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Description

[0001] This invention relates to ultrasonic diagnostic
imaging systems and, in particular, to ultrasound systems
with microbeamformers in the probe which are capable
of dynamic focusing.

[0002] Ultrasound systems are presently available
which produce images of three dimensional (volumetric)
regions of the body. In order to form a three dimensional
image it is necessary to acoustically scan the volumetric
region which is to be imaged. Prior art attempts at scan-
ning three dimensional volumes have generally em-
ployed standard one-dimensional array transducers
which are capable of electronically scanning an image
plane. The transducer is mechanically scanned in the
elevation dimension to sweep the scan plane through the
volumetric region. The acquired planes are then assem-
bled to form the three dimensional image of the volumet-
ric region.

[0003] A problem with mechanically swept systems is
that the echo signals from the entire volumetric region
generally cannot be acquired rapidly enough for real time
imaging. For real time imaging it is preferable to use a
two dimensional (2D) array which is steered electronical-
ly. The speed of electronic steering permits the volumet-
ric region to be fully scanned rapidly enough for real time
image production. However a 2D array can have hun-
dreds or thousands of transducer elements. A probe ca-
ble with a conductor to the system beamformer for each
transducer element then becomes impractical. The so-
lution to this problem has been to provide some of the
beamforming in the probe, thereby producing a smaller
number of partially beamformed signals which can be
conducted through a cable of practical size. Probe beam-
forming is shown in US patents 5,027,820; 5,229,933;
and 5,997,479, for instance. However the probe beam-
formers described in these patents, referred to as intra-
group processors, provide only basic steering or focusing
capabilities. In the 479 patent, for example, each intra-
group processor is loaded with the identical delay profile,
which limits each microbeamformer to the same steering
angle. In an alternate embodiment each processor is ca-
pable of steering its beam at a slightly different angle to
achieve focusing. However, these systems are still not
capable of dynamic steering and focusing, which enable
the production of highly resolved ultrasonic images.
[0004] Inaccordance with the principles of the present
invention, an ultrasound system and scanhead as well
as its method of operation, are provided as set forth in
claims 1,8 which are capable of dynamically steering or
focusing beams received by groups or "patches" of ele-
ments of a two-dimensional transducer array. In a pre-
ferred embodiment dynamic focusing is provided by a
microbeamformer for a patch of transducer elements
which advances or retards the delay for the patch ele-
ments as the sequence of echo signals from the depth
of field is received. The microbeamformed signals from
each patch of transducer elements are conducted to the
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system beamformer which performs beamforming using
the patch signals.
[0005] In the drawings:

Fig. 1 illustrates coronary arteries traversing the sur-
face of a heart;

Fig. 2 illustrates an angiogram of a portion of the
coronary arteries shown in Fig. 1;

Fig. 3 illustrates a three dimensional volume inter-
secting a portion of the wall and chamber of a heart;
Figs. 4a-4c illustrate the sequential infusion of the
chamber, myocardium and coronary arteries of the
portion of the heart inside the volume of Fig. 3;
Figs. 5a and 5b illustrate "slit-o-vision" scanning of
a three dimensional volume with a linear and a
phased array transducer;

Figs. 6a and 6b illustrate mechanical scanning of a
three dimensional volume with a linear and a phased
array transducer;

Figs. 7aand 7billustrate electronic slit-o-vision scan-
ning of a three dimensional volume with two dimen-
sional linear and phased array transducers;

Fig. 8 illustrates an ultrasonic diagnostic imaging
system constructed in accordance with the principles
of the present invention;

Fig. 9 illustrates the partitioning of beamforming be-
tween a scanhead and an ultrasound system;

Figs. 10a and 10b illustrate the steering of a beam
inthe elevation direction by a scanhead beamformer;
Fig. 11a, 11b and 11c illustrate different embodi-
ments of a scanhead elevation beamformer;

Fig. 12 illustrates the organization and control of a
number of beamformer channels of a scanhead el-
evation beamformer;

Fig. 13is a plan view of a two dimensional transducer
array for three dimensional scanning in accordance
with the present invention;

Fig. 14 illustrates a receive sub-aperture of the trans-
ducer array of Fig. 13;

Figs. 15a-15g illustrate different transmit sub-aper-
tures of the transducer array of Fig. 13;

Fig. 16 illustrates scanhead microcircuitry for sam-
pling the signals received by a transducer element
of the transducer array of Fig. 13 in a desired time
relationship;

Fig. 17 is a more detailed view of the microcircuitry
of Fig. 16;

Fig. 18a illustrates a scanhead micro-beamformer
and multiline beamformer system suitable for
processing the signals received by the transducer
array of Fig. 13;

Fig. 19a illustrates operation of the system of Fig.
18a for a hexagonal scanning pattern;

Figs. 19b and 19c illustrate the use of interpolation
to develop a hexagonal scanline pattern;

Fig. 18b illustrates the use of a multiline scanhead
micro-beamformer in combination with a system
multiline beamformer;
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Figs. 18c and 18d illustrate single line and multiline
beam steering from a 2D transducer array patch;
Fig. 20 illustrates a three dimensional volume con-
taining a two dimensional image plane;

Fig. 21 illustrates the time interleaved sampling of
the three dimensional volume and two dimensional
image plane of Fig. 20;

Fig. 22 illustrates a duplex display of the three di-
mensional volume and two dimensional image plane
of Fig. 20;

Fig. 23 illustrates a duplex display of a large three
dimensional volume and a smaller three dimensional
volume contained within the larger volume;

Fig. 24 illustrates a three dimension image volume
containing coronary arteries;

Fig. 25 illustrates an algorithm for detecting the cent-
er of a blood vessel in a three dimensional image;
and

Fig. 26 illustrates a "straightened" display of one of
the coronary arteries of Fig. 23.

[0006] Referring first to Fig. 1, a picture of a heart 10
is shown. Located on the outer surface of the heart are
the coronary arteries 12, which provide a continuous sup-
ply of blood to the heart muscle, the myocardium. The
outer surface of the heart is irregularly rounded with pe-
riodic depressions and elevations, and the coronary ar-
teries located on this surface follows this continuously
bending surface and its high and low points. Thus, the
coronary arteries are not located on a planar surface, but
on a surface which undergoes many curves and contor-
tions. The coronary arteries cannot be imaged by a single
plane which bisects the heart, but by techniques which
will image the three dimensional paths of the coronary
arteries and all of their bends, twists, and turns.

[0007] Fig. 2 depicts an angiogram of the coronary ar-
teries of the heart of Fig. 1. The angiogram of Fig. 2 is
formed by first injecting a radiopaque dye into the body
which infuses the coronary arteries. A broad beam of x-
rays is then transmitted through the chest of the patient
and onto a radiographic plate on the opposite side of the
patient. The radiographic plate is continually scanned to
create animage. The x-rays which pass through the heart
without intersecting the coronary arteries will appear as
bright areas in the image, but x-rays which strike a dye-
infused artery will not reach the radiographic plate, leav-
ing an x-ray "shadow" 14 of the coronary arteries on the
plate. The resulting shadow image of the coronary arter-
ies will appear as shown in Fig. 2. Since a large area or
even the full heart is illuminated with x-rays, the twisting
and turning coronary arteries on the heart surface will
leave a pattern in the transmitted x-rays, even though
their twists and turns extend in three dimensions. Ob-
structions in the coronary arteries will be revealed by sud-
den changes in the width and/or brightness of an arterial
"shadow."

[0008] Fig. 3 depicts the ventricular region of a heart.
The left ventricle LV and right ventricle RV are depicted
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on the drawing. A portion of the heart wall and left ven-
tricle are to be imaged in this example, and are contained
within an imaging volume 20. The chamber volume of
the left ventricle is indicated at 18, the myocardium is
indicated at 16, and the coronary arteries 12 are located
on the outer surface of the myocardium. An ultrasonic
contrast agent is introduced into the body of the patient
and theimaging volume is scanned ultrasonically for both
the harmonic and the nonlinear fundamental return from
the contrast agent. Initially, before any of the contrast
agent has reached the heart, there will be no harmonic
return except that caused by nonlinear propagation of
the ultrasonic signal, which will be relatively low in inten-
sity. This tissue harmonic return can be reduced by pre-
distorting the transmitted pulse as described in U.S. pat-
ent 5,980,457 or by thresholding or other techniques.
When the contrast agent reaches the heart through the
circulatory system it will initially fill the chamber of the left
ventricle in the imaging volume 20, as depicted in Fig.
4a. The left ventricle will light up with a strong harmonic
return and will appear brightly in the ultrasonic image. As
the contrast agent is pumped from the heart it will next
infuse the coronary arteries 12, as depicted in Fig. 4b.
At this stage both the heart chamber 18 and the coronary
arteries 12 will appear brightly in the ultrasonic image.
Finally the contrast agent will perfuse the capillary bed
of the myocardium 16 from the coronary arteries 12. The
three regions 12, 16 and 18 will then appear brightly il-
luminated by the contrast agent return echoes as depict-
ed in Fig. 4c.

[0009] Since the purpose of the procedure is to exam-
ine the coronary arteries with as little clutter from other
tissue as possible, it is the second stage of infusion, that
depicted in Fig. 4b, which is of primary interest. Hence
the clinician should be recording the sequence of events
so as to capture the ultrasonic images when the coronary
arteries are infused with contrast agent and before the
myocardium becomes perfused, since harmonic signals
from the myocardium are unwanted and would be re-
garded as clutter. The harmonic return from the LV cham-
ber is also considered clutter as it is unwanted harmonic
signals and can interfere with the projection of the infused
coronary arteries onto an image plane. When images
such as those depicted in Fig. 4b have been captured,
they are preferably processed to eliminate the unwanted
signal from the heart chamber 18. This can be done by
adaptive beamforming and/or by image post-processing
which spatially mask out the unwanted image signals.
Since the left ventricle 18 is infused first, an algorithm
which detects the initial harmonic return and then masks
out image areas contiguous with the initial harmonic re-
turn within one or two heart cycles can effectively remove
heart chamber signals from the image. Another tech-
nique for masking the left ventricular returnis to recognize
that the left ventricle is a large blood pool and eliminate
displaying signals in large area which lack tissue return
signals. Thresholding can be used to segment between
blood pool signals which have a blood signal density of
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100% and the approximately 6% blood signal density of
tissue. Another sensing technique is to operate in the
fundamental frequency spectrum and recognize that fun-
damental frequency signals returned from blood are of a
lower amplitude than echoes returned from tissue. Har-
monic signals returned from areas with predominately
low amplitude fundamental signal returns are eliminated
from the display to mask the left ventricle. Yet another
technique is to recognize that bloodflow velocity in the
left ventricle is greater than that in the coronary arteries
or myocardium, and mask out the highest velocity signals
fromthe display. The remaining brightimage signals from
the coronary arteries can then be displayed in a three
dimensional display, or projected onto a darkened image
plane as by three dimensional maximum intensity ren-
dering to produce a two dimensional ultrasonic projection
image of the coronary arteries which will appear much
like an angiogram and hence can be used for diagnosis
by clinicians familiar with angiograms.

[0010] The segmentation of image areas into blood
and myocardium can also be used to adaptively beam-
form in order to increase spatial resolution and temporal
resolution in the myocardium. Such a process would gen-
erally use larger transmit apertures (with less beam width
but requiring more transmit cycles) in the regions of in-
terest (e.g., the myocardium). Smaller transmit apertures
are used in the blood pool regions to permit higher-order
multiline, and thereby provide faster acquisition. In addi-
tion to these aperture adaptations, adaptive beamform-
ing techniques which enhance the imaging of the coro-
nary arteries include sensing the intensity of received
signals so as to detect the high intensity return signals
from the contrast agent infused blood pool of the left ven-
tricle, and responding by reducing transmit power to the
left ventricle, since the left ventricle signals are unwanted
and reduced transmit power will cause less disruption of
the agent in the left ventricle which is being pumped to
the coronary arteries. Another alternative when using
multiline reception, which requires a "fat" (broad) beam
to insonify multiple scanlines simultaneously, is to adap-
tively alter the aperture and hence narrow the transmit
beam profile when overlapping the left ventricle, since
the beam need only be broad enough to insonify the cor-
onary arteries and not the coronary arteries and the left
ventricle. Yet another adaptation is to optimize time-of-
flight adjustments for tissue and not blood, and to inhibit
these adjustments when receiving blood pool signals
from the left ventricle, which is not the target of interest.
Yetafurther adaptation is to adaptively tailor the aperture
in consideration of transducer elements which are
blocked by the ribs when imaging the heart transthorac-
ically.

[0011] Ithasbeenfound thatthe coronaryimaging pro-
cedure can be conducted to prevent the third stage
shown in Fig. 4c from effectively occurring, thereby sus-
taining the desired second stage of infusion shown in Fig.
4b where the coronary arteries are clearly segmented.
The fme capillary bed of the myocardium 16 is perfused
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slowly by a very small number of microbubbles of the
contrast agent. The velocity of bloodflow in a coronary
artery supplying blood to a capillary bed will be relatively
high, and as the volume of blood is distributed over the
many capillaries of the bed the velocity becomes consid-
erably lower in the capillaries. The bloodflow velocity in-
creases again in the large collector vessels at the output
of the capillary bed. Approximately five to eight cardiac
cycles can be required to initially perfuse a capillary bed
of the myocardium, or to reperfuse the capillaries after
the contrast agent has been disrupted. By balancing the
image frame rate (i.e., the transmit pulse rate) and the
transmit pulse power, these very small microbubbles can
be continuously disrupted as they begin to perfuse the
myocardium. A higher frame rate and/or a higher transmit
power will cause increased microbubble disruption in se-
lected areas of the cardiovascular system. It has been
found that transmitting with a mechanical index setting
of approximately 0.1 or less will cause little or no micro-
bubble disruption, enabling the blood pool of the heart
chamber, coronary arteries, and the myocardial capillary
bed to be imaged at these levels. Above this level no-
ticeable microbubble disruption will occur. In the range
of a mechanical index of approximately 0.2-0.5, micro-
bubbles are disrupted in substantial numbers before they
are able to reperfuse the capillary bed in the image plane.
Thus, imaging at these power levels will result in signif-
icantharmonic signal returns from the heart chamber and
coronary arteries, which are significantly reinfused in the
image plane between transmit pulses, with little signal
returns from the capillary bed. At higher power levels,
and particularly above a mechanical index of 1.0, there
will be substantial microbubble disruption in the heart
chamber, coronary arteries, and capillary bed, with only
minor reinfusion of the image plane in the heart chamber
blood pool. The exact numbers will vary for particular
contrast agents. By use of a suitable low but disruptive
mechanical index setting, the capillary bed of the myo-
cardium can be effectively kept free of substantial
amounts of contrast agent and hence will produce little
if any harmonic contrast return signals. The result is that
the second stage of Fig. 4b, where only the heart cham-
ber and coronary arteries are producing significant har-
monic return signals, can be maintained for a consider-
able period of time by proper selection of frame rate and
transmit power. Combining selective disruption of the
capillary bed with masking of the left ventricle blood pool
enable the coronary arteries to be segmented for display.
Another variation is to recognize the low velocity of flow
in the myocardium as noted above, and to mask or reject
signals of low flow velocity from the capillary bed.

[0012] Furthermore, the coronary artery imaging pro-
cedure can be controlled to reduce unwanted harmonic
returns from contrast agent in the heart chamber, thereby
minimizing the need for masking or other echo elimina-
tion techniques. The contrast agent can be administered
through an intravascular catheter, which can be threaded
into the aortic root. When the contrast agent is injected
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at the aortic root, the flow of blood out of the heart will
prevent immediate entry of contrast agent into the heart
chambers. Since the coronary arteries receive their blood
supply from the aortic root, the injection of contrast agent
at this location will cause the coronary arteries to imme-
diately become infused with the agent. Thus the coronary
arteries will be the first structure to light up with contrast
agent, which will not enter the heart until traversing the
vascular system and returning to the heart by venous
flow, at which point a significant amount of agent may be
eliminated by lung filtering. Thus, clutter from contrast
agent in the heart chambers is reduced if not eliminated
for at least the initial period of the procedure.

[0013] One way to form a planar ultrasonic projection
image of a volumetric region is by means of the technique
known as "slit-o-vision," which is described in U.S. Pat.
5,305,756. In the slit-o-vision technique a volumetric re-
gion is insonified with an ultrasonic beam which is diver-
gent in the elevation dimension and focused in the azi-
muth dimension. The technique takes its name from the
fact that such an image can be formed by use of an ap-
erture which is relatively long in the azimuth dimension
and narrow in the elevation dimension. An ultrasound
beam produced from such an aperture utilizes diffraction
to radiate an essentially cylindrical wavefront that, while
focused in azimuth, develops the desired divergence in
the elevation direction. An elevationally divergent beam
can also be produced by acoustic lenses or electronic
lenses. Forinstance, when an element of an array is con-
vex in the elevation dimension or has a lens which is
elevationally divergent, elevationally divergent beams
can be produced by a linear array 10 as shown in Fig.
5a. The elevation and azimuth dimensions are indicated
by the EL and AZ arrows, respectively. The elevationally
divergent beams will insonify a wedge-shaped volume
30. Points which are of the same range locus from the
array 10, such as those along range locus 28, are acous-
tically integrated and projected at that range onto projec-
tion plane 32. This acoustic integration and projection
occurs at every range in the volume, so that the entire
volumetric region 30 is projected onto the projection
plane 32. If the volumetric region contains only or princi-
pally signals from coronary arteries, the coronary arteries
in the volume will be projected onto the projection plane
32 and appear as the image. Fig. 5b illustrates the same
results from use of a phased array transducer 10’, in
which case the volumetric wedge 60 is more triangular
and projects onto a triangular plane 62.

[0014] In Figs. 6a and 6b the same volumetric regions
30 and 60 are insonified by sweeping beams focused in
elevation and azimuth over the volumetric regions. This
is done by rocking the 1D array in the elevation direction
as shown by the arrows 42. After image planes within
the volumes 30,60 have been acquired and contrast sig-
nals from the cavity have been removed, points of com-
mon range such as those along constant range locus 28
are integrated together to project the planes onto a com-
mon projection plane 32,62. Once again, animage in the
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form of an angiogram is formed when coronary artery
information is predominate in the volumetric regions
30,60.

[0015] Figs. 7a and 7b illustrate another slit-o-vision
technique, in this case by the electronic synthesis of el-
evationally divergent beams, which has better sensitivity
but generally lower frame rate than the embodiment of
Fig. 5. These embodiments use two dimensional arrays
10", which may be operated as either 1.5D or 2D arrays.
The transmit beams are made elevationally divergent by
pulsing the central elevation elements first, then proceed-
ing to pulse the outermost elevation elements last. Fig.
7a depicts a linear array scanning format which scans
volumetric region 30, and Fig. 7b depicts a phased array
scanning format which steers beams in a volumetric re-
gion 60. As in the case of the Fig. 5a and 5b embodi-
ments, points at a common range locus in the volumetric
regions acoustically integrate onto a projection plane 32
or 62 for a projection image of the structure in the volu-
metric regions 30 and 60. Alternatively, the 2D array of
Fig. 7 can be focused and steered in elevation to effect
the scanning of the volume as shown in Fig. 6.

[0016] Where discrete planes of a volumetric region
are acquired as described below, they can be combined
to form a projection image as shown in Fig. 2 using vol-
ume rendering techniques. This three dimensional meth-
od has lower frame rates than the above "slit-o-vision"
approaches, but provides greater spatial resolution, less
clutter from off-axis reflectors, and more control over the
image by variation of the rendering parameters.

[0017] Fig. 8 illustrates an ultrasonic diagnostic imag-
ing system constructed in accordance with the principles
of the present invention. A scanhead 26 including an ar-
ray transducer 10 is connected by a cable 11 to a beam-
former 36. The beamformer controls the timing of actu-
ation signals applied to the elements of the transducer
array for the transmission of steered and focused trans-
mit beams, and appropriately delays and combines sig-
nals received from the transducer elements to form co-
herent echo signals along the scanlines delineated by
the transmit beams. The timing of the beamformer trans-
mission is also responsive to an ECG signal when it is
desired to synchronize or gate image acquisition with a
particular phase of the heart cycle. The beamformer is
further responsive to a scanhead position signal when
the transducer is being mechanically moved to sweep
ultrasonic beams over a volumetric region, thereby ena-
bling beams to be transmitted when the transducer is
properly oriented with respect to the volumetric region.
[0018] The output of the beamformer is coupled to a
pulse inversion processor 38 for the separation of fun-
damental and harmonic frequency signals. Pulse inver-
sion processors are well known in the art and are de-
scribed in U.S. Pats. 5,706,819 and 5,951,478. These
patents describe how echoes from alternately phased
pulses can be usedto separate harmonic contrast signals
from fundamental signals, which is a preferred method
of separating signals from contrast agents for coronary
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imaging in accordance with the present invention.
[0019] The fundamental and/or harmonic signals may
be B mode processed or Doppler processed, depending
upon the desired information to be displayed. For Doppler
processing the signals are coupled to a wallfilter 22 which
can distinguish between flow, stationary tissue, and mov-
ing tissue. A preferred wall filter for contrast imaging is
described in U.S. Pat. 6,095,980, which is also capable
of performing harmonic contrast signal separation. The
filtered signals are applied to a Doppler processor 42,
which produces Doppler power, velocity, or variance es-
timation. A preferred Doppler processor for harmonic
Doppler signal estimation is described in U.S. Pat.
6,036,643. Artifacts from scanhead motion which can
contaminate Doppler imaging are removed by a flash
suppressor 44. Various techniques may be used to re-
move flash artifacts prior to or subsequent to image for-
mation, including the notch filter technique described in
U.S. Pat. 5,197,477 and the min-max filter technique de-
scribed in U.S. Pat. 5,782,769. The processed Doppler
signals are stored in a Doppler image memory 40'.
[0020] Signals which are to be B mode processed are
applied to a B mode processor 24 which detects the sig-
nal amplitude. B mode processed signals are stored in
a tissue image memory 40.

[0021] The B mode and Doppler signals are applied to
a coordinate transformation processor 46. For conven-
tional two dimensional imaging the coordinate transfor-
mation processor will function as a scan converter, con-
verting polar coordinates to Cartesian coordinates as
necessary and filling spaces between received lines with
interpolated image data. The scan converted images are
coupled to a video processor 70 which puts the image
information into a video format for display of the images
on a display 100. The images are also coupled to a
Cineloop® memory 56 for storage in a loop if that function
is invoked by the user.

[0022] When 3D imaging is being performed by the
ultrasound system, the coordinate transformation proc-
essormay be used to scan convert the tissue and Doppler
signals in planes of image information over the scanned
volume, or may be used to transform the coordinates of
the image data into a three dimensional data matrix. Pref-
erably the coordinate transformation processor operates
in cooperation with a volume rendering processor 50,
which can render a three dimensional presentation of the
image data which has be processed by the coordinate
transformation processor. Three dimensional images of
tissue are rendered in accordance with tissue rendering
parameters 54 which are selected by the user through a
control panel or user interface (UIF). Three dimensional
images of Doppler information are rendered in accord-
ance with blood flow rendering parameters 52. These
parameters control aspects of the rendering process
such as the degree of transparency of tissue in the three
dimensional image, so that the viewer can see the vas-
culature inside the tissue. This capability is important
when 3D images of both tissue and flow are being ren-
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dered, as described in U.S. Pat. 5,720,291. Three dimen-
sional images can be stored in the Cineloop® memory
56 and replayed to display the scanned volume in a dy-
namic parallax presentation, for instance. A three dimen-
sional rendering of flow without the surrounding tissue,
as described in U.S. Pat. Re 36,564, can reveal the con-
tinuity of flow of blood vessels and obstructions in those
vessels and is useful for coronary artery diagnosis in ac-
cordance with the present invention.

[0023] Differenttransducerprobes canbe usedtoscan
a volumetric region of the heart which includes the cor-
onary arteries. Either a 1D (azimuth steered) or a 1.5D
or 1.75D (azimuth steered and elevation focused) array
may be moved mechanically to sweep beams over the
three dimensional volume. For electronic steering either
a 1.75D (minimally electronically steered in azimuth and
elevation) or a 2D (fully electronically steered in azimuth
and elevation) array may be used. An embodiment which
uses a 2D array transducer 10" is shown in Fig. 9. An
important consideration in the use of two dimensional
arrays is the number of cable wires used to connect the
probe to the ultrasound system. Various approaches can
be used to reduce the number of cable conductors and
thus the size of the cable, including wireless links to the
ultrasound system, micro-beamforming in the probe, dig-
ital or analog time multiplexing, the use of sparse arrays,
and the use of transmit/receive multiplexers. One solu-
tion is an r.f. probe which transmits echo signals wire-
lessly to the ultrasound system as described in U.S. Pat.
6,142,946. Another solution, when a cable connection is
used, is to partition the beamformer between the scan-
head and the ultrasound system as described in U.S.
Pat. 6,102,863. The embodiment of Fig. 9 makes use of
this approach by performing elevation beamforming in
the scanhead 26 and azimuth beamforming in the ultra-
sound system 101. For example, suppose that the two
dimensional array has 128 columns of elements extend-
ing in the azimuth direction (indicated by the AZ arrow in
the drawing) and six rows of elements in the elevation
direction (indicated by the EL arrow). If each element of
the array were connected by its own conductor to the
ultrasound system, a cable of 768 signal conductors
would be required. In the embodiment of Fig. 9 each col-
umn of six elements is coupled to an elevation beam-
former 36a which appropriately excites (on transmit) and
delays and combines (on receive) signals from the six
elements of the column. This combines the six signals in
each column into one elevation beamformed signal,
which is then coupled over a cable conductor to the ul-
trasound system, where the elevation beamformed sig-
nals are beamformed in the azimuth direction. In the fore-
going example, the 128 elevation beamformed signals
are coupled over the 128 conductors of a cable 11, a
significant reduction in cable size as compared to a probe
without scanhead beamforming. At least elevation steer-
ing is performed in the elevation beamformer 36a, and
preferably both steering and focusing are performed in
the elevation beamformer.
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[0024] The operation of the elevation beamformer is
illustrated in Figs. 10a and 10b. In Fig. 10a a beam is
being steered normal to the array transducer as indicated
by the 0° arrow extending from the elements 10, through
10,,, which comprise a column of elements in the eleva-
tion direction. Signals at the center of the column are
delayed more than signals at the ends of the column as
indicated by the relative length of the delays 102 for the
different elements to effect a focus. Delayed receive sig-
nals are combined by a summer 104, then coupled over
a signal lead in the cable 11 to the azimuth beamformer
36b. Fig. 10b illustrates the situation when a beam is to
be transmitted or received from the left at a 30° inclination
in elevation as indicated by the 30° arrow. In this case
signals on the left side of the array are more greatly de-
layed as indicated by the relative length of the delays
102. Received signals are combined by the summer 104
and coupled through the cable to the azimuth beamform-
er 36b.

[0025] Figs. 11a-11c illustrate the implementation of
the elevation beamformer in three different ways (ne-
glecting any buffering or gain elements). Fig. 11a illus-
trates an analog implementation in which each transduc-
er element 10, is coupled to an analog delay line 106.
The length of the delay is set by choosing the input or
output tap of the delay line and the delayed signals are
coupled to an analog summer or to an A/D converter if
the signals are to be digitally combined. In Fig. 11b each
transducer element 10, is coupled to a CCD delay line
108. The length of the delay is set by choosing an input
or output tap that determines the number of charge stor-
age elements in the delay line or by varying the rate at
which the charge samples are passed through the charge
storage elements. The outputs of the delay lines are
summed either in sampled analog format or after being
digitized.

[0026] Fig. 11c illustrates a digital embodiment of an
elevation beamformer. In this example the elevation
beamformer has 128 sub-beamformers 120, each
processing the signals from one elevation column of six
transducer elements. Each of the transducer elements
10, through 10,, is coupled to an A/D converter 110 and
the digitized signals are delayed by a digital delay line
112, which may be formed by a shift register, FIFO reg-
ister, or random access memory. The appropriately de-
layed signals are combined in a summer 104 and coupled
over cable conductors to the azimuth beamformer. To
conserve cable conductors when using multibit signal
samples, the data values from several of the beamformer
channels 120 can be interleaved (time multiplexed) and
sent over the same group of conductors at a data rate
sufficient for the desired level of realtime imaging per-
formance.

[0027] Fig. 12 illustrates the organization and control
of a number of beamformer channels 120 of a scanhead
elevation beamformer. The beamformer comprises N el-
evation sub-beamformers 120-120,, where each sub-
beamformer receives signals from a column of transduc-

10

15

20

25

30

35

40

45

50

55

er elements in the elevation direction, as indicated by the
number 6 for this example. Data to control the elevation
beamforming (such as elevation angle and focusing) is
sent to a timing & delay decoder & data store 126 in the
scanhead 26, preferably serially over a cable conductor.
This control data is decoded and delay values coupled
to a delay control 124, which sets the beamformer chan-
nels for the desired delays for each transducer element.
For dynamic focusing the delays are changed as echoes
are received. The elevation aperture can be varied by
applying zero weights to some of the outermost channels
when a smaller (near field) aperture is desired. The data
received by the timing & delay decoder & data store 126
is also used to control transmit timing by pulse transmit-
ters 122-122,,, each of which controls the transmission
of the six transducer elements in an elevation column in
this example. When received echo signals are processed
in the analog domain as illustrated by Figs. 11a and 11b,
the signals from the 128 channels of the elevation beam-
former in this example are sent over 128 cable conduc-
tors to the azimuth beamformer 36b. When the echo sig-
nals are processed digitally the signals from the 128
channels are interleaved (time multiplexed) and sent over
digital conductors of the cable 11 to the azimuth beam-
former in the ultrasound system 101.

[0028] A true 2D electronically steered embodiment of
the present invention is illustrated starting with Fig. 13.
This drawing shows a plan view of a 2D transducer array
200 of greater than three thousand transducer elements.
For ease of illustration the small boxes in the drawing
which represent individual transducer elements are
shown spaced apart from each other. However, in a con-
structed embodiment, the individual transducer elements
are close packed in a repeating hexagonal pattern. The
2D array has an overall dodecahedral outline. In a pre-
ferred mode of operation beams are transmitted outward
from the center of the array and can be steered and fo-
cused in a cone of at least +30° about a line normal to
the center of the array. When steered straight ahead,
echoes received from along a transmitted scanline are
initially received at the center of the array and then in
circular or arcuate groupings of elements centered on
and extending outward along the projection of the scan-
line onto the surface of the array. In the illustrated em-
bodiment approximately the central one-quarter of the
elements are used for beam transmission. The entire ar-
ray is available for echo reception.

[0029] The array 200 of Fig. 13 is seen to be drawn in
alternate light and dark groupings 202 of twelve trans-
ducer elements. One of these groupings 202, referred to
herein as a "patch" of transducer elements, is shown in
a separate enlarged view in Fig. 14. These irregular hex-
agonal patches 202 of twelve elements are beamformed
together during echo reception as discussed in detail be-
low. Elements in the center of the array (approximately
750 elements) are connected in groups of three for trans-
mission by high voltage mux switches. Figs. 15a-15f
show some of the three-element configurations that are
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possible during beam transmission. The transmit group-
ings can also simply be three elements adjacent to each
other in a straight line. The exact configuration or config-
urations used to transmit a given beam depend upon the
desired beam characteristics and its azimuth. Four ele-
ments may also be connected together for transmission
as illustrated by the diamond shaped grouping of four
elements in Fig. 15g.

[0030] Since a cable with more than three thousand
conductors is not currently practical, each patch of twelve
elements of the array is beamformed in the scanhead.
This reduces the number of signals which must be cou-
pled to the ultrasound system beamformer to approxi-
mately 256. Then, a 256 channel beamformer in the ul-
trasound system can be used to beamform the partially
beamformed signals from the scanhead.

[0031] Because the elements of each receive patch of
twelve elements of the 2D array are sufficiently small,
contiguously located, and closely packed, the echo sig-
nals received by the elements of a patch will be aligned
to within one wavelength at the nominal receive frequen-
cy for steering angles of approximately 40° or less (ne-
glecting focal delays). The echoes of the elements are
then sampled to bring all of the patch element signals
into precise time alignment. The sampling is done with a
range of sampling delays with a precision of a fraction of
a wavelength to bring the signals from all of the patch
elements to a time alignment within the precision of the
sampling clock quanta, preferably 1/16 of a wavelength
orless. The time-aligned signals from the patch elements
are then combined. This beamforming of each patch is
done by microelectronics located immediately behind the
transducer array in the scanhead to facilitate intercon-
nections. Sample time shifting and alignment is per-
formed by the sampling delay line shown in Figs. 16 and
17. Each element 204 of a patch of elements which is to
be partially beamformed is coupled by way of an amplifier
206 to a sampling input switch 208. The sampling input
switch 208 is continually conducting samples of the trans-
ducer signal onto capacitors 212 in a sequential manner.
The sequencing of the switch 208 is under control of a
ring counter 210 which is incremented by a clock signal.
As the darkened segment of the ring illustrates, the sam-
pling input switch is continually sampling the input signal
onto successive ones of the capacitors 212 in a circular
manner. The amplifier 206 has a bipolar output drive so
that the charge of a capacitor can be either increased or
decreased (discharged) to the instantaneous signal level
at the time of sampling.

[0032] The signal samples stored on the capacitors
212 are sampled by a sampling output switch 214 which
samples the stored signals in a sequential manner under
control of a second ring counter 216. As shown by the
darkened segment on the ring of the second ring counter
216, the sampling output switch 214 samples the stored
signals in a particular time relationship to the input switch
and its ring counter. The time delay between the input
and output sampling is set by a time shifter 220 which
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establishes the time delay between the two ring counters.
Thus the time of sampling of the output signal samples
can be incrementally advanced or delayed as a function
of the timing difference between the two ring counters.
This operation can be used to bring the output signal
samples of all the elements of a patch into a desired time
alignment such as the sampling time of a central element
of the patch. When the signals from all of the elements
of the patch are within a desired range of sampling time,
the signals can be combined into one signal for further
beamforming in the ultrasound system. The time aligned
output signals are further amplified by an amplifier 218
and coupled to a summer for combining with the signals
of the other elements of the patch.

[0033] Details of a constructed embodiment of the ar-
rangement of Fig. 16 are shown in Fig. 17. In integrated
circuit fabrication the sampling switches do not have ro-
tating wipers as illustratively shown in Fig. 16, but are
formed by a plurality of gates 228. Each of the gates 228
is controlled by the output of an output stage of a shift
register 230, which is arranged to circulate one bit and
thereby operate as a ring counter. When the bit is shifted
to a particular stage of the shift register 230, the gate 228
connected to that stage is closed to conduct a signal sam-
ple to its capacitor 212. The output switches are similarly
constructed as a series of parallel gates 234, and are
similarly controlled by stages of circulating shift register
232. Signal samples taken from the capacitors 212 are
amplified and resistively coupled to a current summing
node for summation with the other signals of the group-
ing.

[0034] A clock command memory 240 is located in the
scanhead and preferably on the same integrated circuit
as the sampling circuitry. The clock command memory
stores data identifying the time delays needed for one or
more receive echo sequences. The control data for the
current beam is coupled to a clock delay controller 242
which controls the relative time relationship between the
two ring counters. The controller 242 does this by block-
ing clock cycles applied to the first ring counter 230 from
reaching the second ring counter 232, or by inserting
additional clock cycles into the clock signal. By blocking
or inserting shift register clock pulses to the second ring
counter the relative timing between the two ring counters
is adjustably advanced or retarded. The time aligned
samples from all of the transducer elements of the patch
are then combined at a current summing node | Node.
The summed signals from the patch are coupled through
the scanhead cable to the ultrasound system beamform-
er.

[0035] With the addition of a second sampling output
switch for each element controlled in a different time re-
lationship than the first sampling output switch, and a
second summer for the second sampling output switches
of the patch elements, a second, receive beam can be
produced at the same time as the first receive beam.
Thus, each patch becomes a small multiline receiver re-
ceiving two (or more) receive beams simultaneously,
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which is useful in the multiline embodiment described
below.

[0036] The microbeamformer for the patches can uti-
lize other architectures such as charge coupled delay
lines, mixers, and/or tapped analog delay lines.

[0037] Three dimensional imaging requires that the
volumetric region be sufficiently sampled with ultrasound
beams over the entire volume. This requires agreat many
transmit-receive cycles which causes the time needed
to acquire a full set of volumetric data to be substantial.
The consequences of this substantial acquisition time
are that the frame rate of a realtime 3D display will be
low and that the images will be subject to motion artifacts.
Hence it is desirable to minimize the time required to
acquire the necessary scanlines of the volumetric region.
A preferred approach to this dilemma is to employ mul-
tiline beamforming, scanline interpolation, or both, as
shown in Figs. 18 and 19. While beams may be steered
in a square or rectangular pattern (when viewed in cross-
section) to sample the volume being imaged, in a pre-
ferred embodiment the beams are oriented in triangular
or hexagonal patterns in the volumetric region to suffi-
ciently and uniformly spatially sample the region being
imaged. Fig. 19a is a cross-sectional view through the
volumetric region in which scanlines in the volumetric
region are axially viewed. In this example nineteen scan-
lines are produced for every transmit beam. The scanline
locations are spatially arranged in hexagonal patterns.
The nineteen scanline locations of one hexagonal pattern
are denoted by circles which represent axial views along
the scanlines. The nineteen scanline locations are inson-
ified by a "fat" transmit beam of a desired minimum in-
tensity across the beam. The transmit beam in this ex-
ample is centered on the location of scanline 270, and
maintains the desired acoustic intensity out to a periphery
denoted by the dashed circle 250, which is seen to en-
compass all nineteen scanline locations. The echoes re-
ceived by the elements of the transducer array are par-
tially beamformed by a micro-beamformer 280 in the
scanhead as described above and coupled to a 19x mul-
tiline beamformer 282 in the ultrasound system as shown
in Fig. 18a. In this example a 2D transducer array of 3072
elements is operated in patches of 12 elements, produc-
ing 256 patch signals which are coupled to the ultrasound
system by a cable 281 with 256 signal conductors without
multiplexing. The 19x multiline beamformer processes
the 256 echo signals received from the transducer patch-
es with nineteen sets of delays and summers to simulta-
neously form the nineteen receive scanlines 252-274
shown in Fig. 19a. The nineteen scanlines are coupled
to an image processor 284, which performs some or all
of the harmonic separation, B mode, Doppler, and vol-
ume rendering functions previously described in Fig. 8.
The three dimensional image is then displayed on the
display 100.

[0038] Interpolation may be used to form scanline data,
eitheralternatively to or in conjunction with multiline scan-
line formation. Fig. 19b illustrates a series of scanlines
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361-367 marked by the darkened circles which have
been acquired from a volume being imaged in a hexag-
onal pattern as indicated by the background grid pattern.
The scanlines 361-367 can be acquired individually or in
groups of two or more by multiline acquisition. Scanlines
at the undarkened circle locations are interpolated from
the acquired scanlines using two-point r.f. interpolation.
The interpolated scanline 371 is interpolated by weight-
ing each of the adjacent scanlines 361 and 362 by ',
then combining the results. The weights used are a func-
tion of the location of the scanline being produced in re-
lation to the locations of the three received scanlines
whose values are being interpolated. Similarly, interpo-
lated scanline 372 is interpolated using adjacent scan-
lines 362 and 367, and interpolated scanline 373 is in-
terpolated using adjacent scanlines 361 and 367. Each
group of three scanlines is used to interpolate three in-
termediate scanlines using weighting factor which are a
factor of two (2-1), enabling the interpolation to be per-
formed rapidly by shifting and adding the bits of the data
being interpolated. This avoids the use of multipliers and
multiplication and affords highspeed processing advan-
tageous for realtime 3D display rates.

[0039] Fig. 19c illustrates a further iteration of the in-
terpolation of Fig. 19b in which the scanline density of
the volume is increased even further by interpolation. In
this illustration two further sets of scanlines 381-383 and
387-392 are interpolated between the previous set.
These scanlines may be interpolated using the previously
interpolated set of scanlines, or they may be interpolated
directly (and simultaneously, if desired) from the acquired
scanlines 361,362,367. These scanlines also have the
advantage of being weighted by weighting factors which
are a factor of two. The set of interpolated scanlines most
central to the three received scanlines, 381-383, are in-
terpolated using weighting factors of ¥z and V4. Scanline
381, for instance, is produced by (¥z(scanline 361) + V4
(scanline 362) + V4(scanline 367)). The outer set of scan-
lines is produced by 4, % weights as described in U.S.
Pat. 5,940,123. Scanline 392, for instance, is produced
by (Va(scanline 367) + 34(scanline 361)) or, to avoid mul-
tiplication, (Y4(scanline 367) + Ya(scanline 361) + Ya(scan-
line 361) + Ya(scanline 361)). Fig. 19c¢ illustrates corre-
sponding sets of interpolated scanlines for received
scanlines 362,363,367, including the central group of
scanlines 384-386, and the outer set of scanlines
393-396. To reduce motional artifacts, the received scan-
line data can be filtered in either r.f. or detected form prior
to display.

[0040] The above example uses a linear interpolation
filter kernel. It is also possible to use an interpolation ker-
nel that has a non-liner shape (such as, for example,
cosine, sinc, etc.) However the filter coefficients of these
other filters will generally not have the desirable power
of two property.

[0041] The use of patches to reduce the size of the
cable needed to connect the scanhead to the ultrasound
system may, under certain operating conditions, give rise
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to undesired grating lobes in the scanhead’s beam pat-
tern. This is due to the grouping of individual transducer
elements into a single unit, giving the transducer array a
coarser pitch, even with the use of micro-beamforming
as described above. This problem can be reduced by
considering each patch to be a sub-aperture of the entire
2D array which is capable of receiving signals from mul-
tiple, closely spaced scanlines in the transmit beam field.
The signals from the sub-apertures can be delayed and
summed to form a group of multiline received scanlines.
Grating lobes which arise by reason of the periodicity of
the sub-apertures and can contribute clutter to the final
image are reduced by producing two or more differently
steered signals from each sub-aperture (patch). The
steering difference is kept small, within the beamwidth
of the patch. By keeping the steering delay profile less
than A/2, significant grating lobes are kept out of the im-
age field.

[0042] A simple 1D example illustrates these effects.
Consider a sixty-four element 1D linear array with inter-
element spacing (pitch) of A/2. The array is divided into
four patches of sixteen elements each. Two beams are
steered to the left and right of a nominal direction on each
patch. The steering angles are limited so that other lines
or samples can be interpolated between these two re-
ceived multilines. It is desirable for the multilines to be
radially far enough apart to support the creation of inter-
spaced interpolated lines, but close enough together so
that r.f. interpolation will not form artifacts due to spatial
undersampling. For example, if the steering delays are
limited to correspond to less than =A/8, then the two
steered beams from each patch will fall within approxi-
mately the -1dB width of the nominal patch beampattern.
Also, because the steering delay between the left and
right multiline on any element is thus limited to A/4, r.f.
interpolated lines can be produced using a simple two
tap interpolation filter (A/2 delays would correspond to
the Nyquist criterion). The A/8 delay limitation limits the
steering angle to approximately +(A/8)/(4*\) or 1/32 ra-
dians. Thus the angle between the left and right multilines
can be about 1/16 radians, or about 3.6 degrees. If two
other lines are symmetrically interpolated between the
two received multilines, the resulting line spacing is ap-
proximately 1.2 degrees: A greater number of more
closely spaced multilines or interpolated lines can also
be produced as desired.

[0043] Inthe 1D array example, instead of producing
a single scanline from each patch steered in the nominal
steering direction, two scanlines are produced, one
steered slightly left of the nominal steering direction and
one steered slightly right. In the case of a 2D array, sev-
eral variations are possible. For a rectilinear 2D array,
four scanlines are produced for each patch, steered left,
right, up and down in quadrature relationship. For a tri-
angular-based 2D array such as a hexagonal array, three
scanlines are produced at rotations of 120° as shown in
Fig. 18d. The scanlines produced in this drawing are iden-
tified as Byg, By120 and Bypag, respectively, where the
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subscript number refers to the direction of rotation in the
plane normal to the nominal steering direction of the
patch and the angle ¢ is the small angle at which each
scanline is tilted from the nominal steering direction. The
angle ¢ is kept small as described above so that the three
scanlines are kept within the beamwidth of the nominally
steered beam. Fig. 18c illustrates a single scanline B
oriented normal to the patch 202, as would be produced
by the system shown in Fig. 18a, which has a beam nom-
inally steered normal to the face of the patch 202.
[0044] Although the foregoing examples suggest the
use of a rectangular scan geometry for a rectilinear array
and a triangular scan geometry for a hexagonal array,
the scan geometry is not intrinsically linked to array ge-
ometry. A rectangular scan can be performed using a
hexagonal array and vice versa.

[0045] A system operating as illustrated by Fig. 18d is
shown in Fig. 18b. The scanhead in this drawing includes
a 12 element patch micro-beamformer which produces
three multiline signals from each patch (B, By129 and
By240, for example) instead of one line as did the micro-
beamformer 280 of Fig. 18a. The micro-beamformed
patch multilines are sent over the n conductors of a cable
351 tothe ultrasound system’s multiline beamformer 352.
The multiline scanlines from all of the patches are com-
bined in the system multiline beamformer 352 to form
multiple scanlines. It is also possible to perform r.f. inter-
polation between the multiline scanlines. However, rath-
er than combine (beamform) the multiline signals from
each patch and then perform r.f. interpolation on the
beamformed signals, it is preferred that r.f. interpolation
is performed on signals received from each patch sepa-
rately prior to beamforming combination. In this case,
prior to the weighting and summation operations of r.f.
interpolation, each patch signal for each nominal steering
direction is slightly delayed or advanced by an amount
determined by each patch position and the offset of the
interpolated line from the nominal line. The effect of the
delays is to maximize the coherence of the patch wave-
forms combinedinther.f. interpolation step. Thisreduces
interpolation errors and improves sensitivity. Specifically,
ifN interpolated lines are produced from M patches, each
patch having K multilines, then MN r.f. interpolators are
required with each interpolator preceded by K delay
states, one for each multiline. This same approach (i.e.,
delay + individual patch r.f. interpolation prior to patch
signal combination) can also be used on patch signals
received from different directions in a non-multiline mode
provided that target motion between successive trans-
mits is not excessive. The multiple scanlines are then
processed by the image processor 284 and displayed on
the display 100 as described previously. The number n
of receive signal conductors of the cable is 768 if three
multilines from each of 256 patches are sent simultane-
ously without multiplexing, a number which can be re-
duced by multiplexing if desired. The patch multilines re-
ceived by the ultrasound system can be interpolated to
form additional scanlines prior to system beamformation
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if desired. However, since the processing of interpolation
(weighting and summing) is mathematically compatible
with that of beamformation, the patch multilines can be
supplied directly to the system beamformer for formation
of beamformed multilines.

[0046] Several display formats may be used for the
three dimensional display of the present invention. Fig.
20 shows a volumetric region 300 which is being scanned
by a 2D transducer array 200. The volumetric region
scanned can be in any desired shape, such as square,
cylindrical, or pyramidal, depending upon the steering of
the beams from the transducer. In this example the vol-
umetric region 300 is shown as a hexagonal pyramid.
Shown within the volumetric region 300 is an image plane
302, which is delineated by the double lines. The image
plane 302 is scanned in a time interleaved manner as
the volumetric region 300 is scanned. The time interleav-
ing enables the echo data from the image plane 302 to
be fully acquired in less time than that required to scan
the full volumetric region 300 and the frame rate of display
of the image plane 302 is thus greater than that of the
volumetric display. The time interleaving of the volumetric
and planarimage data is illustrated by Fig. 21. This draw-
ing shows a sequence Ejzyq during which echo data is
acquired for the volumetric display. This sequence is pe-
riodically interrupted during which echo data E5, for the
planar display is acquired. Some of the planar echo data
can be used for both displays. The relative durations of
the sequences and the number of transmit-receive cycles
needed for each display determine the frame rate rela-
tionship of the two displays.

[0047] The volumetric and the planar images are pref-
erably displayed together as illustrated in Fig. 22. On the
left side of the display 100 is a three dimensional display
of the volumetric region 300, which shows the structure
304 in the volumetric region in a three dimensional pres-
entation. On the right side of the display 100 is the two
dimensional image plane 302, effectively showing a cut
plane 306 through the three dimensional structure 304.
While the frame rate of display of the three dimensional
image 300 may be relatively low, the frame rate of display
of the two dimensional image 302 will be much higher,
which is useful when diagnosing moving objects such as
the heart. Preferably the location of the two dimensional
plane 304 will be indicated in the three dimensional dis-
play, as shown in this example. This gives the user a
basis of reference for the two dimensional image plane
within the volumetric region. The user has the ability to
move the location of the cut plane 306 within the volu-
metric region so that a selected pathology can be viewed
at the higher frame rate. By manipulating a pointing de-
vice such as amouse or trackball the position of the image
plane 302 within the volumetric region 300 can be
changed on the left side of the display. The user is given
a choice of rotating the cut plane about the center axis
of the volumetric region, or of dragging or moving the cut
plane to an arbitrarily chosen position within the volume.
Thus, the display 100 displays a volumetric region at a
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relatively low frame rate, and a selected plane at a higher
realtime frame rate. This method applies when the cut
plane extends from the transducer aperture, that is, the
cut plane is not a "c" plane.

[0048] Another useful time interleaved display format
is shown in Fig. 23. Instead of interrupting scanning of
the volumetric region 300 to scan an image plane, the
scanning of the full volumetric region is interrupted to
scan a smaller volume 306 within the volumetric region
300 for a higher frame rate of display of the smaller vol-
ume. The scanning sequence is therefore Ezqq, Ezgg,
Eso0: E3p6: E3p0, @nd so forth. Fig. 23 shows the display
of the full volumetric region 300. Outlined within the vol-
umetric region 300 is the smaller volumetric region 306.
The smaller volume region is shown in an enlarged view
at the right side of the display. Since the smaller volume
306 is fully scanned more frequently than the full volu-
metric region 300, the frame rate of display of the smaller
volume is greater than that of the full volumetric region.
The number of beams and hence the time required to
scan the smaller volume is a function of the lateral di-
mensions of the smaller volume, the plane of Fig. 19,
which in this example are the dimensions of top 308 and
bottom areas of the smaller volume. Thus the frame rate
of display of the smaller volume, and of both volumetric
displays, can be increased by reducing the size of the
top 308 of the smaller volume. As in the previous exam-
ple, the user may have the choice of rotating the smaller
volume about a center line within the volumetric region
or relocating the smaller volume to a desired arbitrary
location within the volumetric region 300. In this example
the user has positioned the smaller volume to encompass
a portion of a coronary artery 12 which is to be closely
diagnosed for signs of obstruction, which may be more
confidently done in the enlarged, higher frame rate small-
er volume image 306. Such a diagnosis would preferably
be done using a Doppler mode, and preferably the power
Doppler mode with surrounding tissue rendered highly
transparent or completely eliminated.

[0049] Figs. 24-26 illustrate another display format
which is useful for coronary artery imaging as well as
other vasculature. Fig. 24 illustrates a volumetric region
300 which includes a three dimensional image of coro-
nary arteries. A main artery 310 extends from the left side
of the volume and subdivides into branches 312 and 314.
As shown and described above, the coronary arteries
follow twisting, tortuous paths as they traverse the sur-
face of the heart. A more confident diagnosis could be
obtained if these arteries could be effectively "straight-
ened out" for diagnosis. Figs. 25 and 26 illustrate a tech-
nique for doing so. The clinician denotes a particular ves-
sel for diagnosis, such as artery 310. The ultrasound sys-
tem them automatically traces the designated vessel.
One way to do so is illustrated in Fig. 25, in which the
abscissais the spatial dimension of the ultrasound image
and the ordinate is the intensity or brightness of the im-
age. The curve 320 illustrates the change in color or
brightness across artery 310 from one side of the vessel
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to the other. For example, the vessel may be colored red
against a gray background. The color red would increase
as one side of the vessel is encountered and the curve
320rises at 310a, and decreases at the other side of the
vessel at the downslope 310b of the curve 320. From
slopes 310a and 310b the ultrasound system can readily
determine the center 324 of the artery and can therefore
trace along the center of the vessel in the image. If the
automatic trace incorrectly branches, such as following
branch 312 when the clinician would like the trace to fol-
low branch 314, the clinician can click on branch 312 to
erase its trace and click on branch 314 to continue the
trace of artery 310 onto branch 314.

[0050] Once the desired vessel path is identified, the
vessel path is redisplayed in a straight path along its cen-
terline 324 as shown in Fig. 26. The vessel can be dis-
played in a cross-sectional view along the centerline if
desired or, since the vessel is in three dimensions in the
image of Fig. 24, the vessel can be "unwrapped" and the
outer circumference displayed as the image height h in
Fig. 26. When the vessel is shown in this "straightened"
display and enlarged as desired, obstructions in the flow
path such as that shown at 322 can be more readily iden-
tified. Obstructions can often be more readily observed
in an "unwrapped" display of the vessel circumference.

Claims
1. An ultrasonic diagnostic scanhead comprising:

a scanhead (26) enclosure;

an array of transducer elements (10) extending
in at least two dimensions, located in the scan-
head enclosure said transducer elements being
groupes into a plurality of patches of localized
elements,

a plurality of microbeamformers (280), located
in the scanhead enclosure and coupled to the
patches whereby each of said microbeamform-
ers is arranged to act to beamform the echo sig-
nals received by the localized elements of the
patch, to which it is coupled,

characterised by a clock delay controller (242) for
arranging each microbeamformer such that said mi-
crobeamformer dynamically adjusts the advance or
retardation of the delays which are applied to an echo
sequence as the echo sequence is received, in such
a way that at least one of the steering and focusing
of the beam formed from the echo signals received
by the localized elements of the patch (202) is varied
as the echo sequence is received.

2. The ultrasonic diagnostic scanhead of Claim 1,
wherein each microbeamformer acts to bring the sig-
nals of the elements of a patch into an alignment of
a fraction of a wavelength at a nominal receive fre-
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quency.

The ultrasonic diagnostic scanhead of Claim 1,
wherein each microbeamformer comprises a plural-
ity of sampling delay lines coupled to the elements
of a patch.

The ultrasonic diagnostic scanhead of Claim 3,
wherein each sampling delay line has an input at
which echo signals are sampled at predetermined
times, and an output at which the echo signals are
sampled at predetermined times, wherein the time
delay of the delay line is determined by the input and
output sampling time difference.

The ultrasonic diagnostic scanhead of Claim 4,
wherein the difference between the input and output
sample time is determined by a time shifter.

The ultrasonic diagnostic scanhead of Claim 5,
wherein the relative input and output sample timing
is adjustably advanced or retarded by the time shifter
as echo signal samples are processed by the sam-
pling delay line.

The ultrasonic diagnostic scanhead of Claim 6,
wherein the input sample timing is determined by an
input clock signal, the output sample timing is deter-
mined by an output clock signal, and whereby the
clock delay controller acts to vary the relative timing
of the input and output sample timing by blocking or
inserting clock cycles in one of the clock signals.

A method for at least one of steering and focusing a
beam during reception of an echo sequence using
an ultrasonic scanhead having an array of transduc-
er elements extending in atleasttwo dimensions and
arranged in patches of localized elements, each
patch being coupled to a microbeamformer having
a plurality of delay lines coupled to the elements of
the patch which acts to beamform the echo signals
received by the patch comprising:

applying echo signals received by the elements
of the patch to the inputs of the delay lines;
using a clock delay controller to arrange each
microbeamformer such that said microbeam-
former adjusts the advance or retardation of the
delays which are applied to an echo sequence
as the echo is received, in such a way that at
least one of the steering and focussing of the
beam formed from the echo signals received by
the localized elements of the patch is varied as
the echo sequence is received, and;
combining delayed echo signals produced at the
outputs of the delay lines of the microbeamform-
er.
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The method of Claim 8, wherein advancing or retard-
ing the delay timing comprises bringing the output
signals of the elements of a patch into time alignment
with the timing of a predetermined element of the
patch.

The method of Claim 8, wherein applying comprises
sampling echo signals under control of an input sam-
pling clock; further comprising sampling echo signals
at the output of a delay line under control of an output
sampling clock; and wherein advancing or retarding
the delay timing of a delay line comprises blocking
or inserting clock cycles into one of the sampling
clocks.

An ultrasonic diagnosticimaging system comprising:

an ultrasonic diagnostic scanhead as claimed in
claim 1;

a signal transmission device coupled to the mi-
crobeamformers; and

an ultrasound system having a beamformer cou-
pled to the signal transmission device which is
arranged to act to beamform patch signals.

The ultrasonic diagnostic imaging system of Claim
11, wherein the signal transmission device compris-
es a cable.

The ultrasonic diagnostic imaging system of Claim
12, wherein each microbeamformer comprises a plu-
rality of delay lines the delays of which are adjustably
advanced or retarded as echo signals pass through
the delay lines.

The ultrasonic diagnostic imaging system of Claim
13, wherein the delay lines of a microbeamformer
act to bring the signals of the elements of a patch
into time alignment with the signals of one of the
elements of the patch.

Patentanspriiche

1.

Diagnostischer Ultraschallkopf, der Folgendes um-
fasst:

- ein Gehause eines Schallkopfes (26),

- ein in dem Schallkopfgehause angeordnetes
Array (10) aus Wandlerelementen, die sich in
mindestens zwei Dimensionen erstrecken, wo-
bei die genannten Wandlerelemente in einer
Vielzahl von Patches mit lokalisierten Elemen-
ten gruppiert sind,

- eine Vielzahl von Mikrostrahlformern (280), die
in dem Schallkopfgehause angeordnet und mit
den Patches verbunden sind, wobei jeder der
genannten Mikrostrahlformer daflr eingerichtet
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ist, dass er die von den lokalisierten Elementen
des Patches, mitdem er verbunden ist, empfan-
genen Echosignale strahlformt,

gekennzeichnet durch

- einen Taktverzdgerungscontroller (242) zum
Auslegen jedes Mikrostrahlformers derart, dass
der genannte Mikrostrahlformer das Verschie-
ben der Verzégerungen nach vorne oder nach
hinten dynamisch anpasst, die auf eine Echo-
folge angewendet werden, wenn die Echofolge
empfangen wird, und zwar auf eine Weise, dass
mindestens entweder das Lenken oder das Fo-
kussieren des aus den von den lokalisierten Ele-
menten des Patches (202) empfangenen Echo-
signalen gebildeten Strahlenbiindels verandert
wird, wenn die Echofolge empfangen wird.

Diagnostischer Ultraschallkopf nach Anspruch 1,
wobei jeder Mikrostrahlformer so funktioniert, dass
er die Signale der Elemente eines Patches bei einer
Nennempfangsfrequenz in eine Ausrichtung von ei-
nem Bruchteil einer Wellenlange bringt.

Diagnostischer Ultraschallkopf nach Anspruch 1,
wobei jeder Mikrostrahlformer eine Vielzahl von Ab-
tastverzdégerungsleitungen umfasst, die mit den Ele-
menten eines Patches verbunden sind.

Diagnostischer Ultraschallkopf nach Anspruch 3,
wobei jede Abtastverzdgerungsleitung einen Ein-
gang aufweist, an dem Echosignale zu vorher fest-
gelegten Zeitpunkten abgetastet werden, und einen
Ausgang umfasst, an dem die Echosignale zu vorher
festgelegten Zeitpunkten abgetastet werden, wobei
die Zeitverzdgerung der Verzégerungsleitung durch
die Zeitdifferenz der Eingangs- und Ausgangsabta-
stung bestimmt wird.

Diagnostischer Ultraschallkopf nach Anspruch 4,
wobei die Differenz zwischen der Eingangs- und der
Ausgangsabtastzeit durch eine Zeitverschiebeein-
heit bestimmt wird.

Diagnostischer Ultraschallkopf nach Anspruch 5,
wobei die relative Eingangs- und Ausgangsabtast-
zeitsteuerung durch die Zeitverschiebeeinheit ein-
stellbar nach vorne oder nach hinten verschoben
wird, wenn Echosignalabtastwerte von der Abtast-
verzdgerungsleitung verarbeitet werden.

Diagnostischer Ultraschallkopf nach Anspruch 6,
wobei die Eingangsabtastzeitsteuerung durch ein
Eingangstaktsignal bestimmt wird, wobei die Aus-
gangsabtastzeitsteuerung durch ein Ausgangstakt-
signal bestimmt wird, und wobei der Taktverzége-
rungscontroller so funktioniert, dass er die relative
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Zeitsteuerung der Eingangs- und Ausgangsabta-
stung durch das Blockieren oder Einfiigen von Takt-
zyklen in eines der Taktsignale verandert.

Verfahren zum mindestens entweder Lenken oder
Fokussieren eines Strahlenblindels wahrend des
Empfangs einer Echofolge, das einen Ultraschall-
kopf mit einem Array aus Wandlerelementen ein-
setzt, die sich in mindestens zwei Dimensionen er-
strecken und in Patches mit lokalisierten Elementen
gruppiert sind, wobei jedes Patch mit einem Mikro-
strahlformer mit einer Vielzahl von Verzégerungslei-
tungen verbunden ist, die mit den Elementen des
Patches verbunden sind, der so funktioniert, dass er
die von dem Patch empfangenen Echosignale
strahlformt, wobei das Verfahren Folgendes um-
fasst:

- Zufuihren der von den Elementen des Patches
empfangenen Echosignale zu den Eingéngen
der Verzbgerungsleitungen,

- Nutzen eines Taktverzégerungscontrollers
zum Auslegen jedes Mikrostrahlformers derart,
dass der genannte Mikrostrahlformer die Ver-
schiebung nach vorne oder nach hinten der Ver-
zogerungen, die auf eine Echofolge angewen-
det werden, wenn das Echo empfangen wird,
derart anpasst, dass mindestens entweder die
Lenkung oder die Fokussierung des aus denvon
den lokalisierten Elementen des Patches emp-
fangenen Echosignalen gebildeten Strahlen-
bundels verandert wird, wenn die Echofolge
empfangen wird, und

- Kombinieren der verzégerten, an den Ausgan-
gen der Verzdgerungsleitungen des Mikrost-
rahlformers erzeugten Echosignale.

Verfahren nach Anspruch 8, wobei die Verschiebung
der Verzdgerungszeiteinstellung nach vorne oder
nach hinten umfasst, dass die Ausgangssignale der
Elemente eines Patches zeitlich auf die Zeitsteue-
rung eines vorher festgelegten Elementes des Pat-
ches ausgerichtet werden.

Verfahren nach Anspruch 8, wobei das Zufiihren die
Abtastung von Echosignalen gesteuert von einem
Eingangsabtasttaktsignal umfasst, ferner die Abta-
stung von Echosignalen am Ausgang einer Verzo-
gerungsleitung gesteuert von einem Ausgangsab-
tasttaktsignal umfasst und wobei die Verschiebung
der Verzdgerungszeiteinstellung einer Verzdge-
rungsleitung nach vorne oder nach hinten das Blok-
kieren oder Einfligen von Taktzyklen in eines der
Abtasttaktsignale umfasst.

Diagnostisches Ultraschall-Bildgebungssystem,
das Folgendes umfasst:
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- einen diagnostischen Ultraschallkopf nach An-
spruch 1,

- eine Signallbertragungsvorrichtung, die mit
den Mikrostrahlformern verbunden ist, und

- ein Ultraschallsystem mit einem Strahlformer,
der mit der Signallibertragungsvorrichtung ver-
bunden ist und so ausgelegt ist, dass er Patch-
Signale strahlformt.

Diagnostisches Ultraschall-Bildgebungssystem
nach Anspruch 11, wobei die Signaliibertragungs-
vorrichtung ein Kabel umfasst.

Diagnostisches Ultraschall-Bildgebungssystem
nach Anspruch 12, wobei jeder Mikrostrahlformer ei-
ne Vielzahl von Verzégerungsleitungen umfasst, de-
renVerzdgerungen einstellbar nach vorne oder nach
hinten verschoben werden, wenn Echosignale durch
die Verzogerungsleitungen geleitet werden.

Diagnostisches Ultraschall-Bildgebungssystem
nach Anspruch 13, wobei die Verzdgerungsleitun-
gen eines Mikrostrahlformers so funktionieren, dass
sie die Signale der Elemente eines Patches in zeit-
liche Ausrichtung auf die Signale eines der Elemente
des Patches bringen.

Revendications

1.

Téte de balayage diagnostique a ultrasons
comportant :

un boitier de téte de balayage (26);

une matrice d’éléments transducteur (10)
s’étendant dans au moins deux dimensions, si-
tuée dans le boitier de la téte de balayage, les-
dits éléments transducteurs étant groupés en
une pluralité de groupements d’éléments loca-
lisés;

une pluralité de conformateurs de microfais-
ceaux (280) situés dans le boitier de la téte de
balayage et couplés aux groupements, par les-
quels chacun desdits conformateurs de micro-
faisceaux est monté pour faire en sorte que les
signaux d’écho regus par les éléments localisés
du groupement auquel il est couplé soient con-
formés en faisceaux,

caractérisée en ce qu’une unité de commande de
décalage d’horloge (242) permettant d’ajuster cha-
que conformateur de microfaisceaux de sorte que
ledit conformateur de microfaisceaux ajuste dyna-
miquement I'avance ou le retard des décalages qui
sont appliqués a une séquence d’échos au fur et a
mesure que la séquence d’échos est regue, d’une
maniére telle qu’'on fasse varier le guidage et/ou la
focalisation des faisceaux conformés a partir des si-
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gnaux d’écho regus par les éléments localisés du
groupement (202) au fur et a mesure que la séquen-
ce d’écho est regue.

Téte de balayage diagnostique a ultrasons selon la
revendication 1, dans laquelle chaque conformateur
de microfaisceaux agit pour amener les signaux des
éléments d’'un groupement dans un alignement
d’une fraction d’une longueur d’'onde a une fréquen-
ce regue nominale.

Téte de balayage diagnostique a ultrasons selon la
revendication 1, dans laquelle chaque conformateur
de microfaisceaux comporte une pluralité de lignes
de décalage d’échantillonnage couplées aux élé-
ments d’'un groupement.

Téte de balayage diagnostique a ultrasons selon la
revendication 3, dans laquelle chaque ligne de dé-
calage d’échantillonnage a une entrée a laquelle les
signaux d’écho sont échantillonnés a des instants
prédéterminés, et une sortie a laquelle les signaux
d’écho sont échantillonnés a des instants prédéter-
minés, dans laquelle le décalage temporel de laligne
de décalage estdéterminé parla différence de temps
d’échantillonnage d’entrée et de sortie.

Téte de balayage diagnostique a ultrasons selon la
revendication 4, dans laquelle la différence entre le
temps d’échantillonnage d’entrée et de sortie est dé-
terminée par un dispositif de décalage de temps.

Téte de balayage diagnostique a ultrasons selon la
revendication 5, dans laquelle le cadencement relatif
d’échantillonnage d’entrée et de sortie est avancé
ou retardé de maniére adaptée par le dispositif de
décalage de temps a mesure que les échantillons
des signaux d’écho sont traités par la ligne de déca-
lage d’échantillonnage.

Téte de balayage diagnostique a ultrasons selon la
revendication 6, dans laquelle le cadencement de
I’échantillonnage d’entrée est déterminé par un si-
gnal d’horloge d’entrée, le cadencement de I'échan-
tilonnage de sortie est déterminé par un signal d’hor-
loge de sortie, et par laquelle I'unité de commande
de décalage d’horloge fait varier le cadencement re-
latif du cadencement d’échantillonnage d’entrée et
de sortie en bloquant ou eninsérant des cycles d’hor-
loge dans un des signaux d’horloge.

Procédé pour le guidage et/ou la focalisation d’'un
faisceau durantlaréceptiond’'une séquence d’échos
aumoyend’une téte de balayage diagnostique ayant
une matrice d’éléments transducteur s’étendant
dans au moins deux dimensions et montée en grou-
pements d’éléments localisés, chaque groupement
étant couplé a un conformateur de microfaisceaux
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ayant une pluralité de lignes de décalage couplées
aux éléments du groupement qui font en sorte que
les signaux d’échos regus par le groupement soient
conformés en faisceaux comportant :

I'application des signaux d’échos regus par les
éléments du groupement aux entrées des lignes
de décalage;

I'utilisation d’une unité de commande de déca-
lage d’horloge pour ajuster chaque conforma-
teur de microfaisceaux de sorte que ledit con-
formateur de microfaisceaux ajuste I'avance ou
le retard des décalages qui sont appliqués a une
séquence d’écho au fur et a mesure que I'écho
est recu, d’'une maniére telle qu'on fasse varier
le guidage et/ou la focalisation du faisceau con-
formé a partir des faisceaux d’écho regus par
les éléments localisés du groupement au fur et
a mesure que la séquence d’écho est regue, et;
la combinaison des signaux d’écho décalés pro-
duits aux sorties des lignes de décalage du con-
formateur de microfaisceaux.

Procédé selon larevendication 8, dans lequel 'avan-
ce ou le retard du cadencement de décalage com-
porte I'alignement temporel des signaux de sortie
des éléments d’'un groupement avec le cadence-
ment d’un élément prédéterminé du groupement.

Procédé selon la revendication 8, dans lequel I'ap-
plication comporte I'échantillonnage des signaux
d’écho sous la commande d’une horloge d’échan-
tillonnage d’entrée; comportant en outre I'échan-
tillonnage des signaux d’échos a la sortie d’'une ligne
de décalage sous la commande d'une horloge
d’échantillonnage de sortie; et dans lequel 'avance
ou le retard du cadencement du décalage de la ligne
de décalage comporte le blocage et l'insertion de
cycles d’horloge dans une des horloges d’échan-
tillonnage.

Systéme d’imagerie diagnostique a ultrasons
comportant :

une téte de balayage diagnostique a ultrasons
selon la revendication 1;

un dispositif de transmission de signal couplé
aux conformateurs de microfaisceaux; et

un systéme a ultrasons ayant un conformateur
de faisceaux couplé au dispositif de transmis-
sion de signal qui est ajusté pour faire en sorte
que les signaux du groupement soient confor-
meés en faisceaux.

Systéme d’imagerie diagnostique a ultrasons selon
larevendication 11, dans lequel le dispositif de trans-
mission de signal comporte un cable.



13.

14.

29 EP 1216 473 B1

Systéme d’imagerie diagnostique a ultrasons selon
la revendication 12, dans lequel chaque conforma-
teur de microfaisceaux comporte une pluralité de li-
gnes de décalage dont les décalages sont avancés
ou retardés de maniére ajustable au fur et a mesure
que les signaux d’écho passent par les lignes de
décalage.

Systéme d’imagerie diagnostique a ultrasons selon
la revendication 13, dans lequel les lignes de déca-
lage d’un conformateur de microfaisceaux font en
sorte que les signaux des éléments d’'un groupement
soient alignés temporellement avec les signaux d’un
des éléments du groupement.
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