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Description

[0001] This invention relates to ultrasonic diagnostic
imaging systems and, in particular, to ultrasonic diagnos-
tic imaging systems which produce spatially compound-
ed images of Doppler signal information.

[0002] U.S.patent6,210,328 describes apparatus and
methods for performing real time spatial compounding
of ultrasonic diagnostic images. Spatial compounding is
an imaging technique in which a number of ultrasound
images of a given target that have been obtained from
multiple vantage points or angles are combined into a
single compounded image by combining the data (e.g.,
by linearly or nonlinearly averaging or filtering) at each
point in the compound image which has been received
from each angle. The compounded image typically
shows lower speckle and better specular reflector delin-
eation than conventional ultrasound images from a single
viewpoint.

[0003] In a constructed implementation an ultrasonic
transducer scans a target from a number of different per-
spectives. For example, several sector images can be
sequentially acquired by a phased array transducer, each
with an apex located at a different point along the array.
As a second example a steered linear array can be used
to image the target with a sequence of groups of beams,
each group steered at a different angle with respect to
the axis of the array. In either case the received images
are processed in the usual way by beamforming and de-
tection and stored in a memory. To form the compound
image the images are spatially aligned (if not already
aligned by a common beam steering reference, for in-
stance) by spatially correlating the image data. The com-
mon spatial locations in the images are then compound-
ed by averaging or summing and the resultant compound
image is displayed.

[0004] The improvements in image quality afforded by
spatial compounding are a function of the number of ech-
oes from different look directions which are compounded
at the various points in the image field. As my aforemen-
tioned patent application describes, a scanhead array of
finite size will produce an image region in which maximal
spatial compounding occurs, referred to therein as the
region of maximum image quality (RMIQ). The RMIQ is
in turn a function of the number of look directions and the
angular range traversed by the different look directions.
It is desirable to have a RMIQ which is as large as pos-
sible with the RMIQ covering a substantial portion of the
image field.

[0005] U.S. Patent 5,653, 235 describes a system for
generating an ultrasound image of a region in an object
with atwo-dimensional array of transducer elements. The
two-dimensional array produces a beam that illuminates
the region at different orientations. The aperture of the
two-dimensional array is at least substantially equal to
the aperture generated by a linear array of transducer
elements extending across the substantially shortest dis-
tance between two opposite edges on the two-dimen-
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sional array. The ultrasound power emitted from the
transducer elements is not spatially uniform and multiple
echoes reduce speckle in the image.

[0006] The article entitled "Real Time Spatial Com-
pound Imaging in breast ultrasound: technology and ear-
ly clinical experience" by R. Entrekin et al., published in
MEDICAMUNDI, Philips Medical Systems, Shelton, CT,
US, vol. 43, no. 3, pages 35-43, describes that compound
imaging starts by acquiring multiple frames from different
viewing angles. These overlapping frames are then com-
bined to form a real-time compound image on the display.
[0007] The independent claims, which are appended
tothe description, define various aspects of the invention.
The dependent claims define additional features, which
may be used to advantage. In accordance with the prin-
ciples of the present invention, spatial compounding is
performed by use of a curved array scanhead.

[0008] In one embodiment the beams of the different
look directions are steered in parallel groups, affording
an ease in image scan conversion. In other words, in this
embodiment, beams are steered in parallel beam paths.
[0009] Inanother embodiment the beams of the differ-
ent look directions are radially steered by taking advan-
tage of the array curvature, affording an ease in beam-
forming and image scan conversion, improved sampling
uniformity, an improvement in the RMIQ size, and im-
proved signal to noise ratio. In more detail, a first group
of beams may be steered from different points along the
face of the array transducer, whereby each beam of the
first group exhibits a first angle with respect to the face
of the array transducer at its respective point. A second
group of beams is then steered from different points along
the face of the array transducer, whereby each beams
the second group exhibits a second angle with respect
to the face of the array transducer at its respective point.
[0010] Inanembodiment, the echoes of more than one
scanline are beamformed with the same set of coefficient
magnitude values. Groups of beams may be steered with
uniform angular spacing. Beamforming may form echoes
from multiple look directions at points along a scanline
using apertures with centers which separate linearly as
a function of depth and said apertures may increase with
depth.

[0011] In an embodiment, echoes at different depths
in the image field may be registered, wherein points at a
common depth utilize the same registration coefficient
values.
[0012] In the drawings:

Fig. 1 illustrates in block diagram form an ultrasonic
diagnostic imaging system constructed in accord-
ance with the principles of the present invention;
Fig. 2 illustrates in block diagram form a preferred
implementation of the spatial compounding proces-
sor of Fig. 1;

Fig. 3 illustrates a first compound scanning format
for a curved array transducer in accordance with the
principles of the present invention;
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Fig. 4 illustrates a second compound scanning for-
mat for a curved array transducer in accordance with
the principles of the present invention;

Fig. 5a and 5b compare the beam angles used in
the illustrated compound scanning formats of Figs.
3 and 4;

Fig. 6 illustrates the separation of apertures with im-
age field depth; and

Fig. 7 illustrates the registration processing efficien-
cy realized by use of the compound scanning format
of Fig. 4.

[0013] Referring firstto Fig. 1, an ultrasonic diagnostic
imaging system constructed in accordance with the prin-
ciples of the present invention is shown. A scanhead 12
including a curved array transducer 10 transmits beams
at different angles over an image field denoted by the
dashed rectangle and parallelograms. Three groups of
scanlines are indicated in the drawing, labeled A, B, and
C with each group being steered at a different angle rel-
ative to the image field. Within each group, each beam
exhibits a different angles of incidence to a line tangential
to the point of origin on the array face from which the
beam center extends. These angles progressively in-
crease or decrease (depending upon one’s point of ref-
erence) from one edge of the group to the other. The
transmission of the beams is controlled by a transmitter
14 which controls the phasing and time of actuation of
each of the elements of the array transducer so as to
transmit each beam from a predetermined origin along
the array and at a predetermined angle. The echoes re-
turned from along each scanline are received by the ac-
tive elements of the array aperture for thatbeam, digitized
as by analog to digital conversion, and coupled to a digital
beamformer 16. Generally the active aperture of each
beam will dynamically expand as echoes are received
from increasing depths and/or transmitted to increasing
depths by zone focusing. The digital beamformer delays
and sums the echoes from the array elements to form a
sequence of focused, coherent digital echo samples
along each scanline. The transmitter 14 and beamformer
16 are operated under control of a system controller 18,
which in turn is responsive to the settings of controls on
auser interface 20 operated by the user of the ultrasound
system. The system controller controls the transmitter to
transmit the desired number of scanline groups at the
desired angles, transmit energies and frequencies. The
system controller also controls the digital beamformer to
properly delay and combine the received echo signals
for the apertures and image depths used.

[0014] The scanline echo signals are filtered by a pro-
grammable digital filter 22, which defmes the band of
frequencies of interest. When imaging harmonic contrast
agents or performing tissue harmonic imaging the pass-
band of the filter 22 is set to pass harmonics of the trans-
mit band. The filtered signals are then detected by a de-
tector 24. In a preferred embodiment the filter and detec-
tor include multiple filters and detectors so that the re-
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ceived signals may be separated into multiple pass-
bands, individually detected and recombined to reduce
image speckle by frequency compounding. For B mode
imaging the detector 24 will perform amplitude detection
of the echo signal envelope. For Doppler imaging en-
sembles of echoes are assembled for each point in the
image and are Doppler processed to estimate the Dop-
pler shift or Doppler power intensity.

[0015] Inaccordance with the principles of the present
invention the digital echo signals are processed by spatial
compounding in a processor 30. The digital echo signals
areinitially pre-processed by a preprocessor 32. The pre-
processor 32 can preweight the signal samples if desired
with a weighting factor. The samples can be preweighted
with a weighting factor that is a function of the number
of component frames used to form a particular compound
image. The pre-processor can also weight edge lines that
are at the edge of one overlapping image so as to smooth
the transitions where the number of samples or images
which are compounded changes. The pre-processed sig-
nal samples may then undergo a resampling in a resa-
mpler 34. The resampler 34 can spatially realign the es-
timates of one component frame to be in registration with
those of another component frame or to the pixels of the
display space.

[0016] After resampling the image frames are com-
pounded by a combiner 36. Combining may comprise
summation, averaging, peak detection, or other combi-
national means. The samples being combined may also
be weighted prior to combining in this step of the process.
Finally, post-processing is performed by a post-proces-
sor 38. The post-processor normalizes the combined val-
ues to a display range of values. Post-processing can be
most easily implemented by look-up tables and can si-
multaneously perform compression and mapping of the
range of compounded values to arange of values suitable
for display of the compounded image.

[0017] The compounding process may be performed
in estimate data space or in display pixel space. In a
preferred embodiment scan conversion is done following
the compounding process by a scan converter 40. The
compound images may be stored in a Cineloop memory
42 in either estimate or display pixel form. If stored in
estimate form the images may be scan converted when
replayed from the Cineloop memory for display. The scan
converter and Cineloop memory may also be used to
render three dimensional presentations of the spatially
compounded images as described in U.S. Patents
5,485,842 and 5,860,924, or displays of an extended field
of view by overlaying successively acquired, partially
overlapping images in the lateral dimension. Following
scan conversion the spatially compounded images are
processed for display by a video processor 44 and dis-
played on an image display 50.

[0018] Fig. 2 illustrates a preferred implementation of
the spatial compounding processor 30 of Fig. 1. The proc-
essor 30 is preferably implemented by one or more digital
signal processors 60 which process the image data in
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various ways. The digital signal processors 60 can weight
the received image data and can resample the image
data to spatially align pixels from frame to frame, for in-
stance. The digital signal processors 60 direct the proc-
essed image frames to a plurality of frame memories 62
which buffer the individual image frames. The number of
image frames capable of being stored by the frame mem-
ories 62 is preferably at least equal to the maximum
number of image frames to be compounded such as six-
teen frames. As described in the previously referenced
US patent 6,210,328, the digital signal processors are
responsive to changes in system control parameters in-
cluding image display depth, number of scanlines or line
density, number of transmit focal zones, amount of dead-
time per pulse repetition interval (PRI), number of trans-
missions per image line, depth of region of greatest com-
pounding, clinical application, number of simultaneous
modes, size of region of interest, mode of operation, and
acquisition rate for determining the number of component
frames to compound at a given point in time. The digital
signal processors select component frames stored in the
frame memories 62 for assembly as a compound image
in accumulator memory 64. The compounded image
formed in the accumulator memory 64 is weighted or
mapped by a normalization circuit 66, then compressed
to the desired number of display bits and, if desired, rem-
apped by a lookup table (LUT) 68. The fully processed
compounded image is then transmitted to the scan con-
verter for formatting and display.

[0019] The digital signal processors 60 determine the
number of frames which are to be compounded to im-
prove image quality while still providing an acceptable
realtime compound image frame rate. Increasing the
number of component frames does not lead to a propor-
tional or unlimited increase in the image quality of the
compound image. There is, therefore, a practical maxi-
mum number of frames, each steered by a minimum an-
gle, thatcan be usefully employed to improve image qual-
ity in spatial compound scanning. This number can vary
widely depending on the transducer design and size of
the active aperture, but can be as large as 16 component
frames per compound image for an array with a large
acceptance angle and small active apertures. The max-
imum useful number of frames will also depend on the
mixture of speckle and anisotropic scatterers in the tissue
of interest, and therefore on the clinical application.
[0020] Fig. 3 illustrates a first compound scanning for-
mat for a curved array transducer in accordance with the
principles of the present invention. The curved array
transducer is shown as a 1D array for ease of illustration,
but may also be al.5D array, a 1.75D array, or a 2D array.
The curved array transducer 10 consists of n element
extending in an arc from element 10, on the left to ele-
ment 10,, on the right. The arc may be tightly curved or
gently curved, depending upon the desired application.
In this embodiment the curved array transmits and re-
ceives groups of beams in three look directions. The
group of beams consisting of beams A1 through AN are
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directed at an angle of +6 with respect to a line drawn
normal to the center of the face of the array. The group
of beams consisting of beams B1 through BN are directed
at an angle of -6 with respect to the same line, and the
group of beams consisting of beams C1 through CN are
directed at an angle of 0° with respect to the same line.
The number of beams N of each group may be the same
or different from group to group, and may be greater,
equal to, or less than the number of array elements n.
The beams of each group are parallel and of increasing
separation proceeding from the innermost beam of each
group (B1 of group B, AN of group A, and C(N/2) of group
C) by reason of the progressively changing angle of in-
cidence of each beam with its origin on the face of the
array. The time delay and weighting coefficients used in
transmit and receive beamforming will thus progressively
change from line to line across each group. This embod-
iment affords an ease in beamforming because the sym-
metry of the scanning format allows coefficients and
weights to be reused for multiple lines. Beams AN and
B1 can use the same beamforming weights and coeffi-
cients but in reverse order as their apertures are the mir-
ror image of each other. Likewise, beams C1 and Cn are
mirrored and can use the same coefficients and weights.
In a constructed embodiment the mirroring relationship
may mean that the same magnitude values may be used
for the different scanlines but with a sign difference. This
symmetrical advantage exists across each of groups A
and B with respect to each other, and for the two halves
of group C.

[0021] The compound scanningformat of Fig. 3 is seen
to have a RMIQ which is scanned by all three look direc-
tions in the roughly triangular region 70 in the center of
the image field. This region is bounded by scanline B1
on the left, scanline AN on the right, and by the curved
array 10 at the top. This triangular area will thus exhibit
the greatest effects of spatial compounding.

[0022] Fig. 4 illustrates a second compound scanning
format in accordance with the principles of the present
invention. This embodiment uses look directions having
a common orientation to their points of origin on the face
of the array. The beams in Fig. 4 are grouped in three
groups: A1 through AN including illustrated intermediate
beams Ai, Aj, and Ak; B1 through BN including illustrated
intermediate beams Bi, Bj, and Bk; and C1 through CN.
Each scanline in the group A1 through AN has the same
angle of incidence to its point of origin on the face of the
array; in the illustrated example the angle is drawn to be
approximately +30° to a line normal to the face of the
array. Each scanline in the group B1 through BN exhibits
a-30° degree angle of incidence with respect to the same
reference line, and each scanline in the group C1 through
CN exhibits a 0° angle of incidence to the reference line.
[0023] This second compound scanning format affords
numerous advantages. One advantage is that the same
beamforming time delay and weighting coefficients can
be used for each beam of a given group as the beam
apertures are translated across the array for different
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beams, given customary allowance for edge effects at
the ends of the finite array. Each beam of group A is
steered on transmit and reception at a +30° angle, for
example. The symmetry of the groups provides an ad-
vantage even with edge effects; the coefficients and
weights used for beam A1 can be mirrored and used for
beam BN, for instance.

[0024] Another advantage is the wider field of view
which is realized by this scanning format. This is evident
from a comparison of the scanned image fields of Figs.
3 and 4.

[0025] Another advantage is improved signal to noise
performance or, stated another way, the larger useful
apertures as compared with the embodiment of Fig. 3.
The most acute angle of incidence in the embodiment of
Fig. 4 is the most acute look direction angle, which is 30°.
In the embodiment of Fig. 3 these angles are made even
more acute by the arc of the curved array, as illustrated
in Fig. 5a. This drawing shows three beams or scanlines
emanating from array element 10, at the edge of the
array of Fig. 3. The three beams are steered to be parallel
to the other beams of groups A, B, and C, respectively.
As the drawing shows, beam A extends almost normal
(12°) to the face of the element 10, and will therefore be
relatively effectively steered and strongly received. But
beam C has an angle of incidence of 42° to the normal
and beam B has an angle of incidence of 72° to the nor-
mal, and will only contribute weakly to beam steering,
focusing and reception. The steeper the angle of inci-
dence, the poorer the reception of the beam echoes or,
alternatively stated, the smaller the contribution of the
received echo by that element to the beamformed signal
and/or the poorer the signal to noise. This is compared
tothebeams A, B, and C for element 10, of Fig. 4, shown
in Fig. 5a, where the steepest angle of incidence is 30°.
Furthermore, these illustrations are only for the beam
center. The angle of incidence will be even steeper at
elements at one of the ends of the active transmit and
receive apertures. The signal strength may be so weak
or noisy at these high angles of incidence that elements
will be excluded from the transmit or receive aperture,
either because their contributions to beamforming are so
minimal or noisy or both, thereby limiting the active ap-
erture, particularly at shallow depths of field.

[0026] Another advantage of the embodiment of Fig.
4 which is illustrated in Figs. 5a and 5b is grating lobe
performance. The same grating lobes are drawn for
beam B in each of Figs. 5a and 5b, consisting of a main
lobe 80 and side lobes 81 and 82. It is desirable that the
grating lobes not extend into the image field in any sig-
nificant way. As Fig. 5b shows, at an angle of 30° the
grating lobes 80,81,82 do not extend into the image field
in front of element 10,. However beam B of Fig. 5a, with
its 72° angle of incidence, brings grating lobe 81 into the
image field, degrading the image performance. The em-
bodiment of Fig. 4 is thus seen to have better grating lobe
performance.

[0027] Another advantage of the embodiment of Fig.
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4 is the greatly enlarged RMIQ where the image field is
scanned at all of the look directions. The RMIQ 90 in Fig.
4 is seen to extend from the position of beam B1 on the
left to the position of beam AN on the right. As the drawing
illustrates, the RMIQ is not a small triangular area as in
the case of Fig. 3, butis a much larger trapezoidal, almost
rectangular area. The RMIQ can be made even larger
by more tightly curving the array or by the use of shallower
look direction angles.

[0028] Another advantage of the embodiment of Fig.
4 is more uniform spatial sampling. As explained above,
the scanline density is highest in the center of the image
field of Fig. 3 and decreases as the beams and scanlines
become more widely separated toward the edges of the
field inthe case where beam origins are uniformly spaced
across the face of the array. In the embodiment of Fig.
4, uniform spacing of the beam origins results in uniform
separation from scanline to scanline across each scan-
line group, as illustrated by the angular spacing of beams
Ai,Aj,Ak, Bi,Bj,Bk, and Ci,Cj,Ck. While the beams diverge
in the far field due to the radial nature of the scan, they
are uniformly angularly spaced and hence provide uni-
form spatial sampling of the image field.

[0029] Another advantage of the embodiment of Fig.
4 is that the apertures of the beams separate uniformly
as a function of depth, providing better compounding and
more uniform speckle reduction over the depth of field,
as illustrated by Fig. 6. This drawing shows a scanline
SL from along which echoes are received from different
look directions by a curved array transducer 10. Close
to the transducer array at depth D, along the scanline a
point is interrogated from three different look directions
by beams by, by, and bs. Beam b is received from point
D, by elements of an aperture A4, beam b, is received
from point D, by an aperture A,, and beam b is received
from point D, by an aperture A,. Points at greater depths
along scanline SL are also interrogated by beams from
multiple look directions, and the receive apertures of the
beams grow (i.e., include more elements) as echoes are
received from increasing depths. Thus, beam b, of larger
aperture A, and beam bg of larger aperture Ag interrogate
deeper point D,. Beam b, can also be used to interrogate
point D,, but echoes from this greater depth along the
scanline SL will be received by a larger aperture As.
[0030] It is seen in this example that near field point
D, is interrogated by beams from three relatively small
apertures A4, A,, and A5, which grow to larger sizes A,,
A5, and Ag as deeper points such as D, are interrogated.
The aperture centers of the interrogating beams separate
uniformly with depth as deeper points D,, are interrogat-
ed, and this uniformity provides a uniformity over the im-
age of the compounding effect and the resulting speckle
reduction. This can be show mathematically starting with
the expression
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Rsing, ]

C=R —sin™
25 ( R+r

where C is the separation of the aperture centers along
the face of the array, R is the radius of curvature of the
curved array, ¢g is the beam steering angle in radians
relative to its point of intersection at the face of the array,
andr is the range from the array to the point on the scan-
line being interrogated. For relatively smallbeam steering
angles

e=do ()

and therefore

R’sing,

C=Rop- R+r

Cz=R’¢, +Rrp, —R*9,

and

C = Rro,

which shows that the aperture separation C is linearly
related to depth r. This linear relationship means that
more uniform speckle reduction will result from this im-
plementation of the present invention.

[0031] A benefit which is realized by both curved array
scanning embodiments is the use of the same sequence
of registration coefficients for each scanline of each
group, as illustrated in Fig. 7. US patent 6,135,956 de-
scribes a two stage scan conversion process for spatial
compounding by which echoes from the different look
directions are first registered and then compounded in
estimate space, then scan converted to the desired im-
age format in display space. An advantage of this tech-
nique is that no reprogramming of the scan converter is
needed when switching between the spatial compound-
ing mode of operation and uncompounded imaging.
From the perspective of the scan converter, the incoming
image data appears the same and is processed the same
way. Since no reprogramming of the scan converter is
needed, the user can switch between modes more rap-
idly. This two stage scan conversion process may be

10

15

20

25

30

35

40

45

50

55

used with all of the embodiments of the present invention.
Fig. 7 illustrates registration in estimate space, the first
step in the two stage process, for the compound scanning
technique of Fig. 4. In this illustration the scanlines of
group C (C1,C2,C3,...CN) which are directed normal to
the points of origin on the curved array have been ac-
quired and are sampled by a digital beamformer at the
circled points of equal range (time) increments. Scanlines
of group A (A1,A2,A3,...AN) are acquired at a common
angle of incidence across the image field and sampled
at the same equal range increments as shown by Xs.
The samples (Xs) of group A are now to be registered
with the samples (Os) of group C. A preferred way to do
this is four point interpolation. For example, the C2 sam-
ple 102 is within a quadrilateral area delineated by the
four A samples 202, 204, 206, and 208. An A sample at
the location of C sample 102 may be interpolated from
the four acquired A samples by four point or up-down,
right-left interpolation, by which the four A samples are
combined in proportion to their proximity to the location
of the C sample 102. This proportionate combining is
achieved by weighting the A samples, then combining
them.

[0032] Moving down the C2 scanline, an A sample is
interpolated at the location 106 of the next C sample on
the scanline. Sample location 106 is bounded by the four
A samples at 202, 204, 214 and 216, which are used to
interpolate an A sample at location 106. Because the
relationship of all of the locations has changed from the
location of sample 102 to that of location 106, a new set
of four weighting factors is used to interpolate the A sam-
ple at location 106. This process continues down the
scanline, each time using an appropriate set (location
proportionate) of weighting factors for the interpolation.
[0033] However, when the registration process is done
for the next scanline, the sequence of weighting factors
used for the previous scanline can be reused. This is due
to the recurring spatial relationships of the samples
across the image field. For instance, the weights applied
to A samples 208, 210, 204, and 212 to interpolate an A
sample at location 108 of scanline C3 have the same
values as the weights previously used to interpolate an
A sample at location 102 of the previous scanline C2.
The interpolation coefficients for registration are
depth-dependent but not line-dependent, and hence can
be the same from line to line. Thus, the same set of in-
terpolation weights can be used for registration of each
scanline, obviating the need to recalculate weighting fac-
tors for each scanline.

[0034] A computer program product comprising a set
of instructions may be used for the ultrasonic diagnostic
imaging system, to produce spatially compounded ultra-
sonic images with beams transmitted in multiple look di-
rections from a curved array scanhead as above-de-
scribed.
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Claims

An ultrasonic diagnostic imaging system which pro-
duces spatially compounded ultrasonicimages com-
prising:

- an array transducer (10);

- a transmitter (14), coupled to said array trans-
ducer, that drives said array transducer to pro-
duce electronically steered beams;
-abeamformer (16), coupled to said array trans-
ducer, which forms coherent echo signals in re-
sponse to said electronically steered beams;

- a signal processor (30), coupled to said beam-
former, which spatially registers echoes of mul-
tiple look directions by means of interpolation
and then compounds the spatially registered
echoes to form spatially compounded image sig-
nals; and

- a display device (50), responsive to said com-
pounded image signals, which displays a spa-
tially compounded image

characterized in that

- the array transducer is a curved array trans-
ducer

and in that

- the transmitter (14) is coupled to said curved
array transducer to drive said curved array trans-
ducer to produce electronically steered beams
(A, B, C), each having a different angle of inci-
dence to a line tangential to a point of origin on
the face of the curved array transducer from
which the center of the beam extends so as to
interrogate points in an image field from multiple
look directions (-6, 0, +6).

The ultrasonic diagnostic imaging system of Claim
1, wherein said curved array transducer (10) trans-
mits a first group of beams (A1-AN) in a first look
direction (+0), a second group of beams (B1-BN) in
a second look direction (0), and a third group of
beams (C1-CN) in a third look direction (-0).

The ultrasonic diagnostic imaging system of Claim
2, wherein the beams of each group (A1-AN, B1-BN,
C1-CN) are substantially parallel.

The ultrasonic diagnostic imaging system of Claim
2, wherein the beams of each group (A1-AN, B1-BN,
C1-CN) exhibit a predetermined steering angle (-6,
0, +0) with respect to their points of origin on the face
of the curved array transducer (10).

The ultrasonic diagnostic imaging system of Claim
3, wherein the first group of beams (A1-AN) are
steered at an angle of 6, relative to a line extending
normal to the face of the curved transducer array
(10), the second group of beams (B1-BN) are
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1.

12.

13.

steered at an angle of 6, relative to said line extend-
ing normal to the face of the curved transducer array,
and the third group of beams (C1-CN) are steered
atan angle of 65 relative to said line extending normal
to the face of the curved transducer array.

The ultrasonic diagnostic imaging system of Claim
5, wherein angle 6, is equal to -9,.

The ultrasonic diagnostic imaging system of Claim
6, wherein 65 is equal to zero degrees.

The ultrasonic diagnostic imaging system of Claim
7, wherein said beamformer (16) utilizes coefficients
to form the coherent echo signals of a scanline, and
wherein the same set of coefficient values is utilized
to form the coherent echo signals of more than one
scanline.

The ultrasonic diagnostic imaging system of Claim
4, wherein the first group of beams (A1-AN) are each
steered at an angle of 6, relative to a line extending
normal to the face of the curved transducer array
(10) at the origin of a beam, the second group of
beams (B1-BN) are steered at an angle of 6, relative
to said line extending normal to the face of the curved
transducer array at the origin of abeam, and the third
group of beams (C1-CN) are steered at an angle of
05 relative to said line extending normal to the face
ofthe curved transducer array at the origin of a beam.

The ultrasonic diagnostic imaging system of Claim
2, wherein said beamformer (16) utilizes coefficients
to form the coherent echo signals of a scanline, and
wherein the same set of coefficient magnitude values
is utilized to form the coherent echo signals of each
of the scanlines of a group of scanlines formed in
response to a group of beams (A1-AN, B1-BN, C1-
CN).

The ultrasonic diagnostic imaging system of Claim
2, wherein each of the beams of a group (A1-AN,
B1-BN, C1-CN) exhibits substantially the same an-
gle of incidence with the face of said curved array
transducer (10).

The ultrasonic diagnostic imaging system of Claim
2, wherein the beams of each group (A1-AN, B1-BN,
C1-CN) are uniformly angularly spaced.

The ultrasonic diagnostic imaging system of Claim
1, wherein said beamformer (16) forms echo signals
with apertures of said curved array transducer (10)
along scanlines (SL), and wherein the centers of ap-
ertures (A1, ...A6) used to interrogate points (D1, D2)
on said scanlines separate linearly as a function of
the distance between the point of interest and the
curved array transducer.
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The ultrasonic diagnostic imaging system of Claim
13, wherein said apertures (A1, ...AB) increase in
size as a function of depth.

The ultrasonic diagnostic imaging system of Claim
1, wherein said signal processor (30) uses coeffi-
cients to spatially register echoes of multiple look
directions, and wherein said coefficients depend on
the distance between a point of interest and the
curved array transducer but do not depend on the
scanline.

A method of ultrasonic imaging to produce spatially
compounded ultrasonic images comprising:

- interrogating points in an image field from mul-
tiple look directions (-6, 0, +0) with beams (A, B,
C) steered from a curved array transducer (10),
said beams being steered by a combination of
the curvature of said curved array transducer
and electronic beam steering, whereby each
beam has a different angle of incidence to a line
tangential to a point of origin on the face of the
curved array transducer from which the center
of the beam extends;

-beamforming echoes received from said points
from multiple look directions;

- spatially registering echoes of multiple look di-
rections by means of interpolation and then com-
pounding the spatially registered echoes to form
spatially compounded image signals; and

- displaying a spatially compounded image in
response to said spatially compounded image
signals.

Computer program product comprising a set of in-
structions for using the ultrasonic diagnostic imaging
system as claimed in one of Claims 1 to 15, to pro-
duce spatially compounded ultrasonic images with
beams transmitted in multiple look directions from a
curved array scanhead.

Patentanspriiche

1.

Diagnostisches Ultraschall-Bildgebungssystem,
das rdumlich zusammengesetzte Ultraschallbilder
erzeugt (engl. Spatial Compounding) und Folgendes
umfasst:

- einen Array-Wandler (10);

- einen mit dem genannten Array-Wandler ge-
koppelten Sender (14), der den genannten Ar-
ray-Wandler zum Erzeugen von elektronisch
gelenkten Strahlenbiindeln ansteuert;

- einen mit dem genannten Array-Wandler ge-
koppelten Strahlformer (16), der in Reaktion auf
die genannten elektronisch gelenkten Strahlen-
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biindel koharente Echosignale formt;

- einen mit dem genannten Strahlformer gekop-
pelten Signalprozessor (30), der Echos aus
mehreren Blickrichtungen mithilfe von Interpo-
lation raumlich registriert und anschlieend die
raumlich registrierten Echos zusammensetzt,
um rdumlich zusammengesetzte Bildsignale zu
formen; und

- eine auf die genannten zusammengesetzten
Bildsignale reagierende Anzeigevorrichtung
(50), die ein rAumlich zusammengesetztes Bild
anzeigt, dadurch gekennzeichnet, dass

- der Array-Wandler ein Konvexwandler ist
und dass

- der Sender (14) mit dem genannten Konvex-
wandler gekoppelt ist, um den genannten Kon-
vexwandler zum Erzeugen elektronisch gelenk-
ter Strahlenbiindel (A, B, C) anzusteuern, die
jeweils einen anderen Einfallswinkel auf eine Li-
nie tangential zu einem Ursprungspunkt auf der
Stirnflache des Konvexwandlers haben, von
dem ausgehend sich die Mitte des Strahlenbin-
dels erstreckt, um Punkte in einem Bildfeld aus
mehreren Blickrichtungen (-¢, 0, +¢) abzufragen.

Diagnostisches Ultraschall-Bildgebungssystem
nach Anspruch 1, wobei der Konvexwandler (10) ei-
ne erste Gruppe von Strahlenbiindeln (A1-AN) in ei-
ner ersten Blickrichtung (+¢), eine zweite Gruppe von
Strahlenbiindeln (B1-BN) in einer zweiten Blickrich-
tung (0) und eine dritte Gruppe von Strahlenbilindeln
(C1-CN) in einer dritten Blickrichtung (-+) aussendet.

Diagnostisches Ultraschall-Bildgebungssystem
nach Anspruch 2, wobei die Strahlenbiindel jeder
Gruppe (A1-AN, B1-BN, C1-CN) im Wesentlichen
parallel sind.

Diagnostisches Ultraschall-Bildgebungssystem
nach Anspruch 2, wobei die Strahlenbiindel jeder
Gruppe (A1-AN, B1-BN, C1-CN) einen vorgegebe-
nen Lenkungswinkel (-¢ , 0, +¢) in Bezug auf ihre Ur-
sprungspunkte auf der Stirnflache des Konvexwand-
lers (10) aufweisen.

Diagnostisches Ultraschall-Bildgebungssystem
nach Anspruch 3, wobei die erste Gruppe von Strah-
lenbindeln (A1-AN) in einem Winkel «; relativ zu ei-
ner Linie gelenkt wird, die senkrecht zur Stirnflache
des Konvexwandlers (10) verlauft, die zweite Grup-
pe von Strahlenbtindeln (B1-BN) in einem Winkel ¢,
relativzu der genannten Linie gelenkt wird, die senk-
recht zur Stirnflache des Konvexwandlers verlauft,
und die dritte Gruppe von Strahlenbiindeln (C1-CN)
in einem Winkel +5 relativ zu der genannten Linie
gelenkt wird, die senkrecht zur Stirnflache des Kon-
vexwandlers verlauft.
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Diagnostisches Ultraschall-Bildgebungssystem
nach Anspruch 5, wobei der Winkel ¢, gleich -+, ist.

Diagnostisches Ultraschall-Bildgebungssystem
nach Anspruch 6, wobei 5 gleich null Grad ist.

Diagnostisches Ultraschall-Bildgebungssystem
nach Anspruch 7, wobei der genannte Strahlformer
(16) Koeffizienten nutzt, um die kohérenten Echosi-
gnale einer Scanlinie zu formen, und wobei der glei-
che Satz von Koeffizientenwerten genutzt wird, um
die koharenten Echosignale von mehr als einer Sc-
anlinie zu formen.

Diagnostisches Ultraschall-Bildgebungssystem
nach Anspruch 4, wobei die erste Gruppe von Strah-
lenbindeln (A1-AN) jeweils in einem Winkel +; relativ
zu einer Linie gelenkt wird, die senkrecht zur Stirn-
flache des Konvexwandlers (10) am Ursprung eines
Strahlenbilindels verladuft, die zweite Gruppe von
Strahlenbiindeln (B1-BN) in einem Winkel +, relativ
zu der genannten Linie gelenkt wird, die senkrecht
zur Stirnflache des Konvexwandlers am Ursprung
eines Strahlenbiindels verlauft und die dritte Gruppe
von Strahlenbiindeln (C1-CN) in einem Winkel «5 re-
lativ zu der genannten Linie gelenkt wird, die senk-
recht zur Stirnflache des Konvexwandlers am Ur-
sprung des Strahlenbiindels verlauft.

Diagnostisches Ultraschall-Bildgebungssystem
nach Anspruch 2, wobei der genannte Strahlformer
(16) Koeffizienten nutzt, um die kohérenten Echosi-
gnale einer Scanlinie zu formen, und wobei der glei-
che Satz von Koeffizientenmagnitudenwerten ge-
nutzt wird, um die kohérenten Echosignale von jeder
der Scanlinien einer Gruppe von Scanlinien zu for-
men, die in Reaktion auf eine Gruppe von Strahlen-
blindeln (A1-AN, B1-BN, C1-CN) geformt wurden.

Diagnostisches Ultraschall-Bildgebungssystem
nach Anspruch 2, wobei jedes der Strahlenbilindel
einer Gruppe (A1-AN, B1-BN, C1-CN) im Wesentli-
chen den gleichen Einfallswinkel zu der Stirnflache
des genannten Konvexwandlers (10) aufweist.

Diagnostisches Ultraschall-Bildgebungssystem
nach Anspruch 2, wobei die Strahlenbiindel jeder
Gruppe (A1-AN, B1-BN, C1-CN) einen gleichmaRi-
gen Winkelabstand zueinander haben.

Diagnostisches Ultraschall-Bildgebungssystem
nach Anspruch 1, wobei der genannte Strahlformer
(16) Echosignale mit Aperturen des genannten Kon-
vexwandlers (10) entlang Scanlinien (SL) formt, und
wobei die Mittelpunkte von Aperturen (A1, ..., A6)
genutzt werden, um Punkte (D1, D2) auf den ge-
nannten Scanlinien linear separat als eine Funktion
des Abstands zwischen dem interessierenden Punkt
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15.

16.

17.

und dem Konvexwandler abzufragen.

Diagnostisches Ultraschall-Bildgebungssystem
nach Anspruch 13, wobei die genannten Aperturen
(A1, ..., AB) in der GroR3e als eine Funktion der Tiefe
zunehmen.

Diagnostisches Ultraschall-Bildgebungssystem
nach Anspruch 1, wobei der genannte Signalprozes-
sor (30) Koeffizienten nutzt, um Echos aus mehreren
Blickrichtungen radumlich zu registrieren, und wobei
die genannten Koeffizienten von dem Abstand zwi-
schen einem interessierenden Punkt und dem Kon-
vexwandler abhangen, aber nicht von der Scanlinie.

Verfahren der Ultraschall-Bildgebung zum Erzeu-
gen von raumlich zusammengesetzten Ultraschall-
bildern (Spatial Compounding), wobei das Verfahren
Folgendes umfasst:

- Abfragen von Punkten in einem Bildfeld aus
mehreren Blickrichtungen (-+, 0, +¢) mit von ei-
nem Konvexwandler (10) aus gelenkten Strah-
lenbiindeln (A, B, C), wobei die genannten
Strahlenblindel durch eine Kombination der
Krimmung des genannten Konvexwandlers
und der elektronischen Strahlenbiindellenkung
gelenkt werden, wobei jedes Strahlenbiindel ei-
nen anderen Einfallswinkel auf eine Linie tan-
gential zu einem Ursprungspunkt auf der Stirn-
flache des Konvexwandlers hat, von dem aus-
gehend sich die Mitte des Strahlenbilindels er-
streckt;

- Strahlenformen der von den genannten Punk-
ten aus mehreren Blickrichtungen empfange-
nen Echos;

- raumliches Registrieren der Echos aus meh-
reren Blickrichtungen mithilfe von Interpolation
und anschlieBendes Zusammensetzen der
raumlich registrierten Echos, um rdumlich zu-
sammengesetzte Bildsignale zu formen; und

- Anzeigen eines raumlich zusammengesetzten
Bildes in Reaktion auf die genannten raumlich
zusammengesetzten Bildsignale.

Computerprogrammprodukt mit einem Satz von An-
weisungen zur Nutzung des diagnostischen Ultra-
schall-Bildgebungssystems nach einem der Anspri-
che 1 bis 15 zum Erzeugen von rdumlich zusam-
mengesetzten Ultraschallsignalen mit von einem
Konvexwandler in mehreren Blickrichtungen gesen-
deten Strahlenbtindeln.

Revendications

1.

Systéme d’imagerie diagnostique ultrasonique qui
produit des images ultrasoniques spatialement com-
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posées, comprenant :

- un transducteur en réseau (10) ;
-untransmetteur (14), couplé audit transducteur
en réseau, qui excite ledit transducteur en ré-
seau pour produire des faisceaux orientés
électroniquement ;

- un formeur de faisceaux (16), couplé audit
transducteur en réseau, qui forme des signaux
d’échos cohérents enréponse auxdits faisceaux
orientés électroniquement ;

- un processeur de signaux (30), couplé audit
formeur de faisceaux, qui enregistre spatiale-
ment des échos de multiples directions de visée
au moyen d’interpolation et puis compose les
échos spatialement enregistrés pour former des
signaux d’'images spatialement composeées ; et
- un dispositif d’affichage (50), répondant
auxdits signaux d'images composées, qui affi-
che une image spatialement composée,
caractérisé en ce que

- le transducteur en réseau est un transducteur
en réseau incurve,

et en ce que

- le transmetteur (14) est couplé audit transduc-
teur en réseau incurvé pour exciter ledit trans-
ducteur en réseau incurvé pour produire des
faisceaux orientés électroniquement (A, B, C),
chacun possédant un angle différent d’'inciden-
ce par rapport a une ligne tangentielle a un point
d’origine sur la face du transducteur en réseau
incurvé a partir duquel le centre du faisceau
s’étend afin d'interroger des points dans un
champ d’image a partir de multiples directions
de visée (-, 0, +°).

Systeme d’imagerie diagnostique ultrasonique se-
lon la revendication 1, dans lequel ledit transducteur
en réseau incurvé (10) transmet un premier groupe
de faisceaux (A1-AN) dans une premiére direction
de visée (++), un deuxiéme groupe de faisceaux (B1-
BN) dans une deuxiéme direction de visée (0), et un
troisieme groupe de faisceaux (C1-CN) dans une
troisiéme direction de visée (-°).

Systeme d’imagerie diagnostique ultrasonique se-
lon la revendication 2, dans lequel les faisceaux de
chaque groupe (A1-AN, B1-BN, C1-CN) sont sensi-
blement paralléles.

Systeme d’imagerie diagnostique ultrasonique se-
lon la revendication 2, dans lequel les faisceaux de
chaque groupe (A1-AN, B1-BN, C1-CN) présentent
un angle d’orientation prédéterminé (-¢, 0, +¢) par
rapport a leurs points d’origine sur la face du trans-
ducteur en réseau incurvé (10).

Systeme d’imagerie diagnostique ultrasonique se-
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1.

lon la revendication 3, dans lequel le premier groupe
de faisceaux (A1-AN) est orienté a un angle de -,
par rapport a une ligne s’étendant de fagon normale
a la face du réseau transducteur incurvé (10), le
deuxieme groupe de faisceaux (B1-BN) est orienté
aun angle de +, par rapport a ladite ligne s’étendant
de fagon normale a la face du réseau transducteur
incurvé, et le troisieme groupe de faisceaux (C1-CN)
est orienté a un angle de <5 par rapport a ladite ligne
s’étendant de fagon normale a la face du réseau
transducteur incurvé.

Systéme d’imagerie diagnostique ultrasonique se-
lon la revendication 5, dans lequel I’ angle +, est égal
a--1.

Systéme d’imagerie diagnostique ultrasonique se-
lon la revendication 6, dans lequel +5 est égal a zéro
degré.

Systéme d’imagerie diagnostique ultrasonique se-
lon la revendication 7, dans lequel ledit formeur de
faisceaux (16) utilise des coefficients pour former les
signaux d’échos cohérents d’une ligne de balayage,
et dans lequel le méme jeu de valeurs de coefficient
est utilisé pourformer les signaux d’échos cohérents
de plus d’une ligne de balayage.

Systéme d’imagerie diagnostique ultrasonique se-
lon la revendication 4, dans lequel le premier groupe
de faisceaux (A1-AN) est orienté a un angle de -,
par rapport a une ligne s’étendant de fagon normale
a la face du réseau transducteur incurvé (10) a I'ori-
gine d’'un faisceau, le deuxiéme groupe de faisceaux
(B1 -BN) est orienté & un angle de *, par rapport &
ladite ligne s’étendant de fagon normale a la face du
réseau transducteur incurvé a l'origine d’'un fais-
ceau, et le troisieme groupe de faisceaux (C1-CN)
est orienté a un angle de <5 par rapport a ladite ligne
s’étendant de fagon normale a la face du réseau
transducteur incurvé a 'origine d’un faisceau.

Systéme d’imagerie diagnostique ultrasonique se-
lon la revendication 2, dans lequel ledit formeur de
faisceaux (16) utilise des coefficients pour former les
signaux d’échos cohérents d’une ligne de balayage,
et dans lequel le méme jeu de valeurs d’amplitude
de coefficient est utilisé pour former les signaux
d’échos cohérents de chacune des lignes de balaya-
ge d’un groupe de lignes de balayage formé en ré-
ponse a un groupe de faisceaux (A1 -AN, B1-BN,
C1-CN).

Systéme d’imagerie diagnostique ultrasonique se-
lon la revendication 2, dans lequel chacun des fais-
ceaux d'un groupe (A1-AN, B1-BN, C1-CN) présen-
te sensiblement le méme angle d’incidence avec la
face dudit transducteur en réseau incurvé (10).
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Systeme d’imagerie diagnostique ultrasonique se-
lon la revendication 2, dans lequel les faisceaux de
chaque groupe (A1-AN, B1-BN, C1-CN) sont espa-
cés de fagon uniformément angulaire.

Systeme d’imagerie diagnostique ultrasonique se-
lon la revendication 1, dans lequel ledit formeur de
faisceaux (16) forme des signaux d’échos avec des
ouvertures dudit transducteur en réseauincurvé (10)
le long de lignes de balayage (SL), et dans lequel
les centres d’ouvertures (A1, ...AB6) utilisés pour in-
terroger des points (D1, D2) sur lesdites lignes de
balayage se séparent linéairement en fonction de la
distance entre le point d’intérét et le transducteur en
réseau incurve.

Systeme d’imagerie diagnostique ultrasonique se-
lon la revendication 13, dans lequel lesdites ouver-
tures (A1, ...A6) augmentent en taille en fonction de
la profondeur.

Systeme d’imagerie diagnostique ultrasonique se-
lon la revendication 1, dans lequel ledit processeur
de signaux (30) utilise des coefficients pour enregis-
trer spatialement des échos de multiples directions
de visée, et dans lequel lesdits coefficients dépen-
dentde ladistance entre un point d’intérét et le trans-
ducteur en réseau incurvé mais ne dépendent pas
de la ligne de balayage.

Procédé d’imagerie ultrasonique pour produire des
images ultrasoniques spatialement composeées,
comprenant :

- linterrogation de points dans un champ d’ima-
ge a partir de multiples directions de visée (-,
0, ++) avec des faisceaux (A, B, C) orientés a
partir d’'un transducteur en réseau incurvé (10),
lesdits faisceaux étant orientés par une asso-
ciation de la courbure dudit transducteur en ré-
seauincurvé et de I'orientation de faisceau élec-
tronique, moyennant quoi chaque faisceau pré-
sente un angle différent d’incidence par rapport
a une ligne tangentielle a un point d’origine sur
la face du transducteur en réseau incurvé a par-
tir duquel le centre du faisceau s’étend ;

- laformation de faisceau d’échos regus desdits
points a partir de multiples directions de visée ;
- 'enregistrement spatialement d’échos de mul-
tiples directions de visée au moyen d’interpola-
tion et puis la composition des échos spatiale-
ment enregistrés pour former des signaux
d’'images spatialement composées ; et

- I'affichage d’une image spatialement compo-
sée en réponse auxdits signaux d’'images spa-
tialement composées.

Produit programme d’ordinateur comprenant un jeu
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1"

d’instructions pour utiliser le systeme d’imagerie dia-
gnostique ultrasonique selon une des revendica-
tions 1 a 15, pour produire des images ultrasoniques
spatialement composées avec des faisceaux trans-
mis dans de multiples directions de visée a partir
d’'une téte de balayage en réseau incurvé.
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