Because the insonification is a plane wave, the
reflected ultrasonic energy from directional targets strikes
the array predominantly within one of the sub-apertures, the
sub-aperture 134 in FIG. 19 and the sub-aperture 136 in FIG.
20.

Returning to FIG. 18, in block 162 the received echoes are
beamformed over multiple partially overlapping receive
sub-apertures, thereby forming multiple receive beams.
With reference to FIGS. 19-20, the three sub-apertures 134,
135, 136 of this example are separately beamformed to
provide three receive beams Bl, B2, B3, respectively. In
these examples the apodization type for the receive sub-
apertures is Half-Circle. However, to compensate for the
element factor or other acoustic attenuation effects the shape
can be an asymmetric one and varied between the beams.
Note that the receive beams Bl and B3 of the examples in
the FIGS. 19 and 20, respectively, receive most of the
reflected energy, while the other beams receive little or no
energy from the respective directional targets.

Returning to FIG. 18, in block 164 each of the receive
beams B1, B2, B3 is amplitude detected, and in block 166
at least some of the detected receive beams are combined in
a spatial compounding operation. Any of the combining
techniques described above in conjunction with the first
preferred embodiment can be used.

The ultrasonic imaging system 110 of FIG. 17 can also be
used to implement a modified form of the method of FIG.
18, in which two pulsed ultrasonic waves are sequentially
transmitted toward the directional target, with the wave-
fronts oriented at different angles. FIGS. 21 and 22 show an
example in which the wavefront 130 makes an angle o with
the array normal, and the wavefront 140 makes an angle —ct.
Compared to the single excitation example above, this
technique doubles the range of angles that the imaging
system is sensitive to. In this example, six separate receive
beams are formed (three from each receive data set, each set
corresponding to echoes from one of the wavefronts). All six
of these receive beams are amplitude detected and com-
bined.

Orthogonal codes can be used to code the transmit waves
for different wavefronts. Then, they can be fired simulta-
neously rather than sequentially, which improves the frame
rate. The receive data sets are decoded by the respective
decoding filters to generate the two receive data sets, each
corresponding to one of the wavefronts. Each data set is then
used to beamform multiple receive beams with partially
overlapping apertures. Alternatively the order of decoding
and beamformation can be switched since they are linear
functions (at least for small and moderate time-bandwidth
products).

FIG. 23 shows another example, in which the planar
wavefront 150 is oriented at an angle alpha equal to 0° with
respect to the face of the transducer array 112.

The systems and methods of FIGS. 17-23 can readily be
expanded to include receive arrays that are not co-linear. For
example, the array 112 can be implemented as a curved
array, or as a two-dimensional array. When a two-
dimensional array is used, the various sub-apertures can be
angled with respect to each other in the plane or face of the
array.

In addition to the planar wavefronts illustrated in the
drawings, non-planar waves can also be used. Note that to
generate a laterally narrow-band response from a directional
target that is located in a particular sample volume
(resolution cell), the insonification need only be substan-
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tially planar or semi-planar, not precisely planar, and only
within that particular sample volume, not in a big volume.
The size of the sample volume here is determined by the
main lobe volume of the receive point-spread function.

Among non-planar waves, weakly diverging and weakly
focused waves are of particular interest. Compared to planar
waves, weakly diverging waves increase the insonification
area/volume per transmit excitation and therefore help fur-
ther improve frame rate. This, however, compromises SNR
and increase clutter levels. Weakly focused waves, on the
other hand, improve SNR and reduce clutter levels while
compromising frame rate. Insonification with these types of
wavefronts may be considered to be substantially planar, or
semi-planar, because the focused receive beam selects only
the transmitted wave in the vicinity of the image point. For
this reason, the transmit wavefront of an unfocused or
weakly focused wave at a particular point of interest is
effectively planar, regardless of its larger scale structure, and
all such wavefronts will be referred to here as substantially
planar.

Conclusion

Several imaging systems have been described that
improve the imaging of directional targets, reduce speckle
variance and address the temporal resolution loss and
motion artifact issues that the conventional spatial com-
pounding techniques face.

Many changes and modifications can be made to the
preferred embodiments described above. For example, all of
these embodiments can be adapted for use with three-
dimensional images. In the case of pre-detection filters,
anisotropic, three-dimensional, pre-detection filters can then
be used. The combiner 28, 120 can operate to provide any
desired non-linear function to the respective input images or
beams. For example, the combiner can include a stored,
non-linear map that provides an output signal level for any
combination of the respective input signals.

As used herein, the term “image” is intended broadly to
include an ultrasonic image made up of all or a part of a
frame, whether in two- or three-dimensions, including an
image segment.

The term “pre-detection” indicates that a beamforming
process has formed a beam signal, but that the beam signal
has not yet been amplitude detected.

The term “coupled with” is intended broadly to encom-
pass both direct and indirect coupling. Thus, two elements
are said to be coupled together, whether or not a third,
unnamed element is interposed therebetween.

The term “set” is intended broadly to mean one or more.

The term “downstream” is intended to indicate subse-
quent in an information processing sense. Thus, a second
element is said to be downstream of a first element when the
second element operates on a signal after the signal has been
operated on by the first element.

The term “beam” refers to a beamformed signal, and can
include only a part of a scan line or only a part of a two- or
three-dimensional region around a selected pixel or voxel.

The term “anisotropic spatial filter” is intended broadly to
refer to filters that operate in either the spatial domain or the
spatial frequency domain.

The foregoing detailed description has described only a
few of the many forms that this invention can take. For this
reason, this detailed description is intended broadly by way
of illustration, and not limitation. It is only the following
claims, including all equivalents, that are intended to define
the scope of this invention.
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What is claimed is:
1. A medical ultrasonic imaging method comprising:

(2) acquiring a beamformed image frame;

(b) filtering the beamformed image frame prior to ampli-
tude detection with a filter bank, said filter bank gen-
erating a plurality of filtered images, each filtered
image selectively responsive to directional targets ori-
ented in a respective range of spatial directions;

(c) amplitude detecting the filtered images, thereby form-
ing respective filtered detected images; and

(d) combining at least some of the filtered detected

images.

2. The method of claim 1 wherein the filter bank com-
prises at least one lateral filter.

3. The method of claim 1 wherein the filter bank com-
prises at least one two-dimensional filter.

4. The method of claim 1 wherein the filter bank com-
prises at least one three-dimensional filter.

5. The method of claim 1 wherein the beamformed image
comprises a two-dimensional image.

6. The method of claim 1 wherein the beamformed image
comprises a three-dimensional image.

7. The method of claim 1 wherein (d) comprises combin-
ing at least some of the filtered, detected images in log
domain.

8. The method of claim 1 wherein (d) comprises combin-
ing at least some of the filtered, detected images in intensity
domain.

9. The method of claim 1 wherein (d) comprises applying
a non-linear function to at least one of the filtered, detected
images.

10. The method of claim 1 wherein the filter bank in (b)
varies as a function of range.

11. The method of claim 1 wherein the filter bank in (b)
varies as a function of at least one of the azimuth and
¢levation axes.

12. A medical ultrasonic imaging system comprising:

a transducer;
a transmitter coupled with the transducer;
a receiver coupled with the transducer;

a anisotropic, spatial, pre-detection filter bank coupled
with the receiver, said filter bank generating a plurality
of filtered images, each filtered image selectively
responsive to directional targets oriented in a respective
range of spatial directions;

a set of detectors coupled with the filter bank downstream
of the filter bank; and

a combiner coupled with the set of detectors downstream
of the set of detectors.

13. The invention of claim 12 wherein the combiner
comprises a log domain combiner.

14. The invention of claim 12 wherein the combiner
comprises an intensity domain combiner.

15. The invention of claim 12 wherein the combiner
comprises a non-linear combiner.

16. A medical ultrasound imaging method comprising:

(a) transmitting a set of pulsed ultrasonic wavefronts
toward a selected region, each said wavefront being
substantially planar at the selected region;

(b) beamforming received echoes from each said wave-
front over a plurality of partially overlapping receive
sub-apertures, thereby forming a respective plurality of
receive beams for said selected region, each receive
beam associated with a respective sub-aperture;
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(c) amplitude detecting each said receive beam, thereby
forming respective detected receive beams; and

(d) combining at least some of the detected receive beams.

17. The method of claim 16 wherein (a) comprises
transmitting a first wavefront oriented at an angle alpha.

18. The method of claim 17 wherein (a) further comprises
transmitting a second wavefront oriented at an angle-alpha.

19. The method of claim 16 wherein the transducer
elements are included in a planar array.

20. The method of claim 16 wherein the transducer
elements are included in a curved array.

21. The method of claim 16 wherein the transducer
elements are included in a two-dimensional array.

22. The method of claim 16 wherein (d) comprises
combining at least some of the detected receive beams in log
domain.

23. The method of claim 16 wherein (d) comprises
combining at least some of the detected receive beams in
intensity domain.

24. The method of claim 16 wherein (d) comprises
applying a non-linear function to at least one of the detected
receive beams.

25. The method of claim 17 wherein alpha is substantially
equal to zero.

26. The method of claim 16 wherein (b) comprises
beamforming the received echoes in the frequency domain.

27. A medical ultrasonic imaging system comprising:

a transducer;
a transmitter coupled with the transducer;
a receiver coupled with the transducer;

an anisotropic, spatial, predetection filter bank coupled
with the receiver, said filter bank comprising:

a first anisotropic spatial filter responsive to an input
signal from the receiver and operative to generate a
first filtered signal selectively responsive to direc-
tional targets oriented in a first range of spatial
directions;

a subtractor responsive to the input signal and the first
filtered signal and operative to generate a second
filtered signal selectively responsive to directional
targets oriented in a second range of spatial direc-
tions.

28. The invention of claim 27 further comprising:

a second anisotropic spatial filter responsive to the second
filtered signal and operative to generate a third filtered
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signal selectively responsive to directional targets ori-
ented in a third range of spatial directions.
29. The invention of claim 28 further comprising:

a second subtractor responsive to the second and third
filtered signals and operative to generate a fourth
filtered signal selectively responsive to directional tar-
gets oriented in a fourth range of spatial directions.

30. The invention of claim 28 wherein the second filter

passes one of positive and negative frequency components
of the second filtered signal and blocks the other of positive
and negative frequency components of the second filtered
signal.

31. The invention of claim 27 further comprising:

a set of detectors coupled with the filter bank downstream
of the filter bank; and

a combiner coupled with the set of detectors downsteam
of the set of detectors.
32. A medical ultrasonic imaging system comprising:

a transducer;
a transmitter coupled with the transducer;
a receiver coupled with the transducer;

an anisotropic, spatial, predetection filter bank coupled

with the receiver, said filter bank comprising:

a rotator responsive to an input image from the receiver
to rotate the imput image by a first angle, thereby
generating a rotated input image;

an anisotropic spatial filter responsive to the rotated
input image and operative to generate a filtered,
rotated input image selectively responsive to direc-
tional targets oriented in a selected range of spatial
directions; and

a counter rotator responsive to the filtered, rotated input
image to counter rotate the filtered, rotated input
image by an inverse of the first angle.

33. The invention of claim 32 further comprising means
for successively setting the first angle at a plurality of
different values.

34. The invention of claim 32 further comprising:

a set of detectors coupled with the filter bank downstream
of the filter bank; and

a combiner coupled with the set of detectors downsteam
of the set of detectors.
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