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1
SYNTHETICALLY FOCUSED ULTRASONIC
DIAGNOSTIC IMAGING SYSTEM FOR
TISSUE AND FLOW IMAGING

This application is a divisional application of U.S. patent
application Ser. No. 10/679,093 filed Oct. 3, 2003 and now
U.S. Pat. No. 6,860,854, which is a continuation in part of
U.S. patent application Ser. No. 10/136,880 of the same title,
which was filed on Apr. 30, 2002 and is now U.S. Pat. No.
6,679,847.

This invention relates to ultrasonic diagnostic imaging sys-
tems and, in particular, to synthetically focused ultrasonic
diagnostic imaging systems which image tissue, flow, and
flow spectra.

Today’s conventional ultrasound systems produce images
by scanning a region of the body with ultrasound beams
electronically formed by a transducer array. The timing of
signals applied to the array elements determines the direction
in which a beam is transmitted and the depth of focus of a
beam. A plurality of adjacent beams are transmitted to
adequately spatially sample the target region. The echoes
from along the beam directions are processed in known ways
to form an image of the plane or volume scanned by the beams
and depict characteristics of the tissue or bloodflow within the
plane or volume.

When a beam is transmitted, the beam profile determined
by the transducer element timing can be set to produce the
best focus around a selected focal point at a desired depth. A
transmitted beam can have only one such focal point; once the
beam is launched, the focal characteristic cannot be changed
or extended. The clinician will generally set the focus to the
depth at which the anatomy of interest may be found. If the
clinician wants the optimal focus to be at two or more depths
or range of depths, multizone focus must be used, whereby
two ormore beams are transmitted in the same direction, each
focused at a different depth. The entire image plane or volume
is scanned by multiple beams in each direction, and the best
focused portions of the sets of beams are spliced together to
produce a composite image which exhibits the optimal focus
at a plurality of depths. However, each differently focused
beam set will extend the time required to acquire the image
information, which reduces the frame rate of display. Going
from one focal zone to two can approximately halve the frame
rate, for example.

During reception, optimal focus can be obtained dynami-
cally over the full imaging depth. This is because the receive
focus can be dynamically adjusted electronically by continu-
ally adjusting delays in the receive beamformer as echoes are
received over the full range of depth. The transmitted beams
are constrained to a single focal point or region since the
transmit focus is accomplished acoustically and not electroni-
cally.

A technique for overcoming this transmit focus limitation
is known as synthetic focus. Synthetic focus is described in
U.S. Pat. No. 4,604,697, for instance. In a synthetic focus
system, each transducer element or subset of transducer ele-
ments is actuated sequentially. The transmission from each
element or group of elements is not focused acoustically but
covers the entire image region. The echoes from each trans-
mission are received by all of the elements concurrently and
stored. These echoes are then combined in different combi-
nations with different effective delays, thereby forming
coherent echoes at points in the image region which are
effectively focused at all points. This technique produces
image data which is in effect optimally focused on both
transmit and receive, providing images which are optimally
focused throughout the entire depth of field. In such an
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approach it is not necessary to first beamform onto distinct
A-lines, although this can be done. Rather, the echo data can
be directly reconstructed onto image pixels.

While the 697 patent illustrates a synthetic focus tech-
nique which is limited to imaging stationary tissues, it is also
desirable to extend the technique to flow imaging. U.S. Pat.
No. 5,349,960 illustrates one extension of a synthetic focus
architecture to Doppler. In this patent a synthetic focus acqui-
sition subsystem is used to produce real and imaginary parts
of a complex signal, which is then Doppler processed. The
full synthetic focus data set is not used. Rather, reception only
occurs on the transmitting element. It is desirable to have a
synthetic focus architecture which utilizes more than one
receive element and which produces data for all ultrasonic
modes, including B mode, colorflow, and spectral flow, with-
out the need for hardware or software dedicated to only a
specific mode of operation.

The parent application addresses these desires by provid-
ing an ultrasonic diagnostic imaging system in which a one or
two dimensional transducer array is operated to acquire syn-
thetic focus ultrasound signals by actuating one or a subset of
the elements of the array and receiving echo signals on all of
the array elements in response to a transmit event. The
received signals are digitized and stored in a memory. Sets of
delays are applied to combinations of the stored signals to
produce motion maps for a plurality of different velocities.
One or more of the motion maps are used to produce B mode,
colorflow, spectral, and other ultrasound image modes which
cannot be produced by conventional ultrasound systems. The
images, either two or three dimensional, are in optimal focus
throughout the image plane or volume and can be produced at
high frame rates of display. Various transducer element
sequencing may be employed to increase the frame rates even
higher.

In accordance with the principles of the present invention,
the synthetic focused ultrasound system is operated in a
hybrid fashion in which operation alternates between syn-
thetic focus acquisition and conventional focused beam
acquisition. This makes possible, for example, the acquisition
and display of harmonic images for contrast and/or tissue
harmonic imaging. Speckle artifacts in the synthetic focused
ultrasound images may be reduced by combining signals
from different look directions. For instance, sets of motion
maps may be produced for different sub-apertures of the array
transducer, then compounded to reduce speckle. One or more
identified regions of interest within a synthetic focused ultra-
sound image may be processed differently from other regions
of the image to highlight or better define particular motional
characteristics within the regions of interest, such as turbulent
flow or different velocities of flow or motion.

In the drawings:

FIG. 1 illustrates in block diagram form the major func-
tional components of a typical ultrasound system of the prior
art;

FIG. 2 illustrates the presence of two stationary targets in
the field of a synthetically focused transducer array;

FIG. 3 illustrates the presence of one stationary and one
moving target in the field of a synthetically focused trans-
ducer array;

FIGS. 4a-4de illustrate the raw data acquired by scanning
the two stationary targets of FIG. 2;

FIGS. 5a-5fillustrate synthetic focus processing of the raw
data of FIGS. 4a-4e with delays chosen for the condition of no
motion at the location of one of the targets;

FIGS. 6a-6fillustrate synthetic focus processing of the raw
data of FIGS. 4a-4e with delays chosen for the condition of
motion at the location of one of the targets;
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FIGS. 7a-7e illustrate the raw data acquired by scanning
the two targets of FIG. 3;

FIGS. 8a-8fillustrate synthetic focus processing of the raw
data of FIGS. 7a-7e with delays chosen for the condition ofno
motion at the location of one of the targets;

FIGS. 9a-9fillustrate synthetic focus processing of the raw
data of FIGS. 7a-7e with delays chosen for the condition of
motion at the location of one of the targets;

FIG. 10 illustrates in block diagram form a synthetic focus
data acquisition system suitable for acquiring the data illus-
trated in FIG. 4-9;

FIG. 11 illustrates an ultrasound system constructed in
accordance with the principles of the present invention;

FIG. 12 illustrates the operation of a linear array transducer
to acquire synthetic focus ultrasound data;

FIG. 13 illustrates a second technique for operating a linear
array transducer to acquire synthetic focus ultrasound data;

FIG. 14 illustrates the operation of a two dimensional array
transducer to acquire synthetic focus ultrasound data for a
high frame rate of display with reduced temporal artifacts;

FIG. 15 illustrates the time interleaving of synthetic focus
data acquisition and conventional focused beam data acqui-
sition in a hybrid embodiment of the present invention;

FIG. 16 illustrates the use of sub-apertures to acquire syn-
thetic focused data sets for speckle reduction by spatial com-
pounding; and

FIG. 17 illustrates a synthetic focus ultrasound image in
which different processing is performed for synthetic focus
data that is applicable to a region of interest in the image.

Current diagnostic ultrasound systems may be described as
having three distinct operating modes: B-mode echo (i.e.,
grey-scale), spectral Doppler (i.e., single-gate Doppler with
high spectral resolution in only a single sample volume), and
color Doppler (i.e., multi-gate Doppler where a single scalar
quantity such as mean Doppler frequency, or total Doppler
power, is estimated in many sample volumes but with essen-
tially no spectral resolution.) This partitioning is reflected in
both the system architecture and system functionality. Typi-
cally, specialized hardware is required to implement each
mode and only one mode is operational at once. An example
of this standard ultrasound system architecture is shown in
FIG. 1. A probe 10 has an array transducer 11 which transmits
beams along selected lines through the image field under
control of a beamformer 12. Echoes from along the lines are
formed into lines of coherent echo signals by the beamformer
12. The echoes are applied to a signal processor 14 which has
dedicated hardware and software for the various modes of
operation. A B mode processor 14a will process the echoes
for grey-scale display or a Doppler processor 1456 will process
the echoes for colorflow or spectral Doppler display. Often
separate processors are used for colorflow and spectral Dop-
pler processing. The processed echo information then under-
goes image processing 16, and the resultant image is dis-
played on an image display 18. So-called “simultaneous”
operation actually involves rapid temporal multiplexing
between different ones of these modes. Such partitioning is
necessary in conventional systems in order to optimize per-
formance in each mode while maintaining acceptable frame
rates. For example a typical spectral Doppler processor would
operate too slowly to process all of the pixels for a real time
colorflow display.

However, such partitioning is neither fundamentally nec-
essary nor desirable. Ideally, an ultrasound system would
simultaneously estimate the amount of backscattered power
in all velocity increments or “bins” at all points in the image,
and at frame rates sufficient to track temporal changes. From
this general solution for the properties of the target field,
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conventional operating modes could be derived. For example,
standard B-mode images are obtained from the amount of
power in the zero velocity bins, color Doppler images may be
computed by integrating over non-zero velocity bins to esti-
mate mean velocity or total power, spectral Doppler displays
would show the discrete values in all bins, and so on. It is this
approach which is taken with the present invention.

FIGS. 2-9 illustrate examples of synthetic focusing, which
is utilized to acquire raw echo information for processing in
accordance with the principles of the present invention. FIG.
2 illustrates a transducer array 11 which, for ease of illustra-
tion, is shown with only five transducer elements 1-5. The
center axis 6 of the image field extends from the central
element 3. Located in the center of the image field at spatial
location (43,0) is a stationary target 7. Located to the left of
the center axis 6 as viewed from the array 11 is another
stationary target 8 at spatial location (45,10).

A synthetic focus data set is acquired as shown in FIG. 4.
Each set of lines of echoes 4a, 4b, 4c, 4d, and 4e illustrates the
echoes acquired by all of the transducer elements 1-5 in
response to transmission by a single element. The set of lines
4a shows echoes received from targets 7 and 8 in FIG. 2 in
response to transmission by element 1. The leftmost echo on
each line is the echo from the central target 7. The symmetri-
cal distribution of this group of echoes 20 reveals that the
target 7 is in the center of the image field, and its earlier
reception in time reveals that it is at a nearer spatial location
(with a shorter round-trip echo path) than the target 8. The
asymmetrical time distribution of the second (later in time)
group of echoes reveals that target 8 is off-axis and at a greater
depth than target 7. The earlier occurrence of echo 22 at
element 1 than that of echo 24 at element 5 reveals that target
8 is closer to element 1 than element 5. That is, target 8 is on
the left side of the image field. This fact is also revealed by the
later occurrence of the second group of echoes as successive
elements 2-5 are used as the transmit element in echo sets 45,
4c, 4d, and 4d, as the round-trip distance of each echo path
increases as the transmitting element is further removed from
target 8 with each successive transmit element 2-5.

The round-trip distance from any transmit element to any
receive element for any location in the image field is a priori
known. Given that the speed of sound in the medium is known
everywhere or, as is commonly the case, can be approximated
by a constant, sets of delays can be applied to the raw echo
data shown in FIG. 4 to reveal the foregoing characteristics of
the targets in the image field. Moreover, the delays can be
further applied for different assumptions of motion by the
targets. FIG. 5 shows the results when a set of delays are
applied for location (45,10) in the image field for the assump-
tion of a static target, that is, it is assumed that target 8 is not
moving during the transmit sequence. When these delays are
applied to the echo data, it is seen that all of the echoes from
the different transmits line up and can be coherently summed,
as shown by coherent echo 26' on line 5/. These delays, which
are appropriate to align echoes from a static target at location
(45,10), are inappropriate for a target at (43,0), and hence the
noncoherence of the echoes in group 20 from target 7 is
increased. The summation of these echoes will produce only
a minor ripple on line 5f°as can be seen on line 5f'below echo
group 20. The amplitudes of the echoes drawn on line 5f are
normalized by the number of signals used in the summation
(25 in this example.) The waveform of 5f7is then detected in a
known manner for B-mode echoes to reveal the scattering
strength of target 8.

FIG. 6 illustrates the application of a second delay set to the
raw echo data, a delay set which is appropriate for the
assumption that, during the transmit sequence, target 8 moves
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from location (45,10) to location (49,0) as shown in FIG. 3.
When each successive element in the array is used as the
transmit element, this delay set assumes, the target 8 is at a
different location on its way to location (49,0) as indicated by
the open circles in FIG. 3. However, target 8 is not moving in
this case. The result of this delay set is that coherence will be
produced for the set of echo lines 6a, for at this time the target
8 is assumed to be at its starting location (45,10). However,
the delay sets for the echo line set 65, 6¢, 6d, and 6e each
assume that the target 8 has moved to a location which is
incrementally closer to final location (49,0). In fact, the target
8 is static and has not moved. As a result, the second group of
echoes in each line set becomes progressively more uncorre-
lated as FIG. 6 illustrates. It is also seen that the first set of
echoes 20 in echo line set 6e are almost in time coincidence,
since target 7 is on the central axis and the delay set used for
line set 6e assumes that target 8 has moved to an on-axis
location but at a slightly greater depth than that of target 7.
Since this assumption, that target 8 is moving, is incorrect, the
summation line 6/reveals no coherent echoes for the delay set
for this assumption.

FIG. 7 shows a raw echo data set for the condition where
target 7 is stationary and target 8 is moving from location
(45,10) to location (49,0) during the transmit sequence inter-
val shown in FIG. 3. As was the case for FIG. 4, echo line set
7a depicts echoes received by all elements 1-5 (a-e) when
element 1 is the transmit element; echo line set 75 depicts
echoes received by all elements when element 2 is the trans-
mit element; echo line set 7¢ depicts echoes received by all
elements when element 3 is the transmit element; and so
forth. At the time of each transmit event the target 8 is at one
of'the successive circled locations including or between loca-
tions (45,10) and (49,0), as shown in FIG. 3.

FIG. 8 illustrates the results obtained when a delay set is
applied to the raw data which is appropriate for a static target
atlocation (45,10), the same delay set that was applied in FIG.
5. The second echoes from target 8 will be in time coherence
as shown in echo line set 8« for this delay set, since at this time
the target 8 is at the assumed location (45,10). But for suc-
cessive echo line sets 85-8¢ the second group of echoes 26
become increasingly noncoherent, for at each successive
transmit time the target 8 is at a greater distance from the
assumed location. The echoes from the static target 7 always
demonstrate noncoherence, as was the case in FIG. 5. Con-
sequently the summation line 8f shows no coherent echo
signals for this delay set and assumption of no motion.

Finally, FIG. 9 illustrates the result obtained when the
delay set chosen is that which matches or tracks the motion of
target 8 as it moves from location (45,10) to location (43,0)
over the transmit interval of five pulses. For that set of delays
all of the second group of echoes 26 from target 8 align
coherently as shown in FIG. 9, and by the coherent echo on
the summed line 9/ The echoes 20 from target 7 remain
noncoherent and do not produce significant signal content on
line 97, except from echo line set 9e where both targets are on
the center line 6.

As can be seen from the above, a delay set is effectively the
coefficient set for a matched filter which will reveal a char-
acteristic of the image field when objects in the image field
have characteristics matching that of the coefficient set. When
atarget moves in both the direction and at the speed for which
the delay set is effective, that motion is revealed. Further-
more, it is seen that a delay set has a unique motional char-
acteristic in both speed (velocity) and direction. Thus,
matched filters, each having a characteristic velocity and
direction, a vectorial characteristic, can be used to detect
motion in the image field with those vectorial characteristics.
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In the example shown in FIG. 9, the direction of motion is
neither purely axial nor purely lateral. Rather, the velocity has
an oblique characteristic.

An ultrasound system acquisition subsystem for acquiring
echo line sets as illustrated above is shown in FIG. 10. A
transducer array 11 of M elements has M channels 1-M con-
nected to the elements of the array. In the illustrated embodi-
ment each channel includes a transmitter as shown by TX1 in
channel 1 for the first element. However, since only one
element or subgroup of elements are activated at any one
time, one or a few transmitters could be multiplexed to each
element when that element is to transmit. The transmit pulse
from the transmitter is coupled to the element which is to
transmit by way of a transmit/receive switch 32 which pro-
tects the receive circuitry from energy from the transmitter.
The echo signals received by the element following transmis-
sion are coupled by the transmit/receive switch to an amplifier
34 which may be gain controlled to apply time gain compen-
sation to the received echo signals. The echo signals are
digitized by an A/D converter and may then optionally be
demodulated into in-phase and quadrature signal components
by a quadrature bandpass filter (QBP) 38, which may also
impose a desired passband on the received signals. The QBP
is described in more detail in U.S. Pat. No. 6,050,942.

The echo line sets following transmission by an element of
the array are stored in a memory 40. For the case of a one
dimensional array used in 2D (planar) imaging, the memory
has three dimensions: m, n, and time. In the illustrated
embodiment each column has M rows, one for each element
that receives echoes following a transmit event. The memory
has N columns, one for each of N transmit events. Dimension
n can also be thought of as a “slow time” dimension. If each
element is used to transmit, N will equal M. However, it is
possible to transmit with fewer than all elements, which will
provide a reduced signal to noise ratio and, depending on the
choice of elements, reduced lateral spatial resolution but a
higher frame rate, as the full data set used for image produc-
tion can be acquired in less time. It is not necessary to actuate
the transmit elements in any particular sequence. Elements at
separated distances along the array can be actuated in succes-
sion, skipping back and forth along the array. Once the pre-
determined set of echo line sets has been acquired, the data is
used for image production as described below.

Consider the case of a conventional Doppler system which
uses a 64 element phased array transducer (M=N=64) with a
center frequency fo=3 MHz. The velocity resolution is related
to the frequency resolution Af according to the Doppler equa-
tion:

Av=(c Af)/(2 fo)

where Af is determined by the reciprocal of the FFT window
length (assuming a rectangular window), i.e.: 1/(L. AT), where
L is the number of samples (transmit pulses) in the FFT
window, and AT is the period between pulses. A typical value
might be AT=200 pSec which produces a pulse repetition
frequency (PRF) of 5 kHz. A typical value for L is 64 so that
the conventional Doppler system has a velocity resolution of

¢/(2 fo L AT)=2.0 cm/sec.

Now consider operation of the same 64 element transducer
in a synthetic focus system in which each element is pulsed
once. The total observation interval is N AT. Further assume
that the motion is axial. Then, if the difference, Av, between
the velocity that a matched filter is tracking and the actual
target velocity is such that the target moves an additional A/2
during the observation interval, then the echoes from the



US 7,448,998 B2

7

target undergo a full cycle of phase shift and the output of the
matched filter will be minimized. Therefore, Av represents
the velocity resolution and equals:

Av=QA/2)(N AT)
=c¢/(2 fo N AT)
=2.0 ecm/Sec.

This is the same as for conventional Doppler. Thus there need
beno loss in velocity resolution in a synthetic focus approach.
The above discussion considers axial velocity resolution.
Lateral velocity resolution will generally not be as great since
the rate of change of phase with position is typically less in the
lateral plane. Lateral velocity resolution can be increased by
using larger transmit and receive apertures. The dynamic
transmit focus possible in synthetic focus allows the use of
large transmit apertures without depth of focus problems.

Of course, the velocity resolution of the synthetic focus
system can be increased merely by extending the observation
interval. This can be achieved by increasing AT or, preferably,
by pulsing each element multiple times during the observa-
tion interval. Although this reduces frame rates, the result is
only to reduce a very high frame rate to a fully acceptable
frame rate. A conventional B-mode image typically uses on
the order of 100 transmits along 100 distinct lines. For the
value of AT used in this example, each frame would require
20 mSec (or a frame rate of 50 Hz). In colorflow mode, an
additional 30 Doppler lines might be used. Each Doppler line
would typically require perhaps 10 transmits increasing the
total acquisition time by 60 mSec and reducing the overall
frame rate to 12.5 Hz. In contrast, for this example, the frame
rate for synthetic focus would be set by N=64 transmits and
would be 78.1 Hz regardless of whether the output mode was
B-mode or colorflow.

On the other hand, if reduced velocity resolution is accept-
able then fewer pulses (and therefore fewer transmit ele-
ments) can be used. This results in even higher frame rates,
which makes the synthetic focus approach one worth consid-
ering for real time 3D imaging.

In an analogous fashion to spectral analysis, apodization
functions can be applied across the observation windows in
order to attenuate sidelobes in the velocity response. If the
acquisition sequence is monotonic with respect to the trans-
mit element position (that is, the sequencing steps across from
one side of the transmit aperture to the other), then the
apodization function serves double duty—it also attenuates
sidelobes of the spatial (beam) response.

Various sources of “spectral broadening” may reduce
velocity resolution beyond that predicted by the narrow band
analysis above. A major cause of spectral broadening in con-
ventional Doppler is “transit time broadening”. With short
pulses or narrow beams (large apertures), the targets only
remain in the sample volume for a limited period, thus reduc-
ing the observation interval. One solution is to lengthen the
pulse and/or broaden the beam (reduce the aperture) but this
reduces spatial resolution. The present invention avoids this
problem since it inherently “tracks” the targets, that is, the
sample volume moves with the targets. Therefore, it is pos-
sible to achieve both high spatial resolution and greatly
reduced spectral broadening.

Remaining sources of spectral broadening include transit
time in the elevation dimension (when using one-dimensional
arrays) and, to a lesser extent, the secondary effects of

10

8

changes in the RF point spread function with position. How-
ever, since the targets will likely be tracked over relatively
small distances, this latter effect is not a major problem.
While “wall filtering” is critical in color Doppler (due to
the poor velocity resolution of the short ensemble and
because color Doppler measurements are mean velocity esti-
mates), its function in spectral Doppler (which has much
better velocity resolution) is largely to reduce down stream
dynamic range requirements and allow the use of FFT-based
spectral analysis. It is therefore the case that, provided care is
taken to control velocity sidelobe response and to have
adequate processing dynamic range, wall filters are not fun-
damentally necessary to implement the present invention.
However, if some degree of wall filtering is desired, it may be
implemented simply by transmitting from each element more
than once. Then, the wall signal can be estimated and sub-
tracted from the return from each individual transmit element
before application of the delay sets. The velocity response of
this process can be tailored through suitable choice of the

0 intervals between transmit events and filter weights and can

25

be different for different motion maps. For example, no wall
filtering would be used when calculating the maps corre-
sponding to static or slowly moving targets.

In an embodiment of the present invention spatial resolu-
tion can be at least as good as that of conventional B-mode
and Doppler imaging because: 1) Synthetic focus allows
dynamic transmit focus; 2) It is not necessary to use narrow
bandwidth bursts (poor axial resolution) to reduce spectral
broadening; and 3) It is not necessary to use wide beams (poor
lateral resolution) to reduce spectral broadening.

Frame rates are determined by the number of transmit
pulses. Synthetic focus allows the entire frame (not just one
line) to be reconstructed from these pulses. Therefore, very
high frame rates can be achieved. This is of particular signifi-

5 cance for color flow imaging and, as mentioned above, for 3D

45

50

55

60

65

imaging from 2D arrays. It is emphasized that it is not nec-
essary to compromise other aspects of system performance
(such as field of view or spatial resolution) to achieve high
frame rates. Only velocity resolution has a direct effect on
frame rates but, as the example above shows, it is possible to
achieve much higher frame rates than conventional color flow
while at the same time achieving much greater velocity reso-
lution.

Sensitivity is a major issue in Doppler studies since scat-
tering from erythrocytes is weak. Sensitivity is fundamentally
limited by the amount of energy that is transmitted and the
amount of thermal noise contributed by the transducer ele-
ments and receive amplifiers. This places synthetic focus at a
disadvantage by approximately the square root of M (in terms
of voltage signal to noise ratio) if the voltages applied to the
transmit elements are not changed relative to conventional
transmit beamforming. However, when it is recalled that syn-
thetic focus transmits are non-focused and have low per-
element duty cycles it is apparent that the voltage applied to
each transmit element can be significantly increased beyond
that used for the element in conventional beamforming trans-
mission before whatever limiting factor (e.g.,; SPTA, max
MI, scanhead temperature, saturation, etc.) is reached. Analy-
sis based on peak pressure levels then predicts a square root of
M advantage in sensitivity for synthetic focus over conven-
tional beamforming. Coded waveforms, with large time-
bandwidth products, may also be employed to increase sen-
sitivity.

In the embodiment shown in FIG. 10, the raw echo data
from synthetic focus acquisitions as illustrated in FIG. 10 is
processed by K delay sets (coefficient sets) to form K motion
maps, each for a different motion characteristic. Selected
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ones of these motion maps are then used individually or in
combination to produce all of the standard ultrasound imag-
ing modes, and, in addition, if desired, modes not possible in
conventional systems. Mathematically, this process begins
with the acquisition of a set of waveforms f, (), where
indices n and m identify a particular transmit/receive element

—

pair in the full data set. A set of K images of the form g,(u )
—

is constructed, where u is a position vector in the ultrasound

—
image E):(X,y) fora2Dimage and u=(x,y,z) fora3Dimage)
and k specifies the k” motional characteristic. The K images
are processed using a motion analyzer which extracts the type
of motion and/or image format which is to be displayed. An
individual image is then displayed, or a number of images are
shown simultaneously fora compound display format such as
colorflow. An entirely new set of waveforms may be acquired
to produce the next image in the real time sequence, or a
partial set acquired and processed with previously acquired
waveforms to produce images at an increased frame rate but
with some degree of temporal persistence from frame to
frame. In the latter embodiment, the motion maps 60 of FIG.
11 must be stored in undetected format. However, memory 40
can be reduced in size or even eliminated.
The images in this process may be expressed as:

N M

G = 2" " W frn(Tomic @)

n=1 m=1

where W, , is an apodization weighting functionand T, ,, , is
a delay weight which is a function of motion and, for a
constant velocity, may be expressed as

; [A7, =% — (2 = DPRIV| + [Ag n =7 = (n = DPRIV|
namk =

[

—
A 1, isthelocation of the transmit element for the n” transmit

—
eventand A ,,  isthe location of the m? receive element. PRI
is the pulse repetition interval and the velocity of the motion

—
mapis v ;. Ifthe velocity is not constant but accelerative, then

the linear position term (n—1)PRIV, must be replaced by a

more general function ;)(n,k) to describe the motion.

One problem with the simple expression for the T, ,, .
delay weight presented above is that the targets move slightly
between the time that the n” transmit event occurs and the
time that the target actually intercepts and scatters the energy
from that transmit. This results in a slight focusing error
(because the net displacement of the target from its assumed
position is different for different transmit and receive element
pairs). The error becomes more significant with increasing
target velocities. A more precise calculation of the delays
would take this effect into account.

A functional block diagram of an ultrasound system con-
structed in accordance with the principles of the present
invention is shown in FIG. 11. The elements of a transducer
array, which may be a 1D array or a 2D array, are coupled to
M transmit/receive channels (see FIG. 10) which cause indi-
vidual ones of the elements to transmit for reception by a
selected group of receive elements. Typically, all of the array
elements will receive echoes in response to each transmit
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event. The transmit/receive channels are coupled to the
memory 40 where the sets of echo waveforms are stored as
described above. The stored echo information is operated
upon by K delay or coefficient sets 50 and detected in the
conventional manner to produce K motion maps 60, each for
a different velocity vector. A motion analyzer 70 then selects
various ones of the motion maps to produce the desired mode
or modes of ultrasound display. For instance, the motion map

for v =0 can be used to produce a grey-scale (B-mode)
image 84. However, when motion is present, contrast will be
reduced identically to conventional synthetic focus imaging.
It is preferred that the B-mode image 84 be constructed from
either the peak pixel values over all motion maps or, prefer-
ably, the integration of the magnitude or power in each pixel
over all motion maps in order to avoid reduction in contrast
due to motion. A B-mode tissue image is then overlaid with a
colorized motion image made by appropriately integrating
the non-zero velocity images above a certain velocity deter-
mined by the desired wall filter cut-off to compute mean
velocity (normalized first moment), the result being a color-
flow image 86. The velocity data at any pixel or group of
pixels can be plotted graphically to produce a spectral flow
display 82, or a group of such displays 96 at selected points in
the image. An embodiment of the present invention can pro-
duce the equivalent of a multigate spectral Doppler display at
any or all points in the image from a single acquisition
sequence. The velocity values can be accumulated from the
non-zero motion maps to produce a total power display 95,
the equivalent of a power Doppler image. By spatially dis-
playing velocity information of tissue using a wall filter set-
ting which passes low velocities (with the possible exception
of zero velocity), a tissue motion image 92 can be produced.
A power motion image 91 (see U.S. Pat. No. 5,718,229
entitled “MEDICAL ULTRASONIC POWER MOTION
IMAGING”) can be produced from static motion maps from
successive acquisitions. Since the motion vector at every
pixel is present in the motion images, a vector flow image 93
can be produced. An image 94 showing the flow velocity with
the greatest power can be produced if desired. Other display
formats will readily occur to those skilled in the art.

In a constructed embodiment the system resolution will be
determined by the number of velocity bins (for discrete
motion maps) at each pixel in a given direction and the num-
ber of directions for which velocity bins are produced. For
example in the axial direction there may be +64 bins for
velocities both toward and away from the transducer, for a
total of 128 bins. In the lateral direction where resolution is
inherently poorer there may be only +16 or 32 bins. The
number of directions for which velocities are estimated
between these orthogonal directions is also a variable to be
chosen, and can be four, eight, or sixteen directions, depend-
ing upon the desired directional resolution. In a two-dimen-
sional imaging system in which the vector velocity is solved
atevery point in the image, 32,000 or more bins per pixel may
be needed. A three dimensional system will increase this to
millions of bins.

As mentioned above, the acquisition rate can be increased
by transmitting with less than all of the elements. For
instance, FIG. 12 illustrates a 1D array 111 in which only the
end elements 112 and 114 are used for transmission. For each
transmit event, all of the elements of the array are preferably
used for reception, although fewer may be employed. Addi-
tional elements in the center of the array may be used for
transmission as desired, or any other sparse array combina-
tion.
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The acquisition sequence embodied by FIG. 12 can have
the same high spatial resolution as a sequence which uses all
elements to transmit. However, when different targets have
different velocities there may be undesirable cross-talk, or
ambiguity, between the spatial response and the velocity
response. In other words, the ability of the system to distin-
guish between a first target or group of targets at a first
position moving at a first velocity and a second target or group
of targets at a second position moving at a second velocity is
diminished.

This ambiguity can be controlled by the choice of which
transmit and receive elements are used and in which order.
For example, the ambiguity can be minimized by using an
acquisition sequence of the type illustrated in FIG. 13. Here
an inner pair of elements 102 and 104 are used to sequentially
transmit. Element group 106 is used to receive when the
transmit is from 102 and element group 108 is used to receive
when the transmit is from 104. This sequence has the property
that the mid-points between transmit element 102 and all the
elements in receive aperture 106 are co-located with all the
mid-points between transmit element 104 and all the ele-
ments in receive aperture 108. Other sequences that preserve
the commonality of the transmit/receive mid-points are also
possible. For example, the separation between the pair of
transmit elements can be increased (or reduced) while the
number of elements in the receive aperture is reduced (or
increased) appropriately.

Sequences of the type illustrated in FIG. 13 reduce the
ambiguity between range and velocity at the expense of
reducing spatial resolution whereas the sequence in FIG. 12
maximizes spatial resolution at the expense of increased
ambiguity. Other tradeoffs, where there is an intermediate
degree of mid-point commonality, are also possible. For
example, the transmit element pair separation of FIG. 13
could be used with the full receive apertures of FIG. 12. Or,
the transmit sequence can use more than two elements.

In general, provided that the received data is preserved in
memory, the present invention allows such a tradeoff to be
made after data acquisition has occurred. The tradeoff can be
very flexible. For example, different motion maps can be
constructed using different numbers and locations of transmit
and receive elements. It is generally preferred to use more
elements, and hence higher spatial resolutions for low veloci-
ties. For higher velocities such as those encountered when
imaging relatively weak scatterers such as blood, it is gener-
ally desirable to reduce cross-talk from slower moving but
stronger scattering targets such as tissue. Here it is preferred
to trade off some spatial resolution for reduced cross-talk by
using a sequence which increases commonality of the mid-
points. Such tradeoffs can be made adaptively, based on
analysis of the spatial and velocity characteristics of the par-
ticular target situation. In addition, the results from multiple,
different, acquisition sequences for a given velocity can be
detected then combined non-linearly. Such combinations can
also be adaptive.

FIG. 14 illustrates a 2D array for three dimensional imag-
ing. Only the elements around the periphery of the array are
shown in detail; the elements internal to the periphery of the
2D array are represented by the crossed dots in the center of
the drawing. Transmission from this 2D array 121 for syn-
thetic focus imaging may proceed by transmitting from ones
of the peripheral elements in succession and receiving by all
of the array elements following each transmit event. For
instance, corner element 122 may be activated first, followed
by transmission from the other corner elements 124,126, and
128 in succession. These four transmissions provide suffi-
cient data to create motion maps with full spatial resolution.
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However, all receive elements, which typically number in the
thousands, must be used. Alternatively, if the progression of
transmit elements then proceeds around the periphery by
actuating elements 132, 134, 136, and 138 next, and so on
until each of the peripheral elements has produced a transmit
event, then reception need only occur on the elements on the
periphery of the array to create full spatial resolution motion
maps. The sequence is then repeated for the next full echo
data set. The frame rate may be the inverse of the time
required to acquire a full data set from transmission by all of
the peripheral elements, or may be increased by updating the
image when part of a new sequence has been acquired.

Since the synthetic focus echo information is buffered, that
is, it is stored in memory, the same data that is used to derive
motion information and images may also be used to estimate
and correct for tissue aberrations. Techniques for estimating
and correcting for aberrations through beamformer delay
control are described in U.S. Pat. Nos. 6,023,977, 6,131,458,
6,027,447 and 6,223,599 for example. However, in all of
these embodiments estimates for aberration correction are
produced from a current data set, then used during the recep-
tion of subsequent data sets. In a synthetic focus system of the
present invention, since the transmit beamforming is done
electronically rather than acoustically, transmit corrections
may be applied to the same data set used to estimate the
corrections. This avoids the need for real-time estimation and
re-transmission and also can provide more accurate aberra-
tion correction.

FIG. 15 illustrates an embodiment of the present invention
in which hybrid acquisition is employed. That is, the ultra-
sound system alternates between acquiring synthetic focus
echo data and standard focused beam echo acquisition. Such
a system makes possible the production of harmonic images
(tissue or contrast) in a synthetic focus setting. There are two
limitations to harmonic imaging in a conventional synthetic
focus system. First, the intensity of harmonic signals, particu-
larly tissue harmonic signals, is very low relative to funda-
mental frequency signals. This is because harmonic genera-
tion is proportional to the square of the acoustic pressure at
the target. Since synthetic focus generally only uses a few
elements of a transducer array for each transmission, and may
only use a single element, the pressure of the acoustic energy
field thus developed is far below that which is present at the
focus of a standard focused transmit beam, and may be insuf-
ficient to produce diagnostically useful harmonic images.
Furthermore, the combining of echo signals employed in the
production of a synthetic focus image is generally done lin-
early and is predicated on assumed linearity in the acoustic
field. While this assumption is true for fundamental signals it
is not the case for nonlinear higher harmonics.

Hybrid acquisition as shown in FIG. 15 addresses these
problems and enables harmonic imaging in the context of
synthetic focus imaging. In this embodiment synthetic focus
signal acquisition is performed during a first time interval
fromt, tot,. These signals may be acquired and buffered until
all the data needed for synthetic focus motion imaging has
been acquired. The synthetic focus data from the transducer
elements is then combined to form a motion or flow map such
as described above. This can be the flow image component of
a color flow image, for example. During a subsequent time
interval from t, to t, conventional focused beams are trans-
mitted and the echoes acquired at a harmonic frequency. This
harmonic echo data may be used to produce the tissue har-
monic image component of a color flow image. The flow and
tissue components are overlaid or displayed together as a
colorflow image in which the tissue is imaged harmonically.
In the third interval from t, to t; the system performs synthetic
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focus signal acquisition again, followed by focused beam
transmission and acquisition during the fourth interval from
to t,. The third and fourth intervals may comprise the acqui-
sition time for a second color flow image frame, or a number
of time interleaved intervals greater than two may be alter-
nated to acquire both synthetic focus and focused beam sig-
nals for a display image. A hybrid embodiment such as this
may, under certain conditions, be faster than a conventional
imaging system; can do motion tracking as described above;
and enables images to be reprocessed from buffered data for
different sets of parameters such as beamforming character-
istics, wall filtering, or thresholding.

A synthetic focus motion imaging system may also be used
to produce quantified data. Quantification may be applied to
the synthetic transmit aperture images. In particular, param-
eters that are not routinely available, such as motion direction
(vector), linear and angular accelerations can be computed
from synthetic focus data.

In a synthetic focus system it is not necessary to process all
of the data from the entire aperture coherently. For example,
coherent processing may be performed on multiple sub-ap-
ertures and the results combined incoherently to reduce
speckle through spatial compounding. With buffered syn-
thetic focus data sets, this processing can be applied and the
degree of coherence adjusted for processing or reprocessing
of the same acquired data set. In the embodiment of FIG. 16,
the full aperture of a transducer array 11 is divided into three
sub-apertures identified as sub-aperture 1, sub-aperture 2, and
sub-aperture 3. The signals received by each sub-aperture are
synthetically focused as described above to produce a set of
one or more motion image maps for each sub-aperture. The
corresponding motion image maps from the different sub-
apertures are then compounded together to reduce speckle by
virtue of the different look directions of each sub-aperture. If
desired, an image map produced from the full aperture 11 can
be compared or blended with the compounded image map set
ofthe sub-apertures to produce additional diagnostically use-
ful image data. Further aspects of spatial compounding may
be found in U.S. Pat. Nos. 6,210,328, 6,126,599, and 6,135,
956.

It is not necessary to process the entire frequency spectrum
coherently, either. If coherent (pre-detection) processing is
performed on multiple sub-bands of the received synthetic
focus echo signals and the results combined incoherently,
speckle can be reduced by frequency compounding. As in the
previous embodiment, with buffered synthetic focus data sets
this processing can be applied and the degree of coherence
adjusted for processing or reprocessing of the same acquired
data set. Further aspects of frequency compounding are
described in U.S. Pat. No. 4,561,019.

In a synthetic focus motion imaging system, different
regions of the image, termed regions of interest or ROIs, can
be processed differently according to analysis of local char-
acteristics. The variability can be controlled by a user inter-
face which allows the user to position and size a ROI box.
FIG. 17 illustrates an embodiment of the present invention in
which the synthetic focus data pertinent to a ROl is processed
differently from data pertinent to the surrounding image field.
FIG. 17 shows a synthetic focus ultrasound image 140 dis-
playing an image of the heart 142. The heart has an upper
chamber 146 and a lower chamber 144 connected by a heart
valve 148. Because the blood flow in the vicinity of the heart
valve 148 may be uniquely different from that of the heart
chambers, an ROI box 150 is positioned around the heart
valve 148. For instance the blood flow around the valve may
be more turbulent than the more laminar flow of the surround-
ing chambers and blood vessels. The blood flow in the vicin-
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ity of the valve 148 may exhibit different velocities than the
surrounding blood flow. Accordingly, the synthetically
focused data pertinent to the ROI box 150 is differently pro-
cessed in consideration of these characteristics. The data from
a different number of transducer elements may be used to
synthetically focus the motional characteristics within the
ROI box, or different spatial resolution may be employed. If
the velocities within the ROI box are anticipated to be higher
than the surrounding velocities, lower resolution may be
employed within the ROI box to follow or track the heart
valve blood flow more accurately. The buffered synthetic
focus data pertinent to the ROI box may be reprocessed to
reveal particular characteristics such as different linear
velocities and/or acceleration. The set of motion maps used to
produce the image within the ROI box may be different than
the set of motion maps used outside of the ROI box. Thus,
synthetic focusing is performed differently within and out-
side of the ROI box in consideration of the diagnostic condi-
tions encountered.

Synthetic focus motion data can also be subjected to post
detection image processing such as XRES, an image process-
ing technique available from Philips Ultrasound, which pro-
vides a more smoothly enhanced tissue texture in an ultra-
sound image.

Synthetic focus motion imaging may also benefit from
wider aspect ratio and flat panel displays such as described in
U.S. Pat. No. 6,516,215. Since synthetic focus motion imag-
ing can produce simultaneous images in different display
formats or motion characteristics from the same synthetic
focus data set, displays such as these, with greater display
areas, permit multiple synthetic focus images to be displayed
at the same time for diagnoses based on multiple diagnostic
parameters or the comparison of multiple images.

In summary, an embodiment of the present invention can
provide one or more of the following advantages:

Good spatial resolution of echoes in all modes, with

improvement due to dynamic transmit focusing;

High frame rates, even in colorflow mode;

Reduced spectral broadening;

High velocity resolution;

Improved (or reduced requirement for) wall filtering for

colorflow imaging;

New display modes for flow;

Estimation of vector velocity with no angle correction,

isotropic color displays;

Harmonic as well as fundamental imaging;

Speckle reduction;

Images with spatially variable processing; or

A unified system architecture with no partitioning for each

mode.

What is claimed is:

1. A synthetic focus ultrasound system comprising:

an array of transducer elements comprising a plurality of
sub-apertures;

a transmitter coupled to the transducer which acts to pro-
duce transmit events by the transmission from an indi-
vidual element or group of elements over the full image
field;

a receiver coupled to the transducer which receives echo
signals from elements of the array in response to a trans-
mit event or a focused transmit beam;

a processor coupled to the receiver which acts to syntheti-
cally focus different image data sets from different sub-
apertures of the transducer array;

a combiner which acts to combine the synthetically
focused image data from the different sub-apertures; and
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a display which displays images produced from the com-
bined image data,

wherein image speckle is reduced by spatial compounding.

2. The synthetic focus ultrasound system of claim 1,

wherein the different sub-apertures view the image field of
the transducer array from different look directions.

3. A synthetic focus ultrasound system for imaging an

image field comprising:

an array of transducer elements;

a transmitter coupled to the transducer which acts to pro-
duce transmit events by the transmission from an indi-
vidual element or group of elements over the full image
field;

a receiver coupled to the transducer which receives echo
signals from elements of the array in response to a trans-
mit event;

a processor coupled to the receiver which performs syn-
thetic focusing of a first type in a designated portion of
the image field, and synthetic focusing of a second type
in another portion of the image field; and
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a display which displays an image including the designated

portion of the image field.

4. The synthetic focus ultrasound system of claim 3,
wherein the designated portion of the image field comprises a
region of interest delineated by a user.

5. The synthetic focus ultrasound system of claim 3,
wherein the first type of synthetic focusing comprises a first
type of motion processing, and wherein the second type of
synthetic focusing comprises a second type of motion pro-
cessing.

6. The synthetic focus ultrasound system of claim 5,
wherein the first type of motion processing detects motion of
a first velocity or velocity range and wherein the second type
of motion processing detects motion of a second velocity or
velocity range.

7. The synthetic focus ultrasound system of claim 3,
wherein the first type of synthetic focusing comprises rela-
tively high resolution focusing and wherein the second type
of synthetic focusing comprises relatively low resolution
focusing.
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