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Resolution and Sidelobe of a Stationary Point Scatterer
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Depth Imaging Method
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Percent Change of Contrast of a Moving
Tissue-Mimicking Phantom
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SYSTEM FOR EXTENDED HIGH FRAME
RATE IMAGING WITH
LIMITED-DIFFRACTION BEAMS

This application claims the benefit of U.S. Provisional
Application No. 60/712,080, filed Aug. 29, 2005, and Inter-
national Application No. PCT/US2006/033751, filed Aug.
29, 2006. The disclosures of both applications are fully and
expressly incorporated herein by reference.

RELATED APPLICATION

This invention was made partly with government support
under Contract No. HL.60301 awarded by the National Insti-
tute of Health. The government has certain rights in this
invention.

FIELD OF THE INVENTION

The present invention provides a method and a system for
producing multi-dimensional images, including for example,
two-dimensional: a single picture; three-dimensional: volu-
metric image; and four-dimensional: three-dimensional
image sequence displayed over time.

BACKGROUND OF THE INVENTION

High frame rate imaging theorem uses a pulsed plane wave
in transmission and limited-diffraction array beam weight-
ings are applied to received echo signals to produce a spatial
Fourier transform of object function for 3D image reconstruc-
tion.

Because one transmission is used to construct an image,
high image frame rate is achieved. In addition, because Fou-
rier transform is implemented with a fast Fourier transform
(FFT) which is a computationally efficient, simpler imaging
system could be constructed to implement the method.

High frame rate imaging is important for imaging of fast
moving objects such as the heart, especially, in three-dimen-
sional (3D) imaging where many two-dimensional (2D)
image frames are needed to form a 3D volume that may
reduce image frame rate dramatically with conventional
imaging methods.

Steered plane waves in transmissions have been used to
increase image field of view, and reduce speckle noises. Also,
limited-diftraction array beams in transmission have been
used to increase field of view and spatial Fourier domain
coverage to increase image resolution. Images constructed
with different steering angles are combined with a coherent
(enhancing resolution) or incoherent superposition (reducing
speckles).

To increase field of view, a method using a spherical wave
transmission followed by Fourier transformation for image
reconstruction has also been proposed. Although this method
may maintain a high frame rate at a large field of view due to
the divergence nature of spherical waves, it may lower signal-
to-noise ratio (SNR) and reduce computation efficiency as
compared with the high frame rate imaging method.

The theory of high frame rate imaging and its extension
have connections to many previous studies where Fourier
transform was also used for ultrasonic imaging in the past two
decades. However, the previous studies are not aimed at
increasing the frame rate of conventional B-mode images. For
example, a Fourier-domain reconstruction method for syn-
thetic focusing was developed that solved the inverse scatter-
ing problem. A point source was used to transmit a broadband
spherical wave over any given geometrical surfaces. 2D or 3D
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images are reconstructed using Fourier transformation.
Apparently, the imaging process is slow. Another method
used a Fourier based method using a fixed focus transmission
and reception (cofocal) approach. This method requires mul-
tiple transmissions to cover the Fourier space of object func-
tion and thus is slow.

Another method used a plane wave steered at different
angles to form a line of data in the Fourier space. Unfortu-
nately, this method also requires a large number of transmis-
sions to construct a frame of image.

Still another method used a narrow-band imaging method
based on ultrasound holography and synthetic aperture con-
cept, while another method also applied synthetic aperture
focusing with Fourier transform to get C-mode images (the
image plane is in parallel with the surface of a planar trans-
ducer).

One drawback of synthetic aperture methods is that they
suffer from low, transmission efficiency since only part of the
aperture of a transducer is used. Because a large amount of
transmissions is required to construct an image, the image
frame rate is low in addition to poor quality due to a low SNR.
Nonetheless, Fourier-based synthetic aperture imaging is
used with catheter-based ultrasound probes where a complex
method is difficult to implement due to the confined space of
these probes. Still another method used a Fourier-based 3D
imaging method with mechanically scanning of a highly
focused single-element transducer. Although the method mal
get a high-resolution image beyond the focal distance and
may, have applications in ophthalmology, and dermatology, it
is not suitable for high frame rate imaging because mechani-
cal scanning is usually very slow. Yet another method used
suggested an imaging method that could be used to improve
image resolution and contrast by transmitting multiple plane
waves to coherently synthesize the so-called “sinc waves”.
However, their method uses a time-domain approach and the
complexity of an imaging system would be formidably high if
it were applied to a 3D imaging at a rate of a few thousands
volumes/s.

Therefore, there is a compelling and crucial need in the art
for high-quality fast 3D ultrasound imaging that is made and
operated at low, cost.

SUMMARY OF THE INVENTION

In one aspect, a method for producing a high frame rate,
high resolution and high contrast image includes transmitting
a group of signals of energy weighted by single spatial fre-
quency but may be of different phases or linear time delays
toward an object to be imaged. The receive signals from the
object are weighted with multiple spatial frequencies, or by
performing a spatial Fourier transform. A two- or three-di-
mensional image data set is reconstructed from the group of
the transmitted signals weighted by the single spatial fre-
quency or lineal time delay. The receive signals are weighted
with the multiple spatial frequencies or processed by the
spatial Fourier transform. The high frame rate, high resolu-
tion and high contrast image is reconstructed from the image
data set of step c.

In another aspect, a method for producing a high frame
rate, high resolution and high contrast velocity vector image
of an object where at least a part of the object is moving
includes transmitting two or more groups of signals of energy
weighted bye single spatial frequency, but may be of different
phases or linear time delay toward the object. The receive
signals from the object are weighted with multiple spatial
frequencies or by performing a spatial Fourier transform.
Two- or three-dimensional image data sets are reconstructed
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from the groups of the transmitted signals weighted by the
single spatial frequency or linear time delay. The receive
signals are weighted with the multiple spatial frequencies or
processed by the spatial Fourier transform. The image data
sets are used to reconstruct: 1) a first set of flow velocity
component images in a first direction, and ii) a second set of
flow velocity component images in a second direction that is
different from the first direction. The velocity vector image is
reconstructed from the two sets of velocity component
images.

The foregoing has outlined in broad terms the more impor-
tant features of the invention disclosed herein so that the
detailed description that follows ma), be more clearly under-
stood, and so that the contribution of the instant inventors to
the art may be better appreciated. The instant invention is not
to be limited in its appreciation to the details of the construc-
tion and to the arrangements of the components set forth in the
following description or illustrated in the drawings. Rather,
the invention is capable of other embodiments and of being
practiced and carried out in various other ways not specifi-
cally enumerated herein. Finally, it should be understood that
the phraseology and terminology employed herein are for the
purpose of description and should not be regarded as limiting,
unless the specification specifically so limits the invention.

Various objects and advantages of this invention will
become apparent to those skilled in the art from the following
detailed description of the preferred embodiment, when read
in light of the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a system block diagram.

FIG. 2a is a schematic illustration showing coordinates of
transducer and object in space. FIG. 25 is a schematic illus-
tration showing mapping between the Fourier transform of
echo signals ((a) and (c)) and the Fourier-transform of an
object function ((b) and (d)), for limited-diffraction array
beam ((a) and (b)) and steered plane wave ((c) and (d)) trans-
missions.

FIG. 3 is an illustration showing structure and imaging
areas of an ATS539 multipurpose tissue-mimicking phantom.

FIG. 4 shows simulated images according to the imaging
Area 1 of the ATS539 phantom (see FIG. 3). Images are
reconstructed with limited-diffraction array beam transmis-
sions. Images are log-compressed at 50 dB. The transducer
has 128 elements, 40.96 mm aperture, 0.32 mm pitch, 3.5
MHz center frequency, and 58% -6 dB pulse-echo band-
width. The area of each image panel is 81.92x140 mm.
Images are obtained with (a) 1 (up to 5500 frames/s with 1540
m/s speed of sound), (b) 11 (up to 500 frames/s), and (c) 91
(up to 60 frames/s) transmissions, respectively. (d) Result
obtained with the conventional delay-and-sum (D&S)
method with a fixed transmission focal depth of 70 mm and
with 263 transmissions (up to 21 frames/s).

FIG. 5 is the same as FIG. 4 except that steered plane waves
are used in transmissions, instead of limited-diftraction array
beams.

FIG. 6 shows simulated images for 18 point scatterers on
three lines with 15 degrees between the lines. Six point scat-
terers are distributed evenly over each line with 20 mm spac-
ing. The log compression, image panel size, and the param-
eters of the transducer are the same as those in FIG. 4. Image
reconstructed with: (a) limited-diffraction array beam trans-
missions (91 transmissions up to 59 frames/s); (b) steered
plane wave transmissions; (¢) D&S method with a fixed focal
depth at 60 mm (263 transmissions up to 20 frames/s); and (d)
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4

D&S method with a dynamically focused transmission syn-
thesized using a montage process.

FIG. 7 shows experiment results of a wire phantom in
water. Images are reconstructed with limited-diffraction array
beam transmissions. There are 7 wires in total with 6 wires in
a line and one wire on the third row 20 mm to the right of the
line. The image panel size is 51.2x140 mm. The 6 wires are
evenly distributed with 20 mm spacing. The log compression
and the parameters of the transducer are the same as those in
FIG. 4, except that the -6 dB pulse-echo bandwidth of the
transducer is about 50%, instead of 58%, of the center fre-
quency. Images are obtained with (a) 1 (up to 5277 frames/s,
with 1477.56 ms speed of sound), (b) 11 (up to 479 frames/s),
(c) 19 (up to 278 frames/s), and (d) 91 (up to 58 frames/s)
transmissions, respectively. (e) Result obtained with the D&S
method with a fixed transmission focal depth of 60 mm and
with 274 transmissions (up to 19 frames/s); and (f) Result of
the D&S method with a dynamically focused transmission
synthesized with a montage process.

FIG. 8 shows the same as FIG. 7 except that steered plane
waves are used in transmissions instead of limited-diffraction
array beams.

FIG. 9 shows the same as FIG. 4 except that these are
experiment results from a real ATS539 phantom on imaging
Areal (see F1G. 3) using a real transducer. The speed of sound
of the phantom is 1450 m/s and the -6 dB pulse-echo band-
width of the transducer is about 50% of the center frequency.

FIG. 10 shows the same as FIG. 9 except that steered plane
waves are used in transmissions instead of limited-diffraction
array beams.

FIG. 11 shows the same as FIG. 9 except that the imaging
Area Il of cystic objects of the ATS539 phantom (see FIG. 3)
is used in the experiments.

FIG. 12 shows the same as FIG. 11 except that steered
plane waves are used in transmissions instead of limited-
diffraction array beams.

FIG. 13 shows the results of In vivo experiments of a right
kidney of a volunteer. An Acuson V2 probe of 128 element,
2.5 MHz center frequency, 19.2 mm aperture, 0.15 mm pitch,
and 14 mm elevation with 68 mm elevation focal depth is
used. The depth of images is 120 mm. Data are acquired at the
highest frame rate that the HFR system is allowed for the
depth (187 ps between transmissions or 5348 frames/s for a
speed of sound of 1540 m/s). (a) Image reconstructed with 91
steered plane wave transmissions (59 frames/s). (b) Image
reconstructed with the D&S method with a fixed focal depth
of 70 mm and 88 transmissions (61 frames/s).

FIG. 14 shows the results of In vivo experiments of the
heart of a volunteer. The transducer parameters, the depth of
images, and the settings of the HFR imaging system are the
same as those in FIG. 13. Data acquisition of the heart is
triggered and synchronized by an electrocardiograph (ECG)
signal to get images at the desired heart cycle moments (see
the ECG display on the right hand side panel). Image recon-
structed with (a) 11 (486 frames/s), (b) 19 (281 frames/s), and
(c) 91 (59 frames/s) steered plane wave transmissions. (d)
Image reconstructed with the D&S method with a fixed focal
depth of 70 mm and 88 transmissions (61 frames/s).

FIG. 15 shows the results of In vitro experiment with a
stationary point scatterer located at depths of (1) 30, (2) 50,
(3) 70, and (4) 90 mm, respectively, in water with a 2.5 MHz.
19.2 mm aperture, and 128 element broadband phased array
transducer for different imaging methods. The line plots show
the maximum envelope of the point spread functions (PSFs)
of reconstructed images along the axial axis versus the trans-
verse axis (in parallel with transducer surface) of the trans-
ducer. [—Fourier method with 1 TX or 1 transmission (5346
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frames/s); II-—11 TXs or 11 transmissions (486 frame/s);
II1—19 TXs or 19 transmissions (281 frame/s); IV—91 TXs
or 91 transmissions (59 frames/s); V—D&S or delay-and-
sum method with a fixed transmission focus at 70 mm and
with dynamic reception focusing (59 frames/s); VI—D&S
(D) or delay-and-sum method with both dynamic transmis-
sion and reception focusing (the frame, rate mall be much
lower than 59 frames/s).

FIG. 16 is a table showing —6 dB resolution and average
sidelobe (calculated with the average of the left and right 3% of
each plotthat is log compressed) of the point spread functions
(PSFs) obtained according to the line plots in FIG. 15.

FIG. 17 are graphs showing the percent change of (1)
resolution and (2) sidelobe of a point scatterer due to its linear
motion at a speed of 214 mm/s. The motion is perpendicular
to the axial axis of the transducer and is in the imaging plane.
The meaning of 11 TXs, 19 TXs, 91 TXs, D&S, and D&S (D)
is the same as that of FIG. 15. The percent change is zero for
1 TX and thus not shown.

FIG. 18 is an image where areas used for the calculation of
contrasts of cylindrical objects of an ATS539 tissue-mimick-
ing phantom. The image shown is an example that is obtained
with the Fourier method of 91 TXs and is log-compressed at
40 dB. In the example, there are two cylindrical objects. A
total of 3 such images are used to calculate contrasts of 6
cylindrical objects for each imaging method. Region I is the
area that is used to calculate the contrast of one cylinder (the
cylinder diameter is 15 mm and the region diameter is 14.1
mm). Region II is the area that has the same size as region |
and is used to calculate the contrast of the other cylinder.
Region I is a rectangular area excluding both Regions I and
II and is used as the background reference for the contrast
calculation.

FIG. 19 is a table showing contrasts of a stationary ATS539
tissue-mimicking phantom obtained with the In vitro experi-
ments. 11 TXs, 19 TXs, 91 TXs, and D&S have the same
meaning as those in FIG. 15, except that the focal distance of
the D&S method is 46 mm instead of 70 mm. The nominal
contrast means the contrast values provided by the manufac-
turer of the phantom.

FIG. 20 is a graphs showing percent change of image
contrast of an ATS539 tissue-mimicking phantom due to its
linear motion at a speed of 214 mny/s. The motion is perpen-
dicularto the axial axis of the transducer and is in the imaging
plane. 11 TXs, 19 TXs, 91 TXs, and D&S have the same
meaning as that in FIG. 15, except that the focal distance of
the D&S method is 46 mm instead of 70 mm.

FIG. 21 (panels 1-4) are graphs showing sidelobe plots
comparing the resolution and sidelobe of a stationary point
scatterer. In FIG. 21, sidelobe plots (maxima of envelope-
detected images along the axial direction versus the lateral
distance that is in parallel with the transducer surface) of
computer simulated images of a stationary point scatterer
(point spread function or PSF) located at depths of (1) 30. (2)
50.(3) 70, and (4) 90 mm, respectively., in water. A 2.5 MHz
center frequency 1D array, transducer of 128-elements, 0.15
mm pitch, and 58%-6 dB pulse-echo fractional bandwidth
was assumed. D&S 9117 s (red and solid lines): delay-and-
sun (D&S) method with 91 transmissions focused at 70 mm
and a dynamically focused reception; LDB 11 TXs (cyan and
dash-dotted lines) and L.LDB 91 TXs (pink and dotted lines):
limited-diftraction array beam imaging with 11 and 91 trans-
missions, respectively; SPW 11 TXs (orange and dashed
lines) and SPW 91 TXs (black and long-dashed lines): steered
plane wave imaging with 11 and 91 transmissions, respec-
tively.
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FIG. 22 (panels 1-4) are graphs showing sidelobe plots
comparing the resolution and sidelobe of a moving point
scatterer where limited-diffraction array beams were used in
transmissions. In FIG. 22, sidelobe plots (maxima of enve-
lope-detected images along the axial direction versus the
lateral distance that is in parallel with the transducer surface)
of computer simulated images of a moving point scatterer
(point spread function or PSF) located at depths of 30 (Panels
(1) and (3)) and 90 mm (Panels (2) and (4)), respectively, in
water. The images were reconstructed with the limited-dif-
fraction array beam imaging method of 11 (Panels (1) and (2))
and 91 (Panels (3) and (4)) transmissions, respectively. The
time between adjacent transmissions was 187 ps. The trans-
ducer used was the same as that in FIG. 21. V=0 mm (red and
solid lines): the point scatterer was stationary; V.=107 mm
(cyan and dash-dotted lines) and V,=214 mm (pink and dot-
ted lines): the point scatterer moved at 107 and 214 mm/s
along the lateral direction; respectively; V=107 mm (orange
and dashed lines) and V_=214 mm (black and long-dashed
lines): the point scatterer moved at 107 and 214 mm/s along
the axial direction, respectively. The peaks of the plots are
relative to the stationary cases in cases in FIG. 21.

FIG. 23 (panels 1-4) are graphs, similar to FIG. 22, but
showing sidelobe plots comparing the resolution and sidelobe
of' a moving point scatterer where steered plane wave were
used in the transmissions.

FIG. 24 is an illustration of a structure and imaging area of
an ATAS539 multipurpose tissue-mimicking phantom.

FIG. 25 shows the results of images reconstructed with
both limited-diffraction array beam and steered plane wave
imaging methods with 11 transmissions (TXs) for in vitro
experiments of an ATS539 tissue-mimicking phantom (see
FIG. 24 for the imaging area) immersed in water. The experi-
ments were performed with an Acuson V2 phased array trans-
ducer (128 elements, 2.5 MHz, and 0.15 mm pitch) placed
near the top of the phantom. The transducer moved at differ-
ent velocities during data acquisitions while the phantom was
kept stationary. The time between adjacent transmissions was
187 ps. The images are log-compressed with a dynamic range
of'50 dB. The speed of sound of the phantom is 1450 m/s and
the depth of images is 120 mm. Results of the limited-diffrac-
tion array beam (LDB) imaging method are shown in (a), (b)
and (c¢) with motion velocities of V=0, V,=214 mm/s (in the
lateral direction), and V_ =214 mm/s (in the vertical direction),
respectively. Results of steered plane wave (SPW) imaging
method are shown in (d), (e), and (f), corresponding to (a), (b),
and (c), respectively.

FIG. 26 shows the results where limited-diffraction array
beams were used in the transmissions. Images reconstructed
with the limited-diffraction array beam (LDB) imaging
method with 91 transmissions (1Xs) for in vitro experiments
of'an ATS539 tissue-mimicking phantom (see FIG. 24 for the
imaging area) immersed in water. The experiment conditions
were the same as those for FIG. 25. Results of different
motion velocities (V=0 (stationary), V,=107 mm/s (in the
lateral direction), V=214 mm/s, V_=53.5 mny/s (in the verti-
cal direction) V=107 mmns, and V,=214 mm/s) are shown in
(a)-(D), respectively.

FIG. 27 shows the results, similar to FIG. 26, but where
steered waves were used in the transmissions.

FIG. 28 is an illustration of a transmission pulse sequence
used in an in vivo heart experiment. This sequence was
repeated 18 times to cover about a complete heart cycle. SPW,
D&S, and LDB mean steered plane wave, delay-and-sum,
and limited-diftraction array beam imaging, respectively. 11
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TXs. 19 TXs, and 91 TXs represent 11, 19, and 91 transmis-
sions, respectively. The time between adjacent transmissions
was 187 ps.

FIG. 29 shows the results of images reconstructed from in
vivo experiments of the heart of a volunteer. The experiment
was performed with an Acuson 72 phased arrays transducer
(128 elements, 2.5 MHz, and 0.15 mm pitch) that was sta-
tionary and was in contact with the skin. The time between
adjacent transmissions was 187 us. The images are log-com-
pressed with a dynamic range of 50 dB. The speed of sound
was assumed 1540 m/s and the depth of images was 120 mm.
Images in Panels (a); (b), and (c) were reconstructed with the
limited-diftraction array beam (LDB) imaging method, with
91, 19, and 11 transmissions, respectively. As a comparison,
an image reconstructed with the conventional D&S method
with a fixed transmission focal distance of 70 mm and a
dynamically focused reception was shown in Panel (d). The
electrocardiogram (ECG) signal in the box below the scale
bar indicates the moment when the images were acquired
according to the sequence in FIG. 28.

FIG. 30 shows the results, similar to FIG. 29, but where the
images in panels (a), (b) and (c) are replaced with the results
of the steered plane wave imaging (SPW)-method.

FIG. 31 shows the results of cross section and imaging
areas of an ATS539 multipurpose tissue-mimicking phantom
(ATS Laboratories. Inc.). The fan-shaped area (bounded by
dashed lines) indicates the imaging area. Regions I (circular
with 6.3 mm diameter and concentric with the cyst) and 11
(square with 19 mm on each side but excluding the circle)
represent the cystic and background areas for the computa-
tion of contrasts of the cyst. The center of the cyst is at about
55.2 mm from the surface and has a diameter of 8 mm.

FIG. 32 shows two phase screens with random phase dis-
tributions. The phase screens were applied to both transmis-
sions and receptions in the experiments. The first (red solid
line) and the second (blue dotted line) phase screens have
maximum phase shifts of A/2 and 3A/4, respectively, where
~=0.6 mm is the wavelength. The transducer aperture is 19.2
mm that is also the width of the phase screens.

FIG. 33 shows the results of in vitro experiments on an
ATS539 tissue-mimicking phantom (see the imaging area
shown in FIG. 31) with limited-diffraction arrays beam trans-
missions. An Acuson V2 phased arrays (128 elements, 2.5
MH center frequency, 0.15 mm pitch, and 14 mm elevation
aperture with a 68 mm elevation focal length) transducer and
ahomemade general-purpose high frame rate imaging system
were used in the experiments. The phase screens in FIG. 32
were applied to the transducer elements in both transmissions
and receptions. The speed of sound of the phantom is 1450
m/s and the depth of images is 120 mm. Images are log-
compressed witha dynamic range of 50 dB. The time between
adjacent transmissions is 187 ps. Panels (a), (b), and (c)
represent images reconstructed with 11 transmissions (486
frames/s) after applying the random phase screens of O,
-0.25A 10 0.25}, and -0.375A to 0.375A maximum ranges of
phase-shifts, respectively, where A=0.6 mm is the center
wavelength. Panels (d), (e), and (f) are the same as Panels (a),
(b), and (c), respectively, except that they are reconstructed
with 91 transmissions (59 frames/s).

FIG. 34 is similar to FIG. 33, except that the steered plane
waves, instead of the limited-diffraction array beams, are
used in transmissions.

FIG. 35 is similar to FIG. 33, except that the delay-and-sum
(D&S) method, instead of the limited-diffraction array beam
imaging, is used for image reconstructions. The D&S method
has a transmission focal length of 70 mm and a dynamically
focused reception. The focus is marked with an “<” sign in
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each panel. The results of 11 transmissions (top row) are
obtained from those of 91 transmissions (bottom row) by
evenly extracting each transmission out of ever: 9 over a
+/-45 degree field of view, and are produced with a bilinear
interpolation.

FIG. 36 shows the effects of random noise of an imagine
system on the limited-diftraction array beam imaging. The
experiment conditions and the figure layout are the same as
those of FIG. 33, except that a band-pass filtered random
noise with peak amplitudes of 0% (Panels (a) and (d)), 25%
(Panels (b) and (e)), and 50% (Panels (¢) and (1)) relative to
the peaks of the amplitudes of the received signals are added.

FIG. 37 is similar to FIG. 36, except that the steered plane
waves, instead of the limited-diffraction array beams, are
used in transmissions.

FIG. 38 is similar to FIG. 36, except that the delay-and-sum
(D&S) method, instead of the limited-diffraction array beam
imaging, is used for image reconstructions. The experiment
conditions of the D&S method are the same as those of FIG.
35.

FIG. 39 shows a comparison of contrasts of a cylindrical
cystic target of an ATS539 multifunction tissue-mimicking
phantom using the Regions I and II shown in FIG. 31 for the
effects of the phase aberration (Panels (1) and (2)) and noise
(Panels (3) and (4)) on different imagine methods. Ideally, the
cystic target should have a —co dB contrast. Top two panels
show results with 11 transmissions (1Xs), while bottom two
panels show those of 91 TXs. The solid lines with a “star”
symbol (red) represent the results of the limited-diffraction
array beam (LDB) imaging; The dotted lines with a “square”
symbol (blue) are from the results of the steered plane wave
(SPW) imaging; While the dotted lines with a “circle” s
symbol (black) are the results of the Delay-and-sum (D&S)
method with transmission focal length of 70 mm and a
dynamically focused reception.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring first to FIG. 1. FIG. 1 is a general structure
diagram of one embodiment of an imaging system 10. It is to
be understood that the signals of energy can be, for example,
but not limited to ultrasonic, electromagnetic, radar, micro-
wave and the like. In the embodiment shown, the imaging
system 10 includes a 2D transducer array 12 comprised of a
plurality of elements 14. The transducer array driven by the
circuits 20 transmits at least one signal T having a central
frequency and fractional bandwidth (i.e. bandwidth divided
by the central frequency) to a 3D object 16. A receive signal
R (i.e., an echo reflected from a three-dimensional object) is
received by the transducer array 12 and the resulting signals
from each of its separate elements is processed as described
below.

For 2D- or 3D imaging, the inter-element distances of the
transducer 12 along the x and y axes are determined by the
highest spatial frequencies of K and k , respectively. In cer-
tain embodiments, the inter-element distance in the 2D trans-
ducer 12 can be much larger than a fully sampled 2D arrays
used in the imaging system 10 for electronic steering. It is to
be noted that any resulting grating lobes can be suppressed
bad sub-dicing each transducer element. In such embodi-
ments, the large inter-element distance reduces dramatically
the number of elements required in the transducer 12.

The energy signal is generated by a transmitter 18 for a
short time period. The energy signal is applied through a
transmit/receive switch 20 to all of the elements in the trans-
ducer 12. The signal (for example, a resulting plane wave)
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that is launched from the transducer 12 bad the energy signal
to its elements is delayed and weighted.

The individual receive R signals received by each trans-
ducer element 14 are coupled through the T/R switches 20
during a receive mode. In certain embodiments, the receive
signals R are sent to a weighing element 22 and are weighted
and summed to produce spatial frequency components (i.e.,
f, 15, ... ,). The receive signals R are weighted to produce a
limited diffraction receive beam.

In another embodiment, the receive signals R are sent to a
spatial FFT element 24 and undergo Fast Fourier Transform.

The receive signals R are each Fourier transformed by
application to a corresponding set of FFT integrated circuits
that form a temporal FFT circuit 26. The output of the tem-
poral FFT circuit 26 is a three dimensional array of k-space
data which is related to the subject being imaged.

The output of the temporal FFT circuit 26 is applied to an
interpolator 28 that transforms the k-space data to a rectilin-
ear k-space array.

After the complete spatial Fourier transform ofthe object is
obtained on a three-dimensional rectangular grid (k" k', k")
an image can be reconstructed by performing a three-dimen-
sional inverse Fourier transformation along each k-space data
array axis (k, k), k."). This is accomplished by the IFFT
(inverse fast Fourier transform) circuit 32. The resulting
three-dimensional array of image data is then envelope
detected and displayed at a display element 34 using any
suitable method.

In certain embodiments, the rectilinear k-space array from
the interpolator 28 can be sent to a coherent summation ele-
ment 42 before being sent to the inverse FFT element 32. In
other embodiments, the rectilinear k-space array from the
interpolator 28 can be sent to a coherent/incoherent summa-
tion element 44 after being sent to the inverse FFT element
32.

The timing and control circuit, generally labeled as con-
troller 10 in FIG. 1, operates the above-described elements. In
certain embodiments, this process is repeated for an enhanced
three-dimensional image.

The high frame rate that is achievable can also be traded off
for improved image quality. For example, rather than display
each frame of newly acquired data, the acquired data may be
averaged over a plurality of acquisitions to improve the sig-
nal-to-noise ratio, increase resolution, enhance contrast,
reduce sidelobe, and/or reduce speckle noise of the recon-
structed image.

In one system, the limited-diffraction array beam weight-
ings of receive signals over a 2D transducer aperture are the
same as a 2D Fourier transform of these signals over the same
aperture. In certain embodiments, if the transducer is a one-
dimensional (1D) array, limited diffraction array beam
weightings of received echo signals over a 1D transducer
aperture will be the same as a 1D Fourier transform of these
signals over the 1D aperture. Thus, in one embodiment, the
imaging system uses either limited diffraction array beam
weightings of received echo signals over a transducer aper-
ture or with a Fourier transformation, depending on which
method is easier to implement in a particular imaging system.
Image resolution and contrast are increased over a large field
of views as more and more limited-diftraction array beams
with different parameters or plane waves steered at different
angles are used in transmissions.

Thus, in another aspect, the system allows a continuous
compromise between image quality and image frame rate that
is inversely proportional to the number of transmissions used
to obtain a single frame of image. This is useful since in
certain end-use applications such as imaging of liver and
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kidney where high frame rate imaging is not crucial, high
quality images is obtained at the expense of image frame rate.

In certain embodiments, for limited-diffraction array beam
transmissions, the present system has additional advantages
over multiple plane waves steered at different angles. Lim-
ited-diffraction array beam transmissions are produced with
an amplitude weighting of a transducer aperture (no need of
any, time or phase delay). This allows a single transmitter to
excite all transducer elements of different amplitude weight-
ings at the same time, or allows a few transmitters, each of
which excite a large group of transducer elements that have
approximately the same weighting amplitude, greatly simpli-
fying imaging systems, especially in 3D tissue harmonic
imaging where over 10,000 independent linear high-voltage
high-power transmitters would normally be required.
Because all elements of the transducer are excited at the same
time for limited diffraction beams, dead zones due to strong-
ringing or inter-element interferences of transmission pulses
are reduced.

In an additional aspect, a limited-diffraction array beam
weighting acts as a diffraction grating where a lower fre-
quency component is steered at a larger angle than a higher
frequency one. This helps to increase image field of view with
a broadband transducer though, in certain embodiments, it
may be at the expense of reduced energy density that may
lower SNR.

In certain embodiments, the image reconstructions, after
an image data set are reconstructed, areas outside of trans-
mission beams are masked before coherent superposition.
Otherwise, images quality may be lower due to digital noise
(caused by aliasing of digital signals) in image reconstruc-
tion.

Also, in certain embodiments, data densifying techniques
such as zero padding can be used to increase the size of digital
data sets in k-space and object space to reduce digital noises
caused by aliasing.

The system constructs an image from echo signals pro-
duced in response to a single or multiple ultrasonic pulses and
their associated echo measurements. By weighting received
echo signals with limited diffraction beams or performing
Fourier transforms, sufficient data are acquired in a single or
multiple pulse transmissions to substantially fill a k-space
(i.e., spatial Fourier space) data array from which an image
can be reconstructed by a multi-dimensional inverse Fourier
transformation.

The system produces images at a high frame rate. A com-
plete 2D or 3D image is reconstructed from echo signals
produced by a single weighted transmission. The frame rate is
not limited bet the time needed to produce multiple, steered,
transmit and receive beams normally required to produce an
image. Very substantial increases in frame rate are achievable
for both 2D and 3D imaging.

The cost of the imaging system is reduced. Steered transmit
or receive beams are not required. This results in a substantial
consequent reduction in the amount of hardware typically
required to produce 2D and 3D ultrasound images. The image
reconstruction system uses Fourier transformation circuits
which are commercially available at reasonable cost due to
the many applications of these circuits in a variety of other
fields. Specially designed FFT processing units can be used to
further increase the efficient of the hardware.

The image quality is also improved. Because data for a
complete image is be acquired quickly, and efficiently, mul-
tiple acquisitions can be made and averaged, or otherwise
combined either coherently or incoherently using known



US 7,957,609 B2

11

methods. This results in an increase in the signal-to-noise
ratio and an improvement in the quality of the reconstructed
image.

Image resolution is increased while sidelobes are reduced.
This is achieved by also transmitting the pulse of ultrasonic
energy as a limited diffraction beam. In certain embodiments,
aplane wave is transmitted by energizing all of the transducer
array elements with the same signal pulse or pulses delayed
from the pulse. When the transmit signals applied to each
transducer element are weighted to produce limited diffrac-
tion beams or steered plane waves, the resolution of the result-
ing image is improved, and artifacts caused by sidelobes are
reduced as resulting multiple images are superposed.

In certain embodiments, the method for producing a high
frame rate, high resolution and high contrast image includes
transmitting a group of signals of energy weighted by single
spatial frequency but may be of diftferent phases or linear time
delay toward an object to be imaged. The receive signals from
the object are weighted with multiple spatial frequencies, or
by performing a spatial Fourier transform. A two- or three-
dimensional image data set is reconstructed from the group of
the transmitted signals weighted by the single spatial fre-
quency or linear time delay. The receive signals are weighted
with the multiple spatial frequencies or processed by the
spatial Fourier transform. The high frame rate, high resolu-
tion and high contrast image is reconstructed from the image
data set of step c.

In another embodiment, a method for producing a high
frame rate, high resolution and high contrast velocity vector
image of an object where at least a part of the object is moving
includes transmitting two or more groups of signals of energy
weighted by, single spatial frequency but may be of different
phases or linear time delay toward the object. The receive
signals from the object are weighted with multiple spatial
frequencies or by performing a spatial Fourier transform.
Two- or three-dimensional image data sets are reconstructed
from the groups of the transmitted signals weighted by the
single spatial frequency or linear time delay. The receive
signals are weighted with the multiple spatial frequencies or
processed by the spatial Fourier transform. The image data
sets are used to reconstruct: 1) a first set of flow velocity
component images in a first direction, and ii) a second set of
flow velocity component images in a second direction that is
different from the first direction. The velocity vector image is
reconstructed from the two sets of velocity component
images.

Also, in certain embodiments, in step a) each group may
contain one or more signals, each of which is produced with
one transmission.

In yet another aspect, limited-diffraction array beam in
transmission can be used to obtain the transverse component
of flow velocity. When reconstructing moving images, two or
more identical transmissions are used in order to detect
motion for broadband signals (short pulses). When more than
two identical transmissions are used, signal-to-noise ratio for
velocity vector imaging will increase. The velocity compo-
nent images are reconstructed after two or more identical
transmissions (with either steered plane wave or limited dif-
fraction array beam)—transmit in the same direction or with
the same aperture weightings at least twice.

In certain embodiments, color flow mapping techniques
(based on the line-by-line flows techniques) can be used to
obtain velocity component images. The color flow technique
is areliable technique for good velocity estimation and simple
to implement in a real system.

The image data set can be produced by: i) Fourier trans-
forming along a time domain of the weighted transmitted
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signals, or ii) Fourier transforming along the time domain of
the spatial Fourier transform, whereby a first multi-dimen-
sional k-space data set is formed. The first multi-dimensional
k-space data set is interpolated to produce rectilinear multi-
dimensional k-space data sets. Inverse Fourier transforma-
tions of the interpolated rectilinear multi-dimensional
k-space data sets (along each of its dimensions) are used to
produce the image data set.

It is to be understood that the imaging system can include
a transducer array and one or more elements that can be
arranged in more than one tope of configuration. For example,
in certain embodiments, the separate elements in a transducer
array are arranged in a one- or two-dimensional array. The
k-space data set thus generated has two- or three-dimensions,
and the inverse Fourier transformation is performed along
each of the two- or three-dimensions to produce a two- or
three-dimensional image data set. In certain embodiments,
the transducer arrays can comprise one or more of a piezo-
electric device, or a capacitive micro-machined ultrasound
transducer (CMUT).

In certain embodiments, the energy is transmitted using
only one transmitter. For example, in one embodiment, the
single transmitter is configured to excite all the transducer
elements having different amplitude weightings a the same
time. In one embodiment, a 2D array transducer is excited to
generate a broadband limited-diffraction array beam.

In other embodiments, multiple and/or separate elements
of a transducer array are used, and the transmissions of each
separate element are weighted to produce a limited diffraction
beam. The transducer array can be used to produce waves by
energizing separate elements in the transducer array.

The transducer array can be weighted to produce multiple
limited diffraction transmit beams where one or more of the
limited diffraction beams have different weighting param-
eters.

Further, in certain embodiments, the transducer array is
excited with a plane wave without steering. Alternatively, the
transducer array can be excited with a plane wave that is
steered either mechanically or electronically. In certain
embodiments, the transducer array is excited with multiple
plane waves that are steered at different angles (where the
multiple plane waves can be either mechanically or electroni-
cally steered).

The system can also include steering at least one of the
transmitted energy signal and/or the receive echo signal. In
addition, the process steps can be repeated and both the trans-
mitted signal and the receive signal are steered in a different
direction.

In certain embodiments, the process steps are performed a
plurality of times, and the system further includes a step g):
combining the plurality of limited diffraction transmit and/or
receive signals to increase a signal-to-noise ratio, increase
resolution, enhance contrast, reduce side lobe, and/or reduce
speckle noise of the image. In addition, the combining step
can be performed can be performed either coherently or inco-
herently.

The system can further include the step of time gating on at
least one of the transmitted signals or the received echo sig-
nals.

Also, in certain embodiments, the system includes dis-
cretizing an amplitude of the weighted transmitted signals.
The system can include digitizing the weighted echo signals
prior to Fourier transforming the weighted echo signals.

The limited-diffraction array beam transmissions can be
produced with an amplitude weighting of the transducer aper-
ture. Also, in certain embodiments, no time or phase delay
need to be used.
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In certain embodiments of the imaging system, the same
transducer array can be used to transmit a beam and receive
the echo signals. Also, in certain embodiments, the received
echo signals are separated from transmit signals with a trans-
mit/receive (T/R) switch. The received echo signals can be
filtered with active or passive analog filters.

In certain embodiments, the received echo signals are
weighted with limited diffraction beams that have different
parameters, where the weighting is done either before or after
analog-to-digital conversion. In addition, the received echo
signals can be Fourier transformed over the transducer aper-
ture, and/or densified over the transducer aperture before the
Fourier transform.

Also, in certain embodiments, the received echo signals are
switched to obtain appropriate weighting amplitudes. The
received and digitized echo signals can be stored in memory.
Further, the received and digitized echo signals can be Fourier
transformed in time domain. In addition, the received and
digitized echo signals can be densified before the time-do-
main Fourier transform. For example, the received echo sig-
nals can be densified by various interpolation systems such as
zero-padding, cubic spline interpolation, and other suitable
systems.

In one embodiment, the interpolation is applied to obtain a
rectilinear Fourier transformation data set from the Fourier
transform of the receive echo signals. In another embodiment,
the inverse Fourier transform is used to reconstruct images
from the interpolated rectilinear Fourier data sets.

A variable imaging frame rate is achieved by using the
limited diffraction arrays beams in transmission and by
applying a Fast Fourier Transform to the received echo sig-
nals so that the constructed images have an increased resolu-
tion, while having lower sidelobe distortions. In certain
embodiments, in the echo Fourier domain, the sampling inter-
vals in both X, and y, directions are determined by the trans-
ducer and are smaller than a half of the minimum wavelength
of'the transducer to avoid aliasing or grating lobes. In certain
embodiments, a sampling interval in time is smaller than the
half ofthe smallest period of the signal frequency component.
In other embodiments, a sampling interval (pitch) of the
transducer is bigger than a half of minimum wavelength.
Also, in certain embodiments, a sampling interval is in the
spatial Fourier domain, (k,', k', k."), of the object function.

In certain embodiments, the weighting of the transducer is
approximated with piece-wise functions to produce a trans-
mit and/or a receive limited diffraction beam.

Also, in certain embodiments, one transmission is used to
reconstruct an image. For example, in one embodiment, a
single transmitter is used and electronic switches are used to
produce weightings for different transducer elements. In
another embodiment, multiple transmitters are used and elec-
tronic switches are used to produce weightings for different
transducer elements.

In another embodiment, one group of transmitted signals is
used to reconstruct an image. In vet another embodiment, at
least two groups of transmitted signals are used to reconstruct
an image.

It is to be understood that the transmit signal can be, for
example (and without being limited to) one or more of a
coded signal, a chirp signal, a broadband signal, and/or a
narrow band signal. Also, the polarity of transit signal can be
inverted in each subsequent transmission.

It is also to be understood that harmonic images can be
constructed and/or elastic images can be reconstructed
according to the system described herein. In addition, in
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certain embodiments, the constructed 3D images are volume
rendered images, surface rendered images, and/or are mul-
tiple-slice images.

In one particular embodiment, physiological functional
images of a patient’s organs and/or systems, such as blood
flows or lymphatic systems, are reconstructed. For example,
in certain embodiments, blood flow can be imaged. The blood
flow vector images can be reconstructed with a cross-corre-
lation system. Alternatively, the blood flow, vector images
can be reconstructed with a Doppler system (for example, a
pulse or color flowing Doppler method) or a combined Dop-
pler and cross-correlation system.

Also, it is to be understood that additional functions, such
as, for example, a window function can be applied to transmit
signals in time domain, transmit signals over transducer aper-
ture, data sets of echo signals in time domain, data sets of echo
signals over transducer aperture, data sets of Fourier trans-
form of echo signals, data sets of interpolated Fourier trans-
form, or data sets of Fourier transform corresponding to each
transmit weighting or beam steering.

The imaging system is especially useful for producing
multi-dimensional images, including for example, two-di-
mensional: a single picture; three-dimensional: volumetric
image; and four-dimensional: three-dimensional image
sequence displayed over time. The multi-dimensional images
are produced bar weighting: 1) the signals transmitted from at
least one element of a transducer array to form limited dif-
fraction transmitted beams or other types of beams; and ii)
weighting the echo signals received at the separate elements
to form limited diffraction receive beams or Fourier transfor-
mations of the received signals in time domain as well as in
both spatial axes across the transducer surface.

The limited diffraction weighting and the Fourier transfor-
mation are identical. Fourier transformations of the weighted
signals form multi-dimensional k-space data sets which are
used to produce an image from the image data sets. The
Fourier transformations can be done digitally with either
Discrete Fourier transform (DFT) or computationally effi-
cient Fast Fourier Transformation (FFT). The weighting can
also be in combination with time delay for each transducer
element to produce steered limited diffraction beams in trans-
mission or in reception to further increase the field of view of
an image.

In certain embodiments, the extended high frame rate
imaging method with multiple limited-diffraction array beam
or steered plane wave transmissions uses a phase-coherent
summation in either spatial or spatial Fourier domain in order
to correct for an), distortions. For example, in certain embodi-
ments the system includes one or more of the following steps:

1) comparing the number of coherent superposition to the
number of overlapping transmissions,

ii) evaluating any overlapping regions that are close to the
transducer surface,

iii) compensating for any overlapping transmissions that
appear in the entire imaging area and thus are more sensitive
to any motion by the object being imaged,

iv) compensating for direction of any motion by using less
phase coherence to avoid motion artifacts at least in the axial
direction.

v) imaging a field where only a part of the imaged field is in
motion

vii) using steered plane wave imaging when the number of
transmissions is large

viii) when imaging fast moving objects, using a small
number of transmissions and/or higher frame rate for both
limited-diftraction array beam and steered plane wave imag-
ing



US 7,957,609 B2

15

ix) when imaging fast moving objects that are located
farther away from the transducer surface, using more trans-
missions to increase image contrast and resolution, and

X) when stationary or slowly moving objects are imaged,
using a lower frame rate (or a larger number of transmissions)
used to increase image quality.

Also, in certain embodiments, the high frame rate imaging
system can be used to provide vector imaging. In such
embodiments, the system can include the following:

1) transmitting multiple plane waves in the same direction,

ii) receiving echo signals and digitized the echo signals

iii) reconstructing a two- or three-dimensional radio fre-
quency image from each transmission

iv) reconstructing:

afirst set of flow velocity component images along an axial

direction (wherein the axial direction is perpendicular
with respect to a surface transmitting the plane waves),
and

a second set of flow velocity component images at an acute

angle from the axial directions, whereby from two sets
of velocity component images, velocity vector images
are obtained.

An apparatus for producing a high frame rate: high reso-
Iution and high contrast image of an object can include a
device configured to: i) transmit one or more groups of signals
of energy weighted by single spatial frequency but may be of
different phases or linear time delay toward an object to be
imaged; and ii) receive by weighting receive signals from the
object with multiple spatial frequencies, or by performing a
spatial Fourier transform. The apparatus can also include a
device configured to reconstruct a two- or three-dimensional
image data set from the group of the transmitted signals
weighted by the single spatial frequency or linear time delay,
and the receive signals weighted with the multiple spatial
frequencies or processed by the spatial Fourier transform. In
certain embodiments, the apparatus can include a device con-
figured to reconstruct the high frame rate, high resolution and
high contrast image from the image data set.

Also, in certain embodiments, the transmit/receive device
transmits more than one beam at the same spatial frequency,
or steering angle in order to obtain the velocity component
image and to improve signal-to-noise ratio.

High Frame Imaging System

High frame rate imaging includes transmission schemes
such as multiple limited-diftraction array beams and steered
plane waves. The limited-diffraction array beam weightings
of'received echo signals over a 2D transducer aperture are the
same as a 2D Fourier transform of these signals over the same
aperture. The same is applicable for a 1D array and its 1D
Fourier transform over the array aperture.

As shown in FIG. 24, a 2D arrays transducer located at z=0
plane is excited to generate a broadband limited-diffraction
array beam or a steered pulsed plane wave. The same trans-
ducer is also used to receive echoes scattered from objects.
The aperture of the transducer is assumed to be infinitely
large, and the size of each transducer element is infinitely
small. The coordinates on the surface of the transducer are
denoted as r,=(x,, y;, 0) and the coordinates of any spatial

point in the object are given by ?OZ(XO, Yo» Zo)- In the follow-
ing, various transmission schemes such as multiple limited-
diffraction array beams and steered plane waves will be
included.

Assuming that the transmitting transfer function of the
transducer is A(k) that includes both electrical response of the
driving circuits and electro-acoustical coupling characteris-
tics of the transducer elements. Then, a broadband limited
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diffraction array beam or pulsed steered plane wave (a plane
wave is a special case of limited diffraction beams) incident
on the object can be expressed as:

®

1 = ] ) ) )
A P ik X0tk yr Yotk g —dwt
Doy (Fo, 1) = an Alk) s 0y Yor¥ap 20 gt gy
0

_ zifooA(k)H(k)eikXTxoﬂkyTy0+ikZTzo e—iwr dk,
Koo

. . —
where the superscript “T” in © A,myT (r g, t) means “trans-
mission” and the subscript “Array” represents “arrays beam”,
and

_ A(RH(K) . 2)

=T e ik x ik o YO+ ik g 2
@Army(ro’ w)_ X0 +ikyp Yotikep 2o

c

is the Fourier transform (spectrum) of the array beams in
terms oftime. (2) is an expression of a monochromatic (single
angular frequency w) plane wave steered at a direction along

k. k. k).

the transmission wave vector, K= ps Koo

w=0

1, 3
H(g):{o, <0’

is the Heaviside step function, and

k, AVIP-k -k, *Z0, @

where k. and k,_are projections of the transmission wave
vector along x, and y, axes, respectively, k=w/c is the wave
number, where w=2xf is the angular frequency, f is the tem-
poral frequency, c is the speed of sound of the object, and t is
the time.

Dueto the reciprocal principle, the response of a transducer
weighted with a broadband limited diffraction array beam or
pulsed steered plane wave for a point source (or scatterer)

located at ?OZ(XO, Yo» Zo) 18 given by:

1 . . . . S
Oy (o 0 = 5 ﬁ T H (ke o0 tiizio g g, ©

or

_ ThoH®)

&R > i xHiky Yo+ ik 2
q;Army(rO’ w)_ X tiky yo+ikzzo

c

ot RS R <
where the superscript “R”in @, “(r ,t) means “recep-

tion”, A,myR(?o,u)) is the Fourier transform (spectrum) of

o A,myR(?o,t) in terms of time, which is an expression of a
monochromatic plane wave response steered at a direction
along the reception wave vector KX=(k , k,, k,) (similar to (2)
above), T(k) is the transfer function of the transducer in
reception, and

k~P—k 2k =0, (6)

wherek, and k, are projections of the reception wave vector
along x, and y, axes, respectively.

Ifthe same array transducer is used as both transmitter and
receiver above, from (1) and (5), the received signal for the
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wave scattered from a point scatterer located at ?OZ(XO, Yo, -continued
7,) is given by the following convolution: K = e + ke an
K=k, thy,

- . . . 5 | K=ktk, =Rk + [k k2 =0
?I((XHZXTk thyp kz+kZT([)=f(r0)[q)£rray(r05[)*q)ﬁrray(rOa[)] ™ e \/ 7 \/ roor

AT H (k)
2 f P H(k) in (10) is used to indicate that only positive values of
k are used and thus it can be applied to either side of the
10 equation (for the convenience of presentation, it is used with,

N
Rk,x,k,y,k,z(u)), and.

! (?O)Ei(kx ooy o ik y ey Jyorilks ey 2o e q

BT

where represents the convolution with respect to time
and where the superscript “one” means “one point scatterer”. Fpr (ko k', k)= AR TUOF (k' kK ) 12)
This uses the fact that the spectrum of the convolution of two

; . 15 is a band-limited version of the spatial Fourier transform of
functions is equal to the product of the spectra of the func-

the object function, the subscript “BL” means “band-lim-

tions. f(?o) is an object function that is related to the scatter- ited”.
ing strength of a scatterer at point r,. It should be emphasized that (10) is also a 2D Fourier
Assuming that the imaging system is linear and multiple transform of the echo signals in terms of both x, and y, over
scattering can be ignored (Born or weak scattering approxi- 20 the transducer surface (aperture). The proof is given as fol-
mation), the received signal for echoes returned from all lows. Using (5), one can easily see that (10) can be rewritten
random scatterers within the object f{r ) is a linear superpo- as:
sition of those echo signals from individual point scatterers as
follows:
25 AT (k)H (k) (13)
Ricpthp iy thyp hpthgy (@) = — QX
1 AT (k) H (k) (8) il tiky yo ik zg ikop X0 ik yr yotikrzg gn
Ricptbep iy thyp hpthgy (T) = ﬂfi x j‘:f(rO)e 0Ty YO0 g T TR HOTRr 0 dg =
Ak T(k)H(k ) )
[ff(7o)ei(kx+kx7.)x0+i(ky+ky7.)y0+i(kz+kz7.)zo{ﬁo it g — 30 ( )f [ (K)H k) g0ty yo+ikzz
14
1 AT (K H(k) i hxp¥otikyp yo+ikzpzo d¥g =
_FiF(kx+kX ey bk kb ke
27 c T T T Atk Lk ) ) .
— f GO [ @y (o, w7020 e 0 17 =
¢ Jy
. .. . .. 35 Ak) ) ) )
The 3D Fourier transform pair in this expression is defined aw f PO Ty {ECr1, 313 Fos @) e 077 Yoriar 2o
as follows: €y
Al ) )
a7y = Ty | f [f(m AQ) g ity yO*“kerO]
v c
L 9 .
Flke by ko) = ff(%)enkxxomyyo“kzzo dro ® 40 E(xy, y15 Fos w)d?o},
14
and
1 o . . . . .
s = L ﬁ ﬁ f Filo Ky, ke 0750520 @i gk, i, where & S, 4, represents a 2D Fourier transform in terms of
@rY Jocod oo both x, and y, at the transducer surface,
45
where V, is the volume of the object f(1',). E(ry, 13 703 ) = Ty, {88y oy ) (14)
From (9) the temporal Fourier transform (spectrum) of the T(k) H©o o
received signal can be obtained: S0 T, feroriororien)
TROH®K) 8 eik\/(xrxo)h(yryo)hzg
ka+kXT,ky+kyT,kZ+kZT () = (10) 2me Bz \/(xl — %) + (v = yo)? + 23
ARTOHEK) f et osilkyriop bosilkericp o g7,
2 v 55
~! represents an inverse 2D Fourier transform in terms
or of both k. and k,. The last equal sign in (14) is obtained with
B the shift theorem of Fourier transform and the following
Rivicep eyvkyp g (@) = Fourier transformation equality:
AT H (k)
TxF(kXHcXT,k kyT,k +sz) 60
or e”‘x"o”"y)’o”"zzo — (15)
iy] (e 0 2y —yo P43
Fp(kl. K}, Z)_C H(k)Rk X, k,(w) _i {i[ ek\/(1 0+ —y0)* +2 ]}
X1:¥1 :
65 2” 920 \/(xl —x0)2 + (y1 — y0)® + 25

where
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Apparently, B(x,, v, ?O; ) in (14) is a differentiation of
the Green’s function representing the filed at a point of the
transducer surface, (x,, y;, 0), produced by a point source
(scatterer) located at a spatial point, r,=(X,, Yo, Zo). This is
also clear from the Rayleigh-Sommerfeld diffraction for-
mula:

d(ro; w) = (16)

; 2
euk\/(xrxo)h(yryo)hzo

1 o a
-5 OFy; w)5—
ZRLI BZO[\/(M —x0)? + (y1 = yo)? + 25

where X, is the area of the transducer surface, ®(r,; ) is the
integrated field distribution or response of the transducer for

A7,

apoint source (scatterer) at ?O, and ®(r 1;0)1s the weighting
function at the surface of the transducer. It is seen that the

kernel of (16) is the same as that of B(x,, y,; ?0; ) in (14).
Therefore, (13) indicates that (10) represents a 2D Fourier
transform over the transducer surface for echo signals pro-
duced from all point scatterers in the volume, V. The phase
and amplitude of each point source (scatterer) are modified by
the transmitted plane wave, (A(k)H(k)/c)e"ero+Hmoritr (goo

(2)) as well as the object function, f(?o).

Thus, limited diffraction array beam weighting theory is
exactly same as a 3D Fourier transformation of echo signals
over both the transducer aperture (2D) and time (1D), which
decomposes echo signals into plane waves or limited diffrac-
tion arrays beams. The steered plane waves and the limited-
diffraction array beam weightings in transmissions is equiva-
lent to the phase and amplitude modifications of the object
function shown in (13) or (10). It is worth noting that because
both the high frame rate imaging method and current exten-
sion are based on the rigorous theory of the Green’s function
in (14) and (16), it could be more accurate to reflect the
scatterer distributions in space than the simple delay-and-sum
(D&S) method used in almost all commercial ultrasound
scanners. This proves that R@wﬂ, ek ey (w)in (10)or (13)
can be obtained directly by 3D Fourier transform of the
received echo signals over a 2D transducer aperture and 1D
time.

Taking the inverse Fourier transformation of (12), an
approximation of the object function can be reconstructed
using the definition of the spatial Fourier transform in (9):

F(Fo) = far(Fo) = fAF™ (7o) an

. -
=— dk. dk’f dkl, x
@2y fm ZE P iz K2 +3, and ke[ kEH3 ‘

Far (K, K, ke "oy 20720

where the first approximation is due to the finite bandwidth
of received signals and the second one is due to the require-
ments that both ké\/kxf+kyrz and ké\/kx2+ky2 must be sat-

isfied. Thus, only part (indicated by the superscript “Part”) of
the spatial Fourier transform of the object function is known.
It can be shown from computer simulations and experiments
in the later sections that these approximations do not affect
the quality of constructed images as compared to those
obtained with conventional dynamically focused pulse-echo
imaging systems.
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If the object function, f(?o), is real, which is the case in
most applications, the following is true from (9):
F(-k'—k', ~k")=F(k' k', k")

oz

(18)

where the superscript means complex conjugate. In
this case, the spatial Fourier transform of the object function
in the lower Fourier space (k',<0) is also known.

In the following sections, (10), (11), and (17) will be used
to reconstruct images for various transmission schemes.

Examples of High Frame Rate Imaging

1. High Frame Rate Imaging Method without Steering. For
aplane wave without steering, one has k, =0 and k,, =0. From
(10) and (11), one obtains:

axgeor

Fapthes ky, kD) = P HIOR g, 01(@), 2

where
ki =k
K, =k,

(20)
k;=k+k1=k+\/k2—k3—k§ 20

which is exactly the same as that of the high frame rate
imaging method. From (19) and (20), 3D or 2D images can be
constructed with (17).

2. Two-Way Dynamic Focusing with Limited Diffraction
Array Beams. If both k,=k, and k =k, are fixed during each
transmission, from (10) and (11), one obtains the two-way
dynamic focusing with limited-diffraction beam method:

Fk}, K, k) = & HUORy 17 40(@), @

where
kil =2k, (22)
K, =2k,
ki =2k, =0

which represents an increased Fourier domain coverage
resulting in a higher image resolution. The increased Fourier
domain coverage may be equivalent to a dynamic focusing in
both transmission and reception in theory. Choosing both k.
and k, on rectangular grids, one does not need to do an)
interpolation in the spatial Fourier domain of the object func-
tion along these directions. This method also increases the
image field of view as compared to the high frame rate imag-
ing method. However, because only one line in the Fourier
domain is obtained from each transmission, this method may
be slow for 3D imaging. In addition, to construct an image of
a large field of view, the sampling internal of both k, and k,
must be small that may further increase the number of trans-
missions needed.

3. Spherical Coordinates Approach. Using spherical coor-

dinates for (4) or the transmission wave vector, K~ =(k., k.,
k. ), one obtains:

kXT = ksin {rcosfr = leCOSOT (23)

kyT = ksindrsinfr = lesinOT ,

kop = keosdr = [ K2 —ka =0
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where T, is the Axicon angle of X wave or the steering
angle of a plane wave. 0,1s an angle that determines compo-
nents of the transmission wave vector in both x, and y, axes
(for a given transmission, both L, and 6 are fixed), and

~ksin Zr\/k +hyy 24
is the magnitude of the transverse component of the wave
vector in (X, y;).

Letk, =k, =ksinC cos 0 andk =k, =ksinC,sin 0, where
both and Cand 8, are fixed for each transmission, the Fourier
space of the object function can be filled up in spherical
coordinates, (2k, T, 08). Le., for each plane wave transmis-
sion, echo signal is received with a plane wave response from
the same direction. From (10) and (11), one obtains (21) with
the following parameters for 3D imaging:

ki, = 2k sinrcos O
k; =2k sin{rsinfr
K, =ky+ ke = 2kcosir 2 0

@5

A similar result is obtained from a linear system modeling
approach in polar coordinates for 2D imaging. Because the
samples in the spatial Fourier domain are very sparse for a
larger k (see (25)), a large number of transmissions at difter-
ent angles are required to obtain high frequency components
accurately. Compared to the two-way dynamic focusing with
limited diffraction beam approach more transmissions may
be needed to give an adequate coverage of the Fourier space.

4. Limited Diffraction Array Beams. If the following four
limited-diffraction array beams are transmitted (fix both k,
and k,, foreach transmission):

®£rray(1)(70a = (26)
;—ﬂ [ :A(k)H(k)cos(kXTxo Jeos(ky, yo)e™ T Ve dk,

®£rray(2)(70a 0= 27
Zl—ﬂ[:A(k)H(k)cos(kXTxo)cos(kyTyo)e‘”‘zrzoe*iwr dk,

®£rray(3)(70a = (28)
% [ :A(k)H(k)sin(kXTxo)cos(kyT yo)e™ T g it g,

and

g (o, D) = (29)

1 ) _
o F AGOH KISk, x0)c0s (kyy o )e™ T Ve di,

one obtains four coverage areas in the spatial Fourier space

of f(?o) from combinations of the four echo signals. Denot-
ing the Fourier transform of the four echo signals
as Rp, k’yk’ Y(w), Ry, . (w), Rp, A w),
and Rk, K )(u)) correspondmg to (26)-(29), respectlvely,
one has:

Farlhe + kg ky +kyp, by +hpp) = (B0

) ~) ) =®) .o
c H(k)(Rk;,k;,k;(‘U) + Ry 1 4y () + IR g1 1 (0) = Ry ot (@),

22

-continued

Ptk + kg ky —kyp, by +kyp) = (BD

2 L) .5(2) .5(3) »®
c H(k)(Rk;,k;,k; (@) = iRy gt 1y (@) + IRy 1 g1 (@) + Rk;,k;,ké(w)),

T

FBL(kx _k"T’ ky +k (32)

) ) @) =®) =)
c H(k)(Rk;,k;,k; (@) + iRy gt 1y (@) = IRyt g1 (@) + Rk;,k;,ké(w)),

spo ke ko) =

Frrlke ks by —heyp o ke +kgp) = 33

=(1) .5(2) :5503) 5@
10 PHRig 10 42(@) = 1R 11 10 (@) = IR 31 40/(0) = R a1 401(0)

Changingk, andk, , one obtains partially overlapped cov-
erage of the spatial Fourier domain because k, and k, are free
to change. (11) can be used to perform the mapping between
the echo Fourier domain and the Fourier domain of the object
function for each transmission and the mapping will be dis-
cussed in the next section. Superposing the partially con-
structed images in spatial domain or their spectra in the spatial
Fourier domain from different transmissions, one obtains the
final image with (17). The superposition in spatial domain can
be done either coherently (increase image resolution and
contrast) or incoherently (reduce speckles). In frequency
domain, the superposition can only be done coherently, which
in theory, is equal to the superposition in the spatial domain.
The superposition will also increase the field of view of the
final image.

5. Steered Plane Waves. As discussed previously, (10) and
(11) directly give a relationship between the ED Fourier
transform of measured echo signals at the transducer surface
and the 3D spatial Fourier transform of the object function for
a steered plane wave transmission with fixed Axicon angle
(steering angle for plane waves), Tz, of X wave and azimuthal
angle, 0. (See “Spherical Coordinates Approach” above.)

After getting the spatial Fourier transform of the object
function, using (17) one can reconstruct images with an
inverse 3D Fourier transform. In the reconstruction, the same
superposition schemes described above in the section of
“Limited Diffraction Array Beams” can be used. The partially
reconstructed images for each fixed pair of C-and 6 in either
spatial Fourier or spatial domain can be used to increase
image resolution, contrast, field of view, or reduce speckle
noises.

Steer plane waves are useful to obtain a large field of view,
increasing image resolution, or reducing speckles. Using the
zeroth-order Hankel function, a relationship between the
Fourier transform of echoes and the Fourier transform of an
object function for 2D imaging is derived. From (13)-(16), it
is clear that the relationship is a special case of (10) (for 2D
imaging, one can simply set k =k =0 in (10) and (11)).

For steered plane waves, one obtains the relationship of the
parameters between the Fourier transform of the echoes and
the object function (see (11) and (23)):

—_
w
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k. = ky + ksindrcosOr

K, = ky, +ksin {rsinfr

K, =k, +keoslr = \[ k2 —k2 —k2 +kcosir 20
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2D High Frame Rate Imaging

(10) and (11) give a general 3D image reconstruction for-
mula. They are readily suitable for 2D image reconstructions.
Setting one of the transverse coordinates, say, ky:kyTZO, one
obtains a 2D imaging formula:

65
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Far (K, k) = FHIORy o (@), 39
where
K, =k + ko (36)
=ty = K2 k2 4 \Jk2 k220

(35) and (36) are equations for reconstructions of images
obtained with simulations aid experiments.

Relationship Between Fourier Domains of Echoes and
Object Function

To reconstruct images with FFT, it is necessary to obtain
the Fourier transform of the object function at rectangular

grids of (K, k' , k' ). However, the Fourier transform of echo
data is known only on rectangular grids of (k, k,, k) which is
related to (k',, k', k') by (11). In this section, mapping of data

with (11) will be given for two special cases (limited diffrac-
tion array beam and steered plane wave transmissions) for 2D
imaging. They will be used in the reconstruction of images in
both simulations and experiments in the later sections. Map-
pings for other special cases and for 3D can be done similarly.

A. Image Reconstruction with Limited Diffraction
Array Beams

For limited-diffraction arrays beams, an inverse function of
(36) can be derived:

ko=, — ke &)
\/ (k2 + A2, — (kL — ey P + KK, — ey )
k= 2k,

To exclude evanescent waves, both k,/=k and Ik, |=k
must be satisfied in (36) (where k=0). For limited diffraction
array beam weighting, k. _is a constant in each transmission.
This means that the aperture weighting function is the same
for all the frequency components, k, in each transmission.
From these conditions, one set of boundaries in (K',, k',) can
be found by setting k =k or k. =—k in (36):

(' ke, )~k 2=k, 2, i =k or b, =—k,

o ¢33

which is a hyperbolic function with its center shifted to
(K., 0). The hyperbolic function has two branches that inter-
sect with k', axis at two points, i.e., at k',=0 and k', =2k,
respectively. Another boundary can be found by setting k, =k
ork, =-kin (36), which gives a half circle centered at (k, , 0)
with aradius of |k, | thatintercepts with the hyperbolic curves

at (0, 0) and (0, 2k ), respectively:
(k' -k vk’ 2=k, 2, if k =k or k,=—k.

X7 >

(39
If the imaging system is band limited, i.e., k,,,,=k=k,, .,

from (36) another two circular boundaries can be obtained:

(R R STy = A @0)
and
(ke Y KN 2o e A K 2 @1)

which further limit the size of the mapping area in (k',, k',).
Ask, increases, low frequency components cannot be trans-
mitted to illuminate objects, which could lower the energy,
efficiency. Outside of the boundaries, values at (k',, k',) are
simply set to 0 (see FIG. 26 (a) and 25 (b)). The mapping can
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be done with bilinear interpolation. To increase the interpo-
lation accuracy, data in the Fourier domain of echoes can be
densified by zero padding as long as the original data are not
aliased.

For limited-diffraction array beam transmissions, both sine
and cosine weightings are applied and thus the echoes need to
be combined using 2D version of (30)-(33) to get two new sets
of echoes before the mapping process above. The combina-
tion can be done in either echo or echo Fourier domain.
Images can be reconstructed from the mapped data (see the
text below (33)).

B. Image Reconstruction with Steered Plane Waves

Images can also be reconstructed with steered plane waves.
To steer a plane wave, linear time delays are applied to trans-
ducer elements:

T(x)=X, sinTrc

where x,e(-D/2, D/2) is the position of the center of the
element of an array transducer, D is the size of the transducer
aperture, and T is the steering angle that is fixed for each
transmission. To make the system causal, an additional con-
stant delay, may be added to the delay function (42).

Assumlng k. =k sin &, from (36) or a 2D case of (34), one
obtains an inverse function:

(42)

ky =k, —ksinér
K2+ k2
"~ 2kjcos{r + 2k sinly

43)

where the parameters are explained in (34). To exclude eva-
nescent waves, the condition for steered plane waves is
Ik, I=k (notice that k=0 and IT,I<w/2). With this condition,
one set of boundaries in (k', .k’ ) can be determined by setting

k =k and k =-k, respectively, in (36):
, _ cosly 44
L= TR 1Tk =k
, coslr , . _
1= Siné/T_lkX,lka— k
If the imaging system is band limited, i.e., k,,;, =k= kmax,

another two boundaries can be added using (36) andk, =k sin

&%

J (], — i S0 Z7) + (K — ki €08 £7)% = kg if Ky =k (49)

| K = o S0 2702 + (K, = o €05 £7)% = K2 3 K = o

Outside of the boundaries, values at (K',, k',) are simply set
to 0 (see FIG. 2b(c) and 25(d)). Similar to the limited-diffrac-
tion arrays beam case, the mapping can be done with the
bilinear interpolation. To increase the interpolation accuracy,
data in the Fourier domain of echoes can be densified with
zero padding as long as the original data are not aliased.

EXAMPLES
Example A
Mathematical Examples

To verify the extended HFR imaging theory in ideal con-
ditions, computer simulations were performed. For simplic-
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ity, only 2D imaging will be considered. The simulation algo-
rithms are developed based on the impulse response methods.

In the simulations, a 128-element, 1D linear array trans-
ducer of 3.5 MHz center frequency and 58%-6 dB pulse-echo
fractional bandwidth defined bus the square of the Blackman
window function is assumed. A one-cycle sine wave pulse at
the center frequency of the transducer is used to excite the
transducer. The dimensions of the transducer are 0.32 mm
(pitch), 8.6 mm (elevation width), and 40.96 mm (aperture
length), respectively. The pitch is about 34 of the center wave-
length of the transducer. There is no elevation focus for the
transducer.

Two objects are used in the simulations. One is based on the
wire pattern of the ATS539 (ATS Laboratories, Inc.) multi-
purpose tissue-mimicking phantom (see imaging Area I and
the position of the transducer in FIG. 3). There are 40-wire
targets in this imaging area, each wire is represented with a
point scatterer and all point scatterers are assumed to have the
same scattering coefficient. The second object consists of 18
point-scatterers of the same scattering coefficient. The point
scatterers are aligned along three lines with 6 point-scatterers
in each line, evenly spaced with 20-mm spacing. The first line
is perpendicular to the transducer surface and the other two
are at 15 and 30 degrees from the first line, respectively. The
center of the transducer is aligned with the first line.

The geometry of the object is the same as that of the
constructed image in FIG. 6(a), except that the points in FIG.
6(a) are not exactly geometrical points.

Constructed images of the first object are shown in FIGS. 4
and 5 with limited-diffraction array beams and steered plane
waves in transmissions, respectively. In each figure, there are
four panels for images constructed with (a) one transmission
(up to 5500 frames/s with a speed of sound of 1540 m/s), (b).
1 transmissions (up to 500 frames/s). (¢) 91 transmissions (up
to 60 frames/s), and (d) 263 transmissions (up to 21 frames/s),
respectively, for a depth of 140 mm.

As a comparison, panel (d) in both figures is the same and
is obtained with the conventional D&S method with its trans-
mission focus at 70 mm.

For limited diffraction array beam transmissions, the maxi-
mum value ofk, iscalculated withk, . =w/Ax,, where Ax,
is the pitch of the transducer. Since both sine and cosine
aperture weightings are needed for each k, , a total of 46, 6,
and 1 k,, equally spaced from 0 to k.., are used to
produce the results with 91, 11, and 1 transmissions, respec-
tively (for 1 transmission, k, =0). For steered plane waves, 91,
11, and 1 transmissions, evenly spaced with the condition
IT/1=m/4, are used to produce the results (for 1 transmission,
T,=0). For conventional D&S method, the following formula
is used to obtain the evenly spaced sine of the steering angles
(there are less transmissions at larger angles than at smaller
ones):

sin 0,,=n(h/2)/D, n=0,x1,22, ..., =(N-1)/2, (46)

where 0,,, is nth-steering angles A, is the center wavelength,
D is the aperture size of the transducer. For 0, to cover 45°,
with an assumption of the speed of sound of 1540 m/s, one
obtains N=263.

For 91 transmissions, it is seen from FIGS. 4 and 5 that
image resolution is high and sidelobe is low (images are
log-compressed in 50 dB) for both limited diffraction array
beam and steered plane wave transmissions as compared to
the conventional D&S method. Even with one transmission,
the results are still comparable to that of D&S except at the
transmission focal depth. The results for limited-diffraction
array beam and steered plane wave transmissions are similar
except that the former has a somewhat higher resolution.
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Simulations with the second object are done to compare the
image quality of both limited diffraction arrays beam and
steered plane wave transmissions with the conventional D&S
method of transmission focusing at all depths (dynamic trans-
mission focusing). For D&S method, dynamic focusing in
transmission is achieved with a montage process, i.e., cutting
a strip of each constructed image around its focal distance and
then piecing all the strips together to form a synthesized
image. Apparently, this process lowers image frame rate dra-
matically. Despite the added complexity and a low frame rate,
the resolution of the D&S method with the montage process
(FIG. 6(d)) is lower than that of either limited-diffraction
array beam (FIG. 6(a)) or steered plane wave (FIG. 6(5))
method with 91 transmissions. The D&S method with a fixed
transmission focus (FIG. 6(c)) has the worst result. It should
be mentioned that both limited-diftraction array beam and
steered plane wave methods have high computation effi-
ciency due to the use of FFT (the difference is on how to
transmit—sine and cosine weighting are used to produce
limited diffraction array beams, while linear time delay is
used to produce a steered plane wave).

Examples B and C
In Vitro and In Vivo Examples

To test the extended HFR imaging theory in practical situ-
ations, both in vitro and in vivo experiments are carried out
with a homemade high frame rate (HFR) imaging system.

Example System and Conditions

A HFR imaging system was designed and constricted in
our lab and was used for all the experiments. Tins system has
128 independent, wideband (0.05 MHz-10 MHz) arbitrary
waveform generators (power amplifiers), and each of them
has a 40 MHz 12-bit D/A as its input and produces up to
144V output at a 75Q2 load. The system also has 128 inde-
pendent receiving channels, and each has a low-noise time-
gain-control (TGC) amplifier of up to 108 dB gain and 10
MHz bandwidth (0.25 MHz-10 MHz) Each channel also has
a 12-bit A/D of 40 MHz sampling rate and an SDRAM of up
to 512 MB for storing digitized echo signals. Data are trans-
ferred through a USB 2.0 (high-speed) link to a PC for image
construction. The system operation is controlled by the PC
using the same USB link.

In the experiment, a one-cycle sine wave at the center
frequency of the transducer is used to excite the transducer.
For limited-diffraction array beam transmissions, array,
transducers are weighted with either sine or cosine function
of different parameters, k, . For steered plane wave or con-
ventional D&S methods, linear time delay s are applied to the
transducers to steer the beams. The precision ofthe time delay
of'the system is 6.2-5 ns, which is determined by a 160 MHz
clock. In receive mode, signals are digitized at the same time
at 40 MHz sampling rate. During image reconstruction, sig-
nals can be down sampled to 10 MHz for both limited dif-
fraction array beam and steered plane wave methods. How-
ever, the D&S method requires 40 MHz to ensure image
reconstruction quality.

Example B
In Vitro Examples
In the in vitro experiments, the same array, transducer as in
the simulations is used, except that the real transducer has a

bandwidth of about 50%, instead of 58% of the center fre-
quency. Other imaging parameters for the experiments are
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also the same as those in simulations. To show the line spread
function of the imaging methods, a homemade wire phantom
consisting of six nation wires (0.25 mm in diameter) in a line
with an inter-wire spacing of 20 mm is used and images
constructed with limited-diffraction array beam and steered
plane wave transmissions are shown in FIGS. 7 and 8, respec-
tively. (There is one more wire in the third row that is 20 mm
away from the line.)

To show how image frame rate trades off with improved
image quality, results for 1 (up to 5277 frames/s with a speed
of sound of 1477.56 mV/s, Panel (a)), 11 (up to 479 frames/s.
Panel (b)), 19 (up to 278 frames/s, Panel (¢)), and 91 (up to 58
frames/s, Panel (d)) transmissions are obtained. For compari-
son, results of conventional D&S method with a fixed trans-
mission focus of 60 mm and synthesized dynamic transmis-
sion focusing with montage are shown in Panel (e) and (If,
respectively (see FIGS. 7 and 8). In the experiment, the tem-
perature in water tank is about 18.5 degree Celsius and thus
the speed of sound is about 1477.56 m/s. According to (46),
this gives the number of transmissions of 274 (up to 19
frames/s) for a fixed focus D&S method. The experiment
results are verge similar to those of simulations.

Experiment results of the imaging Area I (see FIG. 3) of the
ATS539 multifunction tissue-mimicking phantom are shown
in FIGS. 9 and 10, respectively. The phantom has 0.5 dB/cm/
MHz attenuation and the speed of sound is 1450 m/s. The line
targets of the monofilament nylon have a diameter of 0.12
mm. The results are similar to those obtained in the computer
simulations (compare FIGS. 9 and 10 with FIGS. 4 and 5,
respectively).

The ATS539 phantom also contains anechoic cylindrical
cysts with diameters of 2, 3, 4, 6 and 8 mm, respectively. In
addition, there are six 15 mm diameter grayscale cylindrical
targets, with their contrasts to background of +15, +6, +3, -3,
-6, and —15 dB, respectively. Experiment results of imaging
Area II (see FIG. 3) are shown in FIGS. 11 and 12, respec-
tively, for limited diffraction array beam and steered plane
wave transmissions (with 1, 11, and 91 transmissions). For
comparison, image with D&S method with a focal depth of 70
mm is shown in Panel (d) of both FIGS. 11 and 12.

It is seen that as the number of transmissions increases
image contrast is increased significantly for both limited-
diffraction array beam and steered plane wave transmissions.
Because the noise of the HFR imaging system is relatively
high, the contrast of cystic targets is lowered because the
noise fills into the cystic areas. This is more acute for limited-
diffraction array beam transmissions where the sine or cosine
weightings further reduce the transmission power by half. In
addition, when k, is fixed in a limited-diffraction array beam
transmission, a lower transmission frequency may, have a
larger spreading angle further reducing energy density
although the image field of views could be increased. Fur-
thermore, with a large k., low frequency components
become evanescent waves and cannot be transmitted. None-
theless, limited-diffraction array beam transmissions may
simplify the transmitters because there is no time or phase
delay, that is needed to steer the beam and may have other
advantages as mentioned in the Introduction.

Example C
In Vivo Examples
In the in vivo experiments an Acuson V2 phased arrant
transducer is used. The in vivo experiments are performed

with the right kidney, and the heart of'a healthy volunteer. The
transducer has 128 elements, 2.5 MHz center frequency, 19.2

20

25

30

35

40

45

50

55

60

65

28

mm aperture, 14 mm elevation dimension focused at 68 mm
depth, and 0.15 mm pitch. Given these parameters and (46),
the number of transmissions required for the D&S method is
88 (assuming the speed of sound is 1540 m/s) to cover £45°
steering angles. The transmission beam is focused at 70 mm
and the imaging depth is 120 mm.

In the experiments, a commercial Acuson 128XP/10 is
used for real-time feedback for operators. Once the structure
of interest is found, the transducer position is fixed by a
fastener and the transducer is unplugged from the Acuson
machine and then plugged into the HFR imaging system for
data acquisition. Data are acquired at the highest frame rate
that the FOR imaging system is allowed for the depth (187 s
between transmissions or 5348 frames/s). Because of motion
of'the organs, to obtain images at approximately the same vie
for comparison, different transmission methods are pro-
grammed to follow, immediately one after another. For kid-
ney (FIG. 13), 91 steered plane wave transmissions start as
soon as 88 D&S transmissions are completed. For heart (FIG.
14), the imaging sequence is that the 88 (61 frames/s, see
Panel (d)) D&S transmissions are finished first, followed by
11 (486 frames/s, see Panel (a)), 19 (281 frames/s, see Panel
(b)), and 91 (59 frames/s, see Panel (c)) transmissions of the
steered plane wave method. The data acquisition of the heart
is triggered and synchronized by an electrocardiograph
(ECG) signal to get images at the desired heart cycle moments
(see the ECG display on the right hand side of FIG. 14).

From both FIGS. 13 and 14, it is seen that the steered plane
wave with 91 transmissions produces images that are better in
both resolution and contrast than the conventional D&S
method of similar number of transmissions. For the heart
imaging, it is seen that the image quality can be traded off
with frame rate. Motion artifacts were a concern for the
extended high frame rate imaging theory when more than one
transmission is used, however, from the in vivo heart images,
it seems that the extended theorem is not very sensitive to the
motion. This is because the high frame rate imaging theory
allows one transmission to reconstruct a complete image, i.e.,
the quality of each sub-image is not affected by the motion,
and the heart does not move that fast to distort the image when
sub-images obtained from different transmissions are super-
posed. In our experiment, only 91 transmissions are used.
This translates into a time span of 91x187 us=17.017 ms.
Assuming the highest speed of the heart motion is about 0.2
m/s, the maximum registration error of sub-images would be
about 3.4 mm. Furthermore, at a larger distance, the image
resolution is generally poor and the sub-images will not over-
lap after a fraction of the total number of transmissions. This
makes motion artifacts less noticeable. In addition, most part
of heart tissues moves at a much lower speed than the peak
velocity assumed above.

Example D

Fourier Based Imaging Method with Steered Plane
Waves and Limited-Diffraction Arrant Beams

The imaging system also overcomes the shortcomings of
synthetic aperture focusing, which suffers from low transmis-
sion power, shallow penetration, and loss signal to noise ratio.
In some configurations, a mechanical scanning system is
required, which limits the achievable frame rate. In an attempt
to overcome drawbacks of synthetic aperture imaging and
take advantage of the computation efficiency of the Fast Fou-
rier Transform, a high frame rate imaging method based on
limited diffraction beams was proposed where a single plane
wave was used in transmission and limited diffraction
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weightings were used inreception to achieve dynamic receive
focusing. Although a high imaging frame rate can be achieved
with this method, sidelobe is higher due to the lack of trans-
mission focusing.

With the present imaging system, a Fourier-based imaging
method is used to achieve a variable imaging frame rate.
Multiple steered plane waves or limited diffraction array
beams are used in transmission and Fast Fourier Transform is
applied to received echo signals to construct images of an
increased resolution and a lower sidelobe. When one trans-
mission is used, the results produced are similar to those
produced by the previous high frame rate method. However,
at slightly lower frame rates, image quality improves signifi-
cantly. At a lower frame rate, such as about 60 frames/s for a
depth of 120 mm, images are constructed with a higher qual-
ity than the conventional delay-and-sum method where only
one transmission focal distance is allowed to achieve a com-
parable frame rate. Both computer simulations and experi-
ments were performed. In the experiments, a high frame rate
imaging system was used to collect radio-frequency (RF)
echo data from an ATS539 tissue-mimicking phantom and
from the heart of a healthy volunteer. Images were con-
structed at different frame rates. The experiment results agree
with both the theory and computer simulations.

Example E

Contrast and Resolution Study of Fourier-Based
Method

A variable frame rate imaging method based on Fourier
transformation thus increases the resolution and reduces side-
lobe formation. In this example, multiple transmissions are
used to construct a single frame of image.

The Fourier-based method was compared to the conven-
tional delay-and-sum method. A point object was placed in a
water tank and a 2.5 MHz, 19.2 mm aperture, and 128-ele-
ment array transducer was used. Radio frequency (RF) ech-
oes were obtained with a high frame rate imaging system
designed and constructed by us. Data were used to construct
images with both the Fourier-based method of various num-
bers of transmissions (1, 11,19, and 91 transmissions) and the
conventional delay-and-sum dynamic focusing method (dy-
namically focused in reception while the transmission focal
distance changes with the depths studied) of 91 transmissions
(93 transmissions for the contrast study, below). Image reso-
Iution and sidelobe were studied at two depths, 38 and 70 mm,
respectively from the surface of the transducer.

In addition, a custom built, modified ATS512 contrast-
detail tissue-mimicking phantom was used to study the con-
trasts of the image construction methods. The phantom con-
tains eight cones with a varying diameter from 15 mm to 2
mm over a distance of 100 mm. The contrasts of the 8 cones
relative to their background are -15,-10,-5,-2,2,4,7.5, and
12 dB, respectively. Images were constructed for each cone at
four different diameters, 15, 10.45, 5.9, and 2 mm, respec-
tively, and the centers of the cones were at about 38 mm from
the surface of the transducer.

Results show that side lobe of constructed images of the
point object decreases as the number of transmissions
increase for the Fourier-based method (from -36 to -65 dB
versus —61 dB of the delay-and-sum method focused at 38
mm). At 70 mm, the sidelobe changes from -30to -55 dB for
the Fourier-based method and -49 dB for the delay-and-sum
method focused at 70 mm. -6 dB. Image resolution increases
(from 0.75 mm to 0.56 mm versus 0.64 mm of the delay-and-
sum method) as the number of transmissions increases, but
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decreases as the depth increases. The contrast study shows a
correlation between the variations of contrasts and the side-
lobes of the images. Higher sidelobes lead to a decreased
contrast for various object sizes.

The Fourier-based method of the present invention pro-
vides a continuous compromise between image frame rate
and image quality. At a similar frame rate, such as 91 trans-
missions, the Fourier-based method has a higher resolution,
and lower sidelobe than the conventional delay-and-sum
method around its transmission focal distance where the
image quality is the highest.

Example F

Motion Artifacts of Fourier-Based Image
Construction

Only one plane wave transmission is needed to construct a
frame of two-dimensional (2D) or three-dimensional (3D)
ultrasound image at a frame rate up to 3750 frames/s for
biological soft tissues at a depth of 200 mm. The ultrahigh
frame rate is useful for imaging fast moving objects such as
mitral valve of the heart and getting blood flow vector images.
In addition, because fast Fourier transform (FFT) and inverse
fast Fourier transform (IFFT) are used in image reconstruc-
tion, hardware can be greatly simplified due to reduced com-
putations, especially, in 3D imaging.

Although the HFR imaging method has some advantages,
its sidelobe is relatively high due to a lack of transmission
focusing. In addition, image field of view is relatively small
(same as the transducer aperture). To reduce sidelobe and
increase field of view and image resolution, the HFR imaging
theory was extended recently to include multiple steered
plane waves or limited diffraction beams in transmission. In
addition, it was proved that limited diffraction beam weight-
ing on a receive aperture is exactly the same as the Fourier
transform over the same aperture. The extended ER method
allows a continuous compromise between image quality and
frame rate. This is desirable in applications where high frame
rate imaging is not crucial, such as imaging of livers or kid-
neys, high quality images can be reconstructed at the expense
of image frame rate.

Because the extended HFR imaging method may use mul-
tiple transmissions to obtain a frame of image, it is important
to study the motion artifact of the method. In vitro experi-
ments were performed with the extended HFR imaging
method at various frame rates. Results are compared with
those obtained with the conventional delay-and-sum (D&S)
method with a fixed transmission focus and dynamic recep-
tion focusing, as well as with the D&S method with dynamic
focusing in both transmission and reception (dynamic trans-
mission focusing is achieved using montage process that may
reduce image frame rate dramatically).

Formulae For image Reconstruction—From X waves, one
obtains limited diffraction array beams for both transmission
and reception. Following the derivations of HFR imaging,
one obtains a relationship between the Fourier transform
(sz+er,ky+k ity () of received echo signals in terms of
both time (t) and transducer aperture (or limited diffraction
reception aperture weighting) and a 3D spatial Fourier trans-

form of the object function:
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where A(k) and T(k) are transmission and reception trans-
fer functions., respectively, H(k) is the Heaviside step func-
tion, K*=(k, .k, k, ) and K*~(kk .k ) are transmission and
reception wave vectors, respectively, F(*) is the Fourier trans-
form of the object function, f(?o), where ?OZ(XO, Yo Zp) 18 @
point in space, Fz; (¢)=AK)T(k)F(*) is a band-limited version
of F(*) (H(k) is moved to the side of R(*) for convenience),
k=w/c is the wave number, where o is the angular frequency
and c is the speed of sound, and where

K=k +hop

K, =ky +kyp

an

K=k ke = \[I2 =1k + =2 -2 =0

If K= =k, k,, k. ) is fixed for a sideband signal in each
transmission, a limited diffraction array beam is transmitted.

K7 can also be expressed in spherical coordinates:

kXT =k sin {7 cos 07 = le cos Or (23)

kyT =k sin {7 sin Oy = le sin Or ,

ko =k cos §T:1lk2—k,27_ =0

where T is an Axicon (or steering) angle of X wave, 0is
a rotation angle of a transmission beam around the axial axis
of the transducer, and k, =k sin CT:\/kxT2+kyT2. If the pair,
(€107, is fixed, it means a plane wave is transmitted.

From (1), 3D images can be reconstructed with an inverse
Fourier transform:

F(Fo) = for(Fo) = faf™ (7o) 48)

. -
= | ar | ag f ak,x
@y ) . iz K2 443 and ke [kF 3

Fpu (K, K, ke om0t

where the first approximation is due to the finite bandwidth
of received signals and the second is due to the requirements
that both k=vk, +k, * and k=Vk *+k, *must be satisfied. To
use FFT and IFFT for image reconstructions, mapping
between the Fourier transform of received signals and the
rectangular grid of the Fourier transform of the object func-
tion is required. The mapping can be accomplished with a
conventional interpolation method.

Equation (47) is also suitable for 2D imaging wherek, and
k, are set to zero. In the following experiments, 1D array
transducer is used for 2D image reconstructions. Further-
more, steered plane waves are assumed in transmissions.

To study the effects of motion on the extended high frame
rate imaging method, in vitro experiments are performed
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using the high frame rate imaging system that we developed
in house. Radio frequency (RF) data obtained are used to
reconstruct images with the Fourier method (see (47) above)
and conventional D&S method.

Experiment with A Point Scatterer—In the experiment, a
point scatterer is placed in the imaging pane, moving perpen-
dicularly to the axis ofa 2.5 MHz, 19.2 mm aperture, and 128
element broadband phased array transducer at a velocity of
214 ml/s that is higher than the peak velocity of the mitral
valve of a normal human heart. Experiments are repeated with
the point scatterer placed on the transducer axis at different
depths (30, 46, 50, 70 and 90 mm) from the transducer sur-
face. At each depth, data from different numbers of transmis-
sions (1, 11, 19, and 91) are used to reconstruct images with
the Fourier method (at frame rates of 5346, 486, 281, and 59
frames/s, respectively).

As a comparison, images are also reconstructed with con-
ventional delay-and-sum D&S) method with and without
dynamic focusing in transmission. (For D&S method without
dynamic transmission focusing, the frame rate is about 59
frames/s. For D&S method with dynamic transmission focus-
ing, the frame rate may be low although image quality may be
high.)

Experiment with Tissue mimicking Phantom—To study
the change of image contrast due to motion, an ATS539 tissue
mimicking phantom is in place of the point scatterer with the
center of'its six 15 mm diameter cylinders (-15dB, -6 dB, -3
dB, +3 dB: +6 dB, and +15 dB relative to the background)
located at a depth of 46 mm. The moving velocity the phan-
tom is the same as that of the point scatterer.

Line plots of point spread functions (PSFs) representing
maximum sidelobe (along axial direction) at each transverse
position for a stationary point scatterer are shown in FIG. 15.
-6 dB resolution and the average sidelobe of each plot are
listed in FIG. 16. It is seen from these results that the Fourier
method with 91 transmissions has lower sidelobe and higher
image resolution than the D&S method with either fixed or
dynamic transmission focusing.

The percent changes of image resolution (R,) and sidelobe
(S,) of a point scatterer due to motion are shown in FIG. 17.
The definitions of the percent changes of resolution and side-
lobe are given by

R, = Runoving = Rsuationary < 100% 49)
RSrarionary

and

5, = Smoving — SStationary x 100%. (50)

S Stationary

respectively, where the subscripts “moving” and “station-
ary” represent the parameters obtained with and without
motion, respectively.

FIG. 18 shows regions that are used for the calculation of
contrasts of images with the following formula:

7 51
€ =20 log2X, 6D
m

where m, and m, are mean values inside the envelope
detected cylindrical object and the background, respectively.
Contrasts of cylindrical objects of a stationary ATS539
phantom are given in FIG. 19. The), are correlated to the
manufacturer-provided nominal contrasts of the phantom.
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The percent change of contrast due to motion of the ATS539
phantom is shown in FIG. 20. It is seen that the Fourier
method with 91 TXs has the highest percent change. The
definition of the percent change of contrast (C,) is similar to
those of image resolution and sidelobe:

Conoving = Csationa 52

C, = Jmoving T Siationany 100, ©2
CSrarionary

where C and C are contrast with and without

moving Stationary
motion of the phantom.

The Fourier method developed based on the extended high
frame rate imaging theory is not very sensitive to the motion
of object except when the number of transmissions is large
(lower frame rate) and the depth is small.

Example G
Fourier-Domain Coverage

As mentioned before, changing k. and k,in limited-dif-
fraction array beam, or changing T, in steered plane wave
transmissions, one obtains partially overlapped coverage of
the spatial Fourier domain because k,_ and k, are free to
change (see (11)). Superposing the partially constructed
images in spatial domain or its spectrum in spatial Fourier
domain obtained from different transmissions, one obtains
the final image. The superposition in spatial domain can be
done either coherently, (increase image resolution and con-
trast) or incoherently (reduce speckles). However in fre-
quency domain, the superposition can only be done coher-
ently, which in theory, is equal to the superposition in the
space domain. The superposition will also increase the field
of view of the final image.

Example H
Sampling Constraints

The basic sampling constraint to implement (10) and (11)
is to meet the Nyquist sampling rule in both time and spatial
domains so that signals can be recovered. In the echo Fourier
domain, the sampling intervals in bothx, andy, directions are
determined by the transducer and must be smaller than a half
of the minimum wavelength of the transducer to avoid alias-
ing or grating lobes. The sampling interval in time should be
smaller than the half of the smallest period of the signal
frequency component. For limited-diffraction array beam
transmissions, if the sampling interval (pitch) of the trans-
duceris bigger than a half of minimum wavelength, the image
resolution will be lower and the field of viewer may be limited
because the maximum weighting wave number in transmis-
sion is limited. Another sampling interval to consider is in the
spatial Fourier domain, (k' k',, k'), of the object function.
For a big object, the sampling interval must be small to get a
large field of view and to avoid aliasing.

Example |
Under Sampled Aperture
To reduce effects of under-sampled aperture, which is the
case for our 3.5 MHz transducer, one can apply a phase shift

to compensate for the steered plane wave after echo signals
are received. After the compensation, echoes would be effec-
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tively the same as if the array transducer were physically
rotated in the transmission directions. This reduces aliasing
caused by under sampled aperture.

Example J
Windowing

Various windows could be applied to increase image recon-
struction quality. For example, transducer aperture could be
apodized to reduce sidelobes while sacrificing some image
resolution and energy efficiency. Windows could also be
added to the Fourier domain of the object function to reduce
sidelobes, to the temporal frequency domain to remove
unwanted frequency components, as well as to the spatial
Fourier domain of echoes.

Example K
Finite Aperture and Image Resolution

The theory of the high frame rate imaging method was
developed with the assumption that the transducer aperture is
infinitely large. However, the aperture of a practical trans-
ducer is always finite. As is well known from Goodman’s
book, a finite aperture will decrease image resolution. This is
also clear from (16) where any reduction in the size of the
transducer aperture, Z,, will result in a convolution of the
aperture function with the kernel (Green’s function) in space
in the Rayleigh-Sommerfeld diffraction formula, reducing
image resolution.

Example L.
Lotion Artifacts

Because multiple frames of images may be used to form an
image of a larger field of view with the extended HFR imag-
ing theory, motion artifacts may be a concern as more and
more frames of images are used. However, from the in vivo
experiment of both kidney and heart with 91 transmissions,
the artifacts are not noticeable (FIG. 14 shows the moment of
the heart at the beginning of systole). This is because each
sub-image reconstructed with the high frame rate imaging
method does not have motion artifacts and the number of
transmissions is relatively small. In addition, because the
transducer aperture is only 19.2 mm, at a larger distance, the
number of sub-images superposed at any given point is much
smaller than 91. Motion artifacts of the extended HFR imag-
ing method have been studied preliminarily. Results show
that this method is not sensitive to the motion except when the
number of transmissions is large (lower frame rate) and the
depth is small.

L-1. Example
Mathematical

Computer simulations were carried out to study the effects
of' motions on the extended HFR imaging method under ideal
conditions where there are no noises and other influences of a
practical imaging system. In the computer simulations, a 1D
linear array transducer with 128 elements, 0.15 mm pitch
(about ¥4 of the center wavelength of the transducer), 14 mm
elevation width (without elevation focus), 2.5 MHz center
frequency, and 58% -6 dB pulse-echo fractional bandwidth
defined by the square of the Blackman window function was
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assumed. A one-cycle sine wave pulse at the center frequency
was used to excite the transducer and the time between adja-
cent transmission pulses was 187 us. Simulations were per-
formed with both limited-diffraction array beam and steered
plane wave transmissions. For limited-diffraction array beam
transmissions, the maximum value of k_,was calculated with
K 7 e K. sin(m/4), where k_ is the center frequency of the
transducer and /4 is a specified maximum equivalent steer-
ing angle off the axis of the transducer at the center frequency.
Because for each k., both sine and cosine aperture weight-
ings are needed, 6 and 46 different k_,equally spaced from O
0 K,z 0 Were used to produce 11 and 91 transmissions,
respectively. (Because sin(0)=0, only one-transmission was
needed for k _,=0). For steered plane wave transmissions: the
steering angles were evenly spaced from —n/4 to /4. For the
conventional D&S method with 91 transmissions, the trans-
mission focal depth was set to 70 mm along each transmit
direction and the steering angle, T, was ranged from —mt/4 to
7t/4 with an evenly spaced sin C,which means that there were
more transmissions at smaller steering angles than at larger
ones for the D&S method.

The simulations were done first for a stationary (no
motion) point scatterer placed on the axial axis (perpendicu-
lar to transducer surface) at 30, 50, 70 and 90 nm n depths,
respectively. 2D envelope-detected images (point spread
functions or PSFs) were obtained with both the limited dif-
fraction array beam and steered plane wave transmissions and
the maximum value of each vertical line (in parallel Edith the
axial axis) of the images was plotted versus the lateral axis
that is in parallel with the transducer surface, see FIG. 21.

From FIG. 21, it is clear that for all depths, both limited-
diffraction array beam and steered plane wave imaging meth-
ods with 91 transmissions have better resolution and lower
sidelobes than the conventional D&S method of 70 nm trans-
mission focal distance and a dynamically focused reception
with the same number of transmissions. At the 30 mm depth,
which is far from the focal distance of the D&S imaging, the
extended HFR imaging method has much lower sidelobes,
evenwith only 11 transmissions. For the extended HFR imag-
ing method with 91 transmissions, sidelobes increase and
image resolution decreases as the depth increases. However,
the results are still better than those of the D&S method. It is
also noticed that as the number of transmissions is reduced
from 91 to 11, sidelobes are increased and resolution is
reduced for the extended HFR imaging method.

To study the effects of motion on the extended HFR imag-
ing methods, the point scatterer in FIG. 21 was allowed to
move in either lateral (in parallel with the transducer) or axial
(perpendicular to the transducer surface) direction during the
data acquisition. This produces PSFs of moving objects.
Results at two depths (30 and 90 mm) are shown in FIGS. 22
and 23 with 11 and 91 transmissions, and are compared to
those with a stationary point scatterer. The velocity of the
point scatterer is defined as V=VV_*+V_>where V_and V_are
lateral and axial velocity components, respectively.

In Panels (1) and (2) of FIGS. 22 and 23, at the lateral or
axial velocity of up to 214 mmn/s, the effects of motions on
both limited-diffraction array beam and steered plane wave
imaging with 11 transmissions are negligible, especially, in a
farther distance such as 90 mm. However, as the number of
transmissions is increased to 91 (see Panels (3) and (4) in
FIGS. 22 and 23), both the limited-diffraction array beam and
steered plane wave imaging methods are more sensitive to the
motions, especially, at a distance that is closer to the trans-
ducer. As the velocity increases, the effects of motion are
more noticeable. In addition, an axial motion has stronger
effects than a lateral one. The motions may significantly
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reduce the peak value of reconstructed images with elevated
sidelobes, especially at a higher velocity.

L-2. In Vitro and In Vivo Examples

To study motion effects on the extended HFR imaging
method in real conditions, in vitro and in vivo experiments
were performed using a homemade general-purpose HFR
imaging system.

A. Experiment System and Conditions

The imaging system has 128 independent, broadband
(0.05-10 MHz), and arbitrary waveform generators (linear
power amplifiers), capable of producing up to £144 V peak
voltage at a 75-ohm resistive load. The accuracy oftime delay
is 6.25 ns and the waveforms are produced with a40 MHz and
12-bit digital-to-analog (D/A) converter in each channel. The
system also has 128 independent, broadband (0.25-10 MHz),
low-noise, and time-gain-control (TGC) amplifiers of up to
108 dB gain. Echo signals in each channel are digitized with
a 12-bit analog-to-digital (A/D) converter at 40 MHz sam-
pling rate and then stored in a synchronous dynamic random
access memory (SDRAM) of up to 512 MB. The system is
controlled with a personal computer (PC) via a USB 2.0 port
and data are transferred to the PC with the same port forimage
reconstruction.

An Acuson V2 phased array transducer was used for both in
vitro and in vivo experiments. The transducer has the same
parameters as those assumed in the simulations, except that it
is focused at 68 mm depth in the elevation direction and its -6
dB pulse-echo bandwidth may be smaller.

In the experiments, the same transmission schemes for
limited-diftraction array beam, steered plane wave, and D&S
imaging methods as those in the simulations were used,
except for limited-diffraction array beam transmissions
where cosine and sine functions were replaced with square-
wave functions to weight the amplitude of transmitted pulses
for different values of k ;- to increase the SNR. The received
radio frequency (RF) echo signals were digitized at 40 MHz
sampling rate and then down sampled to 10 MHz to reduce
computations during image reconstructions for the extended
HFR imaging method (for D&S, there was no downsampling
because the method is sensitive to the phase accuracy of echo
signals).

B. In Vitro Experiments

In the in vitro experiments, an ATS539 multifunction tis-
sue-mimicking phantom (ATS Laboratories, Inc.) was placed
on the bottom of a water tank and immersed in water. The
phantom was kept stationary during the experiments. The
transducer was clamped to a three-axis scanning system that
was driven by step motors and synchronized with the HFR
imaging system. The surface of the transducer was also
immersed in water and the gap between the transducer and the
phantom was about 12 mm. The structure and imaging area of
the ATS539 multipurpose tissue-mimicking phantom are
shown in FIG. 24.

The phantom has an attenuation of about 0.5 dB/cm/MHz
and a speed of sound of about 1450 m/s. The imaging area
contains both line and cystic targets. The monofilament nylon
line targets have about 0.12 mm diameter each and the
anechoic cylindrical cysts have diameters of 8, 6, 4, 3, 2 mm
(from left to right), respectively. Moving directions of the
transducer are indicated in the upper right corner of FIG. 24.
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Results of 11 transmissions of limited-diffraction array
beam and steered plane wave in different motion conditions
are shown in FIG. 25. Transducer scanning speeds were set to
0 and 214 mm/s in the lateral or axial direction. Images of
limited-diftraction array beam and steered plane wave trans-
missions are shown in the top and bottom rows, respectively.
Results show that there are no obvious motion artifacts for
both imaging methods with 11 transmissions except that there
is a slight degradation of image resolution at distances that are
very close to the surface of transducer at V_.=214 mm for
limited-diftraction array beam imaging.

Results for 91 transmissions with limited-diffraction array
beams are shown in FIG. 26. The scanning velocities of the
transducer were set to 0, 107 or 214 mm/s in the lateral
direction, and 53.5, 107 or 214 mm/s in the axial direction,
respectively. The results show that, without motion, image
resolution and contrast are improved significantly as the num-
ber of transmissions increases (compare FIG. 26(a) to FIG.
25(a)).

However, motion artifacts are produced if the object is
moving during data acquisitions. At a lateral velocity of 107
mm/s (FIG. 25()) or axial velocity of 53.5 mm/s (FIG.
25(d)), motion artifacts occur only very near the surface of the
transducer. As the lateral velocity is increased to 214 mm/s
(FIG. 25(c)) or the axial velocity is increased to 107 mm/s
(FIG. 25(e)), motion artifacts appear in the entire imaging
field: sidelobes of line targets are increased and the contrast of
the cystic targets is reduced. At an axial velocity of 214 mm/s,
severe motion artifacts are observed. Sidelobes for line tar-
gets become very large and the cystic targets are almost
buried in the background with nearly zero contrast.

For steered plane wave with 91 transmissions, situations
are a little better (FIG. 27). Similar to limited-diffraction
array beam imaging, steered plane wave imaging with 91
transmissions produce a higher image quality than 11 trans-
missions if there is no motion (compare FIG. 27(a) to FIG.
25(d)). At a lateral velocity of 214 mm/s, only small contrast
and sidelobes changes are observed, except for those objects
that are very close to the surface of the transducer. For an axial
velocity of 53.5 mm/s, no apparent artifacts are observed. As
the axial velocity is increased to 214 mny/s, obvious motion
artifacts appear. However, the motion artifacts are less as
compared to those of the limited-diffraction arrays beam
imaging under the same conditions.

C. In Vivo Examples

In vivo experiment was performed on the heart of a healthy
volunteer. As a comparison, D&S method was also used to
reconstruct images. A transmission pulse sequence was
designed to have 7 transmission schemes firing one after
another. The transmission sequence is as follows (from the
firstto the last): steered plane wave with (i) 11, (i1) 19, and (iii)
91 transmissions, D&S method with (iv) 91 transmissions,
and limited-diffraction array beam with (v) 91, (vi) 19, and
(vii) 11 transmissions (a total 333 transmissions/group). The
HFR imaging system was set to have the highest frame rate
for the depth of 120 mm (5348 frames/s or 187 us between
adjacent transmissions). The transmission sequence was
repeated 18 times to cover about a heart cycle (18*333=5994
transmissions, lasting about 1.12 seconds) for a heart rate of
53 beats/min. An illustration of the transmission sequence is
shown in FIG. 28.

In the experiment, a commercial Acuson 128XP/10 ultra-
sound system was used to find a desired cross-section of the
heart. Once the cross-section was found, the transducer con-
nector was disconnected from the Acuson machine and con-
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nected to the HFR imaging system for data acquisition. The
data acquisition was triggered by an electrocardiograph
(ECG) signal of the volunteer and 126 images (18%7) were
reconstructed. The mitral valve of the heart has the highest
peak velocity that was visually measured by tracking the
speckles of 18 images of the D&S method. The maximum
change of the position of the mitral valve between the neigh-
boring images was found and the maximum mean velocity

was calculated with the following equation:
Voean_maxDmar! Lg Where V... .. is the maximum mean
velocity, D,,,. is maximum position change of speckles

between neighboring images, and T, is the time duration for
one group of 333 transmissions (T,=333x187 us=62.271 ms).
A maximum mean velocity of about 166 nm/s (8.4° relative to
the axial axis toward the transducer) was found on the anterior
leaflet of the mitral valve during the rapid ventricular dilata-
tion that pushed the mitral valve open quickly. The vertical
bar in the ECG graph of both FIGS. 29 and 30 indicates this
moment.

Images reconstructed with limited-diffraction array beam
and steered plane wave methods near the moment of the peak
velocity of the mitral valve are shown in FIGS. 29 and 30,
respectively. Images obtained with 11, 19, and 91 transmis-
sions have frame rates of about 486, 281, and 59 frames/s,
respectively, and are compared well with those of D&S
method with 91 transmissions focused at 70 mm distance
with a dynamically focused reception.

Compared with the in vitro experiments and simulations,
no obvious motion artifacts are observed, which may be due
to the following reasons: Firstly, most places in the imaging
field, if they moved, moved at a much lower speed than the
peak velocity of the mitral valve. Secondly, most moving
parts in the images (valves, ventricles, and walls) of the heart
were near the middle or at farther distances from the trans-
ducer where transmitted beams have fewer overlaps. Thirdly,
brighter speckle spots (higher grayscale levels) appear in
relative slow moving parts (such as the heart walls) at farther
distances and thus the motion of the mitral valve does not
significantly rescale the entire image. Finally, although the
instantaneous velocity might be high in some places (such as
atthe leaflets of the mitral valve), the duration of such velocity
may be relatively short and thus it may only affect a small part
of transmissions during the data acquisition. No apparent
motion artifacts were observed by examining all of the 18
images of each transmission scheme. This is different from
the simulations or in vitro experiments where an entire object
moves at a uniformly high velocity (too extreme from the
realistic situations) during the data acquisition leading to
severe motion artifacts.

L.3 Examples of Factors Relating to Motion
Artifacts

The extended high frame rate imaging method with mul-
tiple limited-diffraction array beam or steered plane wave
transmissions require a phase-coherent summation in either
spatial or spatial Fourier domain. Phase misalignment due to
motions during data acquisitions shill produce motion arti-
facts. From the simulations and experiments, we have found
that motion artifacts are related to the following factors.

1. Number of Transmissions

At any given point in an imaging field, the number of
coherent superposition is proportion to the number of over-
lapping transmissions. As the number of transmissions
increases, motion artifacts increase. With 11 transmissions,
overlapping regions are close to the transducer surface. For 91
transmissions, overlapping transmissions appear in the entire
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imaging area and thus the superposed image is more sensitive
to the motion. In addition, in general, areas that are nearer to
the surface of the transducer are more sensitive to motions
than those farther away from the transducer are.

2. Motion Velocity

When velocity of objects increases, phase misalignment
between transmissions increases and thus more artifacts are
produced. Fortunately, most organs of the human body do not
move very fast and fast moving objects such as the leaflets of
the heart are confined to a small region. Thus, no severe
motion artifacts would appear in these cases (see the in vivo
experiments of the heart in FIGS. 29 and 30).

3. Direction of Motion

Both the simulation and experiment results show that an
axial motion produces more artifacts than a lateral one. This
is because, for each transmission, spatial frequency in the
axial direction is much higher than that in the lateral. There-
fore, higher phase coherence is required to avoid motion
artifacts in the axial direction. At axial velocities of 53.5, 107
and 214 mm/s, the maximum phase error for 91 transmissions
of'a limited-diffraction array beam or steered plane wave can
be as much as 1.5A, 3A, and 6), where A is the wavelength,
near the surface of the transducer, respectively, fora 2.5 MHz
transducer and a speed of sound of 1540 mm/s. However, the
same lateral velocities will produce much less phase error. As
a result, an axial motion will degrade image quality more
quickly than a lateral one.

4. Partial or Entire Imaging Field Motion

Simulation results show that motion may cause peak inten-
sity of a PSF to drop along with sidelobes increase. If only a
small part of an imaging field is moved and the mapping of the
grayscale of the entire imaging field remains more or less
unchanged, motion artifacts may be localized, or a degrada-
tion of image quality may appear only in a small region.
However, if objects in the entire imaging field are moving, the
dynamic range of image may be reduced, resulting in more
severe motion artifacts that reduce image contrast and reso-
lution.

5. Imaging Method

Results also show that limited-diffraction array beam
imaging is more sensitive to motion than steered plane wave
imaging when the number of transmissions is large (such as
91 transmissions). Further examining the partially recon-
structed images from each transmission (in simulations and
under the stationary condition), one can see that the two
methods form the final PSF differently. For limited-diffrac-
tion array beam imaging, sidelobes of the PSF in each par-
tially reconstructed image have different oscillation patterns
and the PSF will not rotate between transmissions. During a
coherent superposition, mainlobe of each PSF is added
together while sidelobes cancel each other, resulting in a final
PSF with a much lower sidelobe. For steered plane wave
imaging, the PSF rotates when plane waves are steered in
different directions. During the superposition, sidelobes do
not increase while the mainlobe is enhanced coherently,
resulting in a similar final PSF as that of limited-diffraction
array beam imaging. If objects move between transmissions,
sidelobes of the partial PSFs of different limited-diffraction
array beam transmissions cannot be suppressed effectively
anymore, producing more motion artifacts than the steered
plane wave imaging. However, if the number of transmissions
is small, motion effects on both limited-diffraction array
beam and steered plane wave imaging are similar.

L-4. Examples of Methods for Reducing and/or
Compensating for Motion Artifacts

Several methods are useful to reduce or compensate for
motion artifacts. When imaging fast moving objects, small
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number of transmissions can be used for both limited-diffrac-
tion array beam and steered plane wave imaging. If fast mov-
ing objects are located farther away from the transducer sur-
face, more transmissions can be used to increase image
contrast and resolution without significantly increase the
motion artifacts.

Both limited-diffraction array beam and steered plane
wave imaging, motion artifacts will increase when the num-
ber of transmissions or moving velocity increase. Areas near
the surface of transducer are more sensitive to motions than
those in farther distances do. Lateral motions produce fewer
artifacts than axial motions, and motions in a partial imaging
field may be less noticeable than those of a whole imaging
field may. In addition, when a large number of transmissions
are used, limited-diffraction array beam imaging is more
sensitive to motion than steered plane wave imaging.

It is noted that, in most medical imaging applications,
organs, structures and tissues keep stationary or move at low
speeds during imaging and therefore, both methods are gen-
erally useful for these applications.

In certain embodiments, because the extended HFR meth-
ods with multiple limited-diffraction array beam or steered
plane wave transmissions can provide a continuous trade-off
between image quality and frame rate, the imaging methods
can be optimized according to different clinical applications.
When stationary or slowly moving objects are imaged, a
lower frame rate (or a larger number of transmissions) can be
used to increase image quality. If objects move fast, such as
the heart, a higher frame rate (or a smaller number of trans-
missions) can be used to reduce motion artifacts. This is more
useful than the conventional Delay-and-sum (D&S) method
where the frame rate is less flexible to change given a desired
imaging depth and field of view.

Example M

Blood Flow Velocity Vector Imaging with High
Frame Rate Imaging

High frame rate (HFR) imaging was used to obtain blood
flow velocity vector images where an image, instead of a line,
is reconstructed from each transmission in the HFR imaging.

An in vivo experiment was performed on the heart of a
human volunteer with a homemade HFR imaging system. In
the experiment, a broadband phased array transducer of 128
elements, 2.5 MHz center frequency 19.2 mm aperture., 14
mm elevation width, and 68 mm elevation focal distance was
used to produce a plane wave repeatedly firing in the same
direction. A 2.5 MHz one-cycle sine wave pulse was used in
the transmissions with a pulse repetition period of 187 micro-
seconds. Echo signals were digitized at 12 bit/40 MHz and
then down sampled to 10 MHz in image reconstruction. A
two-dimensional (in other embodiments, the system is also
applicable to three-dimensional) radio frequency image (be-
fore the envelope detection) was reconstructed from each
transmission.

Blood flow velocity component images along the axial
(perpendicular to the transducer surface) and an angle (45
degrees were used) off the axial directions, respectively, were
reconstructed simultancously with the conventional color
flow processing techniques. From the two sets of velocity
component images, each of which was obtained with 16
transmissions to reduce noise, velocity vector images for
about one heart cycle at 5348 frames/s were obtained. To
measure the accuracy of the method, a group of speckles of
about 3 mm by 2 mm in size was tracked visually. The result
shows that the visually measured velocity magnitude of the
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group of speckles was about 63 mm/s while the velocity
calculated with the method developed was about 66 mm/s (an
error of about 5%).

Example N
Phase Aberration and Noise Effects Examples

To study the effects of the phase aberration and noise on the
extended high frame rate (HFR) imaging method with the
limited-diftraction array beam and steered plane wave trans-
missions, in vitro experiments were performed with a home-
made general-purpose HFR imaging system. The system has
128 independent channels, each has a broadband (about 0.05-
10 MHz) linear power amplifiers in transmission and is
capable of producing £144V arbitrary waveforms (with a 40
MHz/12-bit digital-to-analog (D/A) converter) on a 75
resistive load with a 6.25 ns time delay accuracy between
channels. The system also has 128 independent high gain (up
to 108 dB), low-noise, and wideband (about 0.25-10 MHz)
time-gain-control (TGC) amplifiers. Echo signals from each
receive channel are digitized with a 40 MHz/12-bit analog-
to-digital (A/D) converter and stored in an SDRAM of up to
512 MB. Data are transferred to a personal computer (PC) via
a USB 2.0 port for image reconstructions and the system is
controlled with the same PC via the same USB links.

In the experiments, an Acuson V2 phased array transducer
(128-elements, 2.5 MHz, and 0.15 mm pitch) was used. A
one-cycle sine wave pulse at center frequency was used to
excite the transducer and the time between adjacent transmis-
sions was 187 s, which gave a maximum image frame rate of
486 and 59 frames/s for 11 and 91 transmissions, respectively.
The radio frequency (RF) echo signals were received with the
same transducer and the signals were digitized at 40 MHz
sampling rate and then down sampled to 10 MHz for the
extended HFR imaging method to reduce computations in
image reconstructions. For the D&S method, the sampling
rate remained at 40 MHz because the method is sensitive to
phase errors caused by down sampling.

To produce the limited-diffraction array beam transmis-
sions, the maximum value of k , was first calculated with
K 7 e K. sin(m/4), where k_ was the center frequency of the
transducer and m/4 was a specified maximum equivalent
steering angle off the axis of the transducer at the center
frequency. Then, 6 and 46 different k, ,, equally spaced from
0to k.7 . Were obtained to produce 11 and 91 transmis-
sions, respectively (foreachk, ., both sine and cosine aperture
weightings are needed, except that when k ,=0 only one
transmission is needed since sin(0)=0). In addition, square-
wave, instead of the exact sine and cosine, aperture weight-
ings were used in transmissions to simplify the experiments
and to increase image quality. To produce the steered plane
wave transmissions, the steering angle, L ;. was evenly spaced
from —m/4 to /4. For the conventional D&S method, 91
transmissions focused at 70 mm were produced with an
evenly spaced sin C,, where C,, was also ranged from —mt/4 to
/4 resulting in more transmissions at smaller steering angles
than at larger ones. To reconstruct images with the D&S
method of 11 transmissions, one out of every nine transmis-
sions was evenly extracted from 91 over an image field of
view of /4, and then a bilinear interpolation was used.

An ATS539 multifunction tissue-mimicking phantom was
used in the experiments. A cross-section structure and an
imaging area of the phantom are shown in FIG. 31. The
phantom has 0.5 dB/cm/MHz attenuation and a speed of
sound of 1450 m/s. The imaging area contains both line and
cylindrical cystic targets. The diameter of the monofilament
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nylon wire targets is 0.12 mm and the diameters of the
anechoic cylindrical cysts are 8, 6, 4, 3, and 2 mm (from left
to right), respectively. To introduce the phase aberration to
transmissions and receptions, the same random phase shifts
orphase screens (FIG. 32) were added to both the transmitters
and receivers.

The ranges of the phase shifts of the phase screens are
£0.25A (£0.57) and £0.375A (£0.75mw), respectively, where
A=0.6 mm is the center wavelength of the transducer. The
random noise was produced first by a pseudo random
sequence generator in a computer and then band-pass filtered
with its pass band equal to the Blackman window (about 81%
-6 dB fractional bandwidth). The band-pass noise was then
added to the RF echo signals with its absolute peak equal to
25% or 50% of that of the received echo signals (the absolute
peak of the echo signals was about the same for all experi-
ments and appeared near the transducer surface). Images
were reconstructed with the noise added echoes.

Images reconstructed with the limited-diffraction array
beam and steered plane wave imaging with 11 and 91 trans-
missions under no phase shift, 0.25A random shifts, and
+0.375A random shifts are shown in FIG. 33 and FIG. 34,
respectively. As a comparison, images reconstructed with the
conventional D&S method with a transmission focal distance
of 70 mm and a dynamically focused reception under the
same conditions are shown in FIG. 35. Results of the effects
of'the noise on the limited-diffraction array beam and steered
plane wave imaging are shown in FIG. 36 and FIG. 37,
respectively. Similar to FIG. 35, images reconstructed with
the D&S method under the same conditions of the noise are
shown in FIG. 38 for comparison. To show the effects of the
phase aberration and noise quantitatively, the contrast of a
cylindrical cyst that was centered at 55.2 mm in depth was
calculated with the formula: Contrast=20 log,,(m,/m,),
where m; and m, were mean values inside and outside of the
envelope detected images of the cyst, respectively. The areas
for the calculations of m, and m , are marked Regions I and I,
respectively, in FIG. 31. Region I has a diameter of 6.3 mm
that is concentric with the cyst and Region 11 is a square with
19 mm on each side but excludes Region 1. The calculated
contrasts for both the extended HFR imaging and the D&S
methods are shown in FIG. 39.

From the experiment results, it is clear that in the absence
of'the phase aberration and noise, the extended HFR imaging
method produces higher quality images than the conventional
D&S method with a fixed transmission focus of 70 r=n and a
dynamically focused reception with the same number of
transmissions (compare Panels (a) and (d) in FIGS. 33-38. In
addition, as the number of transmissions increases, image
quality is improved for all the methods. When the phase
aberration and noise are introduced, image resolution and
contrast are reduced. However, the effects of both the phase
aberration and noise are similar on the extended HFR and the
D&S imaging methods (see FIGS. 33-39).

The phase aberration and noise have similar effects on both
the extended HFR imaging and the D&S methods. This dem-
onstrates that while the extended HFR imaging method
improves image quality, has a potential to simplify imaging
systems, and can flexibly vary the number of transmissions
for various medical applications, it is not more subject to
distortions such as the phase aberration and system noise than
the conventional D&S method.

The above descriptions of the preferred and alternative
embodiments of the present invention are intended to be
illustrative and are not intended to be limiting upon the scope
and content of the following claims.
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All of the compositions and methods disclosed and
claimed herein is made and executed without undue experi-
mentation in light of the present disclosure. While the com-
positions and methods of this invention have been described
in terms of the foregoing illustrative embodiments, it will be
apparent to those skilled in the art that variations, changes,
modifications, and alterations may be applied to the compo-
sitions and/or methods described herein, without departing
from the true concept, spirit, and scope of the invention. More
specifically, it will be apparent that subjects other than human
body can be imaged with the imaging system also. All such
similar substitutes and modifications apparent to those skilled
in the art are deemed to be within the spirit, scope, and
concept of the invention as defined by the appended claims.

In accordance with the provisions of the patent statutes, the
principle and mode of operation of this invention have been
explained and illustrated in its preferred embodiment. How-
ever, it must be understood that this invention may be prac-
ticed otherwise than as specifically explained and illustrated
without departing from its spirit or scope.
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What is claimed is:

1. A method for producing a high frame rate, high resolu-
tion and high contrast image, comprising:

a) transmitting, using at least one transmitter, a group of
signals of energy weighted by single spatial frequency
but may be of different phases or linear time delay
toward an object to be imaged;

b) weighting receive signals from the object with multiple
spatial frequencies, or by performing a spatial Fourier
transform;

¢) reconstructing, using an inverse fast Fourier transform
element, a two- or three-dimensional image data set
from the group of the transmitted signals weighted by
the single spatial frequency or linear time delay, and the
receive signals weighted with the multiple spatial fre-
quencies or processed by the spatial Fourier transform;
and,

d) reconstructing the high frame rate, high resolution and
high contrast image from the image data set of step ¢)
using a processor.

2. A method for producing a high frame rate, high resolu-
tion and high contrast velocity vector image of an object
where at least a part of the object is moving, comprising:

a) transmitting, using at least one transmitter, two or more
groups of signals of energy weighted by single spatial
frequency but may be of different phases or linear time
delay toward the object,

b) weighting receive signals from the object with multiple
spatial frequencies or by performing a spatial Fourier
transform;

¢) reconstructing, using an inverse fast Fourier transform
element, two- or three-dimensional image data sets from
the groups of the transmitted signals weighted by the
single spatial frequency or linear time delay, and the
receive signals weighted with the multiple spatial fre-
quencies or processed by the spatial Fourier transform;

d) using the image data sets to reconstruct:

a first set of flow velocity component images in a first
direction, and

a second set of flow velocity component images in a
second direction that is different from the first direc-
tion; and,

e) reconstructing the velocity vector image from the two
sets of velocity component images using a processor.

3. The method of claim 1, wherein step a) each group may
contain one or more signals, each of which is produced with
one transmission.
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4. The method of claim 1, in which the transmit group
comprises one or more limited diffraction beams.

5. The method of claim 1, in which the received signal for
echoes returned from all random scatterers within the object

f(?o) is a linear superposition of those echo signals from
individual point scatterers as follows:

1 AT H(k) (3)
Ricpthag dythyp hothgy @) = ﬂf — X

[ff(?o)ei(kXJrkXT)x0+i(ky+ky7.)y0+i(kz+kZT)zo drole ™ dk = zi
v T

ky + ke dk.

AT R H(K)
j:fF(kx Fhugo ky +hoyr,

6. The method of claim 5, in which the temporal Fourier
transform (spectrum) of the received signal obtained as fol-
lows:

Ri it by ey gy (@) = (10)

A(k)T(IZC)H(k)Xff(i_o)ei(kXJrkXT)x0+i(ky+ky7.)y0+i(kz+kZT)zo o
v

or

Ryt Joy oy dep by (0) =

AT (K)H (k)
=

X F(ks + ey, ky +kyp s kg +kzp)

yre
or

Fpr(k,, K,

KD = HIORy 4 4 ().

7. The method of claim 6, in which a 2D Fourier transform
of'the echo signals in terms of both x, and y, over a transducer
surface is as follows:

] ] ] ; 13
% f £ )eﬂkxxoﬂxky Yo+ikzzg en’kXT xg-+ikyr yo+ikzp 2o dr, (13)
14

_ A(k)ff(?o)[T(k)H(k)eikxxoﬂkyyoﬂx'kzzo]eikXTxoﬂkyTyoﬂkZTz) 7o
c Jy c

Atk o ; ; .
= )f SOy (o, )] 070207579 i,
¢ Jy

Alk . ] . )
-5 )ff(fo)[jxwl {Exy, yi5 Fos )] o otior0tier 2 g,
¢ Jy

Ak . . .
=T f [f(mQe“erm*"kyrm”“zrzo ]E(xl, Y13 Fos )T .
v c
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8. The method of claim 1, wherein four limited-diffraction
array beams are transmitted (fix both k, and k) in each
group as follows:

®£rray(l)(705 0= 26
1 " .
> [: AWRH(K)cos(key x0)cos(kyy yo)e™ T S d
S 1= ; . 27
V(P 1= 5 f AGH (08 ey ToJsinthyy yoreero en gk, 7
®£rray(3)(705 0= 28)
1 . .
o [: A(H (k)sin(ky Xo)cos(ky, yo)e' T e x gk,
and
S 1 = . . . i 29)
DL (Fos D) = o [ AG)H)sin(k . xo)sin(ky, yo)e™ a0 ex dk,

wherein four coverage areas are obtained in a spatial Fou-

rier space of f(?o) from combinations of the four echo
signals, and wherein denoting the Fourier transform of
the four echo signals as f{k;, oy O(w), f{k,ﬂ L k,z(z)(u)),
f{k;, x, k,z(3)(u)), and R K ,i,z(‘f)(u)), correspyonding to
(26)-(29), respectively, provides:

Fplhs + kg oy + ks ey + ) = (30)
L) . 5(2) . %(3) o)
CZH(k)(Rk;,k;,kg (@) + iRy w1y () + iR 4 1 (0) = Ry 0 (@),
Farlh + ke, ky =y, iy k) = &)
L) . 5(2) . %(3) o)
CZH(k)(Rk;,k;,kg (@) = iRy w1 (W) + iRy 4 () + Ry 0 (@),
Farlke = ks by + kg ke + k) = 32
L) . 5(2) . %(3) o)
CZH(k)(Rk;,k;,kg (@) + iRy w1y () = iRy 41 () + Ry 0 (@),
FBL(kx_kxTaky_kyTakz+sz) = (33)

5 (1) L 3(2) . 3(3) (4
H)(Ry 4g,07/() = iR 40 40 (@) = iR 41 41 (0) = Rig s 40 (@)

9. The method of claim 1, further comprising:

using (10) and (11) to directly give a relationship between
the 3D Fourier transform of measured echo signals at a
transducer surface and the 3D spatial Fourier transform
of'the object function for a steered plane wave transmis-
sion with a fixed Axicon angle (steering angle for plane
waves), Cz, of X wave and azimuthal angle, 6,

obtaining the spatial Fourier transform of the object func-
tion, and

using (17) to reconstruct images with an inverse 3D Fourier
transform; wherein, for steered plane waves, the rela-
tionship of the parameters between the Fourier trans-
form of the echoes and the object function is obtained:

ki, = ky + ksinZycosOr
K}, = ky + ksinZrsinfr

K, =k, +keosly = \[k* —kZ —k2 +kcos{r 20

(B4

10. The method of claim 1, wherein, for a 2D image recon-
struction, using a 2D imaging formula: F,(K',, k' )y=c*H(k)
Rk;, k;((ﬂ)s
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(35)
where
K=kt ey (36)
K=k vk =K k2 4 \JiR k2 =0

11. The method of claim 1, wherein step ¢) includes Fourier
transforming along a time domain of one or more of: i) the
weighted transmitted signal, or ii) the spatial Fourier trans-
form, whereby a multi-dimensional k-space data set is
formed.

12. The method of claim 1, wherein step ¢) includes:

i) interpolating a multi-dimensional k-space data set to
produce rectilinear multi-dimensional k-space data sets;
and,

ii) performing inverse Fourier transformations of the inter-
polated rectilinear multi-dimensional k-space data sets
along each of its dimensions to produce the image data
set.

13. The method of claim 12, wherein the k-space data sets
have two- or three-dimensions, and the inverse Fourier trans-
formation is performed along each of the two- or three-di-
mensions to produce a two- or three-dimensional image data
set.

14. The method of claim 1, wherein the image data set of
step ¢) is reconstructed using the formula k '=k+k_,.

15. The method of claim 1, wherein the image data set of
step ¢) is reconstructed using

KL= kot ey

K, =ky +kyp

K=kt ey :\/kZ—kg—k§ +\/k2—k§T -k =0

16. The method of claim 1, wherein the image data set of
step ¢) is reconstructed using

b = K, — ey

\/ (k2 + k2, — (o P + K2R, — ey )P

2%,

k=

for producing a two-dimensional image.

17. The method of claim 1, wherein steps a)-c) are per-
formed a plurality of times.

18. The method of claim 1, wherein the spatial frequency is
non-uniform.

19. The method of claim 1, further including combining a
plurality of the single transmit spatial frequency signals and
the multiple receive spatial frequency signals to increase sig-
nal-to-noise ratio, image resolution, image contrast, and
reduce sidelobes for the image.

20. The method of claim 2, further including combining a
plurality of the multiple transmit spatial frequency signals
and the multiple receive spatial frequency signals to increase
signal-to-noise ratio, image resolution, image contrast, and
reduce sidelobes for the image.

21. The method of claim 1, in which the step a) and step b)
are performed using the same transducer array.
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22. The method of claim 1, in which the multiple receive
signals are Fourier transformed over a single transducer aper-
ture.

23. The method of claim 1, in which the multiple receive
signals are superposed coherently with corresponding or
other transmission weightings or steered angles to enhance
resolutions and contrast, and to reduce sidelobes.

24. The method of claim 1, in which the multiple receive
signals are superposed incoherently with corresponding or
other transmission weightings or steered angles to reduce
speckle formation.

25. The method of claim 1, in which one group of trans-
mitted signals is used to reconstruct an image.

26. The method of claim 2, in which at least two groups of
transmitted signals are used to reconstruct an image.

27. The method of claim 1, in which a single transmitter is
used to produce weightings for different transducer elements.

28. The method of claim 1, in which more than one trans-
mitter is used to produce weightings for different transducer
elements.

29. The method of claim 1, in which harmonic and/or
elastic images are produced.

30. The method of claim 1, in which a physiological func-
tional image is reproduced.

31. The method of claim 1, in which at least a part of the
object to be imaged is moving.

32. The method of claim 2, in which the first direction is
perpendicular with respect to a surface transmitting the sig-
nals.

33. The method of claim 2, in which a single image is used
to construct the first and second sets of flow velocity compo-
nent images by rotating the single image and interpolating
data from the rotated image.

34. The method of claim 2, in which pulse Doppler or color
flow Doppler method is used to reconstruct images.

35. The method of claim 1, in which the transmitted signals
comprise sine and cosine spatially weighted signals.

36. An apparatus for producing a high frame rate, high
resolution and high contrast image of an object, comprising:

a) a transmitter device configured to:

i) transmit one or more groups of signals of energy
weighted by single spatial frequency but may be of
different phases or linear time delay toward an object
to be imaged; and

ii) receive by weighting receive signals from the object
with multiple spatial frequencies, or by performing a
spatial Fourier transform;

b) an electronic- or computer-implemented device config-
ured to reconstruct a two- or three-dimensional image
data set from the group of the transmitted signals
weighted by the single spatial frequency or linear time
delay, and the receive signals weighted with the multiple
spatial frequencies or processed by the spatial Fourier
transform; and,

c¢)a processor configured to reconstruct the high frame rate,
high resolution and high contrast image from the image
data set.

37.The apparatus of claim 36, wherein the transmit/receive
device comprises a transducer array configured to form one or
more limited diffraction transmitted beams.

38. The apparatus of claim 37, wherein the transmit/receive
device comprises a transducer array configured to form one or
more steered transmitted beams.

39. The apparatus of claim 36, wherein the device b) is
configured to: 1) Fourier transform the weighted echo signals
to form at least a first multi-dimensional k-space data set.
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40. The apparatus of claim 39 wherein device c) is further
configured to: ii) interpolate one or more multi-dimensional
k-space data sets to produce rectilinear multi-dimensional
k-space data sets; and, iii) perform inverse Fourier transfor-
mations of the interpolated k-space data sets along each of its
dimensions, whereby the image data set is produced.

41. The apparatus of claim 36, wherein the transmit/receive
device comprising separate elements in a transducer array
arranged in a one- or two-dimensional array.

42. The apparatus of claim 36, wherein the transmit/receive
device is configured to steer one or more plane waves at one
or more different angles.

43. The apparatus of claim 36, wherein a single transmit/
receive device is configured to produce weightings for differ-
ent transducer elements.

44. The apparatus of claim 36, wherein the transmit/receive
device comprises a transducer having a single aperture, and
wherein the receive signals are Fourier transformed over the
single transducer aperture.

45. The apparatus of claim 36, wherein the transmit/receive
device transmits more than one beam at the same spatial
frequency or steering angle in order to obtain the velocity
component image and to improve signal-to-noise ratio.

46. The method of claim 2, wherein step a) each group may
contain one or more signals, each of which is produced with
one transmission.

47. The method of claim 2, in which the transmit group
comprises one or more limited diffraction beams.

48. The method of claim 2, in which the received signal for
echoes returned from all random scatterers within the object

f(?o) is a linear superposition of those echo signals from
individual point scatterers as follows:

1 AT H(k) (3)
Ricorhey oy 0= ﬂj::ic X

[ff(70)ei(kx+kx7.)x0+i(ky+ky7.)y0+i(kz+kz7.)zom0 i g =
v

F A(k)T(Ck)H(k) e

xpo Ky

1

2n

thyp, kg + ke dk

yre

49. The method of claim 48, in which the temporal Fourier
transform (spectrum) of the received signal obtained as fol-
lows:

ka+kx7. ey kgt (@) = 10

w % ff(?o)ei(kﬁer Jo+ilky+hyp rotilkz ey Jo d7o
v

or

Ricpthp iy thyp hpthzy (@) =

AT (K)H (k)
=

X F(ky + oy, ky +kyp, kg + k)

or

Fpu(k;, K,

k) = EHIORY 1 4 ().

50. The method of claim 49, in which a 2D Fourier trans-
form of the echo signals in terms of both x; and y, over a
transducer surface is as follows:
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AT (K)H (k)
=———X

; (13)
Ricptloep oy oy digtegy, (@) =

c2

ff(?o)eikxxo +iky yo+ikzzo eikXT Xtk yp yo Hikzp 2o d70
14
_ A f fGO)[T(k)H(k)eikxxomyywkzzo]

c Jy c

HerTotiky yotikarzo 47

A(k) > xR 2 ik g ik yo ik -
=— [} x0Ty 0Tz 20
- fvf(ro)[ array| For ©0)]€ ro
_ Ak N _ R
( )ff(ro) - yl{ (xl’ Y15 ro’ )}]eukXTxoﬂkyTyoﬂkZTzodro
- JAKK) ; i . -
=Jxl,yl{f[f(r0)¥€nkXTX0HkyTy0HkZTZO]E(xlaylifoi w)dro}-
Vv
51. The method of claim 2, wherein four limited-diffrac-

tion array beams are transmitted (fix both k, andk,, ) in each
group as follows:

®£rray(1)(70a 0= (26)
1 " .
> F AWRH(K)cos(key x0)cos(kyy yo)e™ T2 2 dk,
S 1 = ; . 27
O ry)(Fo. D) = o f AGOHK)eos(kyyx0)sinlk, yo)e T2 e dk, @D
®£rray(3)(70a 0= @8
1 . .
ﬂFA(k)H(k)sin(kXTxo)cos(kyTyo)e“kZTZO " dk,
and
29

> 1 (e i )
(I>£rmy(4)(r0, = ﬂf A(k)H(k)sin(kXTxo)sin(kyTyo)e“kZTZO e dk,

wherein four coverage areas are obtained in a spatial Fou-
rier space of f(¥,) from combinations of the four echo
signals, and wherein denoting the Fourier transform of
the four echo signals as R R B D), R "k, k, ),
Rk, o, K ®(w), and Rk, x, k, (u)) correspondlng to
(26) (§9) respectively, pr0V1des

Fplhs + kg oy + ks ey + ) = (30)
»0) . 5(2) . 5(3) @)
CZH(k)(Rk;,k;,kg (@) + iRy g () + iR 4 () = Ry 0 (@),
Fplhs + kg oy =y, ey +yp) = (BD
L) . 5(2) . %(3) o)
CZH(k)(Rk;,k;,kg (@) = iRy w1 (W) + iRy 4 () + Ry 0 (@),
Fplhe = kg oy + ks ey +iyp) = (32)
L) . 5(2) . %(3) o)
CZH(k)(Rk;,k;,kg (@) + iRy w1y () = iRy 41 () + Ry 0 (@),
Farlke = ke ky =y, by k) = 33

5 (1) L 3(2) . 3(3) (4
H)(Ry 4g,07/() = iR 40 40 (@) = iR 41 41 (0) = Rig s 40 (@)

52. The method of claim 2, further comprising:

using (10) and (11) to directly give a relationship between
the 3D Fourier transform of measured echo signals at a
transducer surface and the 3D spatial Fourier transform
of'the object function for a steered plane wave transmis-
sion with a fixed Axicon angle (steering angle for plane
waves), Cz, of X wave and azimuthal angle, 6,
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obtaining the spatial Fourier transform of the object func-
tion, and
using (17) to reconstruct images with an inverse 3D Fourier
transform; wherein, for steered plane waves, the rela-
tionship of the parameters between the Fourier trans-
form of the echoes and the object function is obtained:

k. = ky + ksindrcosOr
K}, = ky + ksinZrsinfr

K, =k, +keoslr = \[ k2 —k2 —k2 +kcosir 20

(B4

53. The method of claim 2, wherein, for a 2D image recon-
struction, using a 2D imaging formula: F, (k' , k' )=c*H(k)
Rk;, k;((ﬂ)s (35)

where
K =k +hep (36)
{k;=k1+kZT =y -k 4 Jrok2 =0

54. The method of claim 2, wherein step ¢) includes Fourier
transforming along a time domain of one or more of: i) the
weighted transmitted signal, or ii) the spatial Fourier trans-
form, whereby a multi-dimensional k-space data set is
formed.

55. The method of claim 2, wherein step ¢) includes:

i) interpolating a multi-dimensional k-space data set to
produce rectilinear multi-dimensional k-space data sets;
and,

ii) performing inverse Fourier transformations of the inter-
polated rectilinear multi-dimensional k-space data sets
along each of its dimensions to produce the image data
set.

56. The method of claim 55, wherein the k-space data sets
have two- or three-dimensions, and the inverse Fourier trans-
formation is performed along each of the two- or three-di-
mensions to produce a two- or three-dimensional image data
set.

57. The method of claim 2, wherein the image data set of
step ¢) is reconstructed using the formula k '=k+k_,.

58. The method of claim 2, wherein the image data set of
step ¢) is reconstructed using

K=k 4oy
K=k, +kyy

K=kt ke =[R2 =12k + [k -2 =20

59. The method of claim 2, wherein the image data set of
step ¢) is reconstructed using

ke =k, —kep

\/(k;2 R, = (K, = ke )+ AR20K, — ke P

2%,

k=

for producing a two-dimensional image.
60. The method of claim 2, wherein steps a)-c) are per-
formed a plurality of times.
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61. The method of claim 2, wherein the spatial frequency is
non-uniform.

62. The method of claim 2, in which the step a) and step b)
are performed using the same transducer array.

63. The method of claim 2, in which the multiple receive
signals are Fourier transformed over a single transducer aper-
ture.

64. The method of claim 2, in which the multiple receive
signals are superposed coherently with corresponding or
other transmission weightings or steered angles to enhance
resolutions and contrast, and to reduce sidelobes.

65. The method of claim 2, in which the multiple receive
signals are superposed incoherently with corresponding or
other transmission weightings or steered angles to reduce
speckle formation.

58

66. The method of claim 2, in which a single transmitter is
used to produce weightings for different transducer elements.

67. The method of claim 2, in which more than one trans-
mitter is used to produce weightings for different transducer
elements.

68. The method of claim 2, in which harmonic and/or
elastic images are produced.

69. The method of claim 2, in which a physiological func-
tional image is reproduced.

70. The method of claim 2, in which at least a part of the
object to be imaged is moving.

71. The method of claim 2, in which the transmitted signals
comprise sine and cosine spatially weighted signals.
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