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&) ABSTRACT

Clinical markers are adaptively identified in steered spatial
compounding ultrasound imaging. Motion is detected. The
use or determination of the clinical marker information
adapts to the amount of motion. If sufficient motion is
detected, the contribution of clinical marker information may
be reduced, the weighting of the clinical marker information
relative to the steered compound information is reduced, the
acquisition sequence is adjusted for component frames of
data, or combinations thereof.
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ADAPTIVE CLINICAL MARKER
PRESERVATION IN SPATIAL COMPOUND
ULTRASOUND IMAGING

BACKGROUND

[0001] The present invention relates to spatial compound-
ing. In particular, the present invention relates to compound-
ing component frames of data associated with different
angles to reduce speckle and produce a more continuous
border in specular targets, such as muscle layers.

[0002] One component frame of data is acquired by scan-
ning along scan lines at one angle or pattern relative to a
transducer. A second component frame of data is acquired by
scanning along scan lines at a different angle or pattern. Each
of the frames of data represents a different but overlapping
region of a patient due to the angle or pattern of the scan lines.
The frames of data are compounded together and displayed as
an image. The transducer is held at substantially one position
on the patient for acquiring the sequential component frames
of data.

[0003] Steered spatial compounding may mask or change
the appearance of clinical markers. Clinical markers are an
important diagnostic tool. Either shadows (i.e. dark lines) or
abrightened area (i.e. bright lines) are produced in the images
of surrounding tissue by objects or obstructions in the body.
Calcifications produce shadows. Fluid filled cysts often pro-
duce brightened areas. The markers are frequently used to
help identify pathology. The appearance and orientation of
these markers depends on the orientation of the ultrasound
beams. As a result, compounding frames of data associated
with different steering angles or patterns reduces or elimi-
nates desirable markers in the resulting compound image.
[0004] U.S. Pat. No. 6,858,010 discloses steered spatial
compounding where clinical marker information is pre-
served. For example, an image responsive to less spatial com-
pounding more likely preserves clinical markers than a
steered compound image. By displaying both images, clinical
markers are identified by the user from one image and other
diagnostic information is obtained from the steered com-
pound image. As another example, clinical marker informa-
tion is added back into or highlighted on a steered compound
image for identification by the user. However, movement of
the transducer during acquisition of the component frames of
data or frames used for identifying clinical markers may
result in misalignment of information.

[0005] U.S. Pat. No. 6,858,010 discloses that motion
between component frames of data may be detected. The
component frames of data are then interpolated or altered to
compensate for the motion. The motion compensated com-
ponent frames of data are then used for compounding and
identifying markers. However, this in-plane tracking and
compensation may be computationally expensive. Out-of-
plane motion cannot be corrected by motion tracking and
compensation without more complex equipment and compu-
tation expense.

BRIEF SUMMARY

[0006] By way of introduction, the preferred embodiments
described below include methods, computer readable media,
instructions, and systems for adaptively identifying clinical
markers in steered spatial compounding ultrasound imaging.
Motion is detected. The use or determination of the clinical
marker information adapts to the amount of motion. If suffi-

Dec. 11, 2008

cient motion is detected, the contribution of clinical marker
information may be reduced, the weighting of the clinical
marker information relative to the steered compound infor-
mation is reduced, the acquisition sequence is adjusted for
component frames of data, or combinations thereof.

[0007] Ina first aspect, a method is provided for adaptively
identifying clinical markers in steered spatial compounding
ultrasound imaging. A compound frame of data responsive to
electronically steered component frames of data is generated.
The electronically steered component frames of data are
acquired from a substantially same transducer position and
are responsive to different steering angles. A marker frame of
data responsive to less compounding than the compound
image is generated. The marker frame of data is from the
substantially same transducer position. Motion of the trans-
ducer position, a scanned object or combinations thereof is
detected. An acquisition sequence for the component frames
of data, a contribution of the marker frame of data to a com-
bined frame of data, or combinations thereof is modified as a
function of the motion.

[0008] In a second aspect, a computer readable storage
medium has stored therein data representing instructions
executable by a programmed processor for adaptively iden-
tifying clinical markers in steered spatial compounding ultra-
sound imaging. The storage medium includes instructions for
correcting a spatially compounded frame of data with clinical
marker information, detecting motion of a transducer, a
scanned object, or combinations thereof, and adjusting the
correction as a function of the motion.

[0009] Ina third aspect, a system is provided for adaptively
identifying clinical markers in steered spatial compounding
ultrasound imaging. A beamformer is operable to acquire a
sequence of electronically steered component frames of data
responsive to different steering angles from a substantially
same transducer position. A filter is operable to filter data. The
data is a function of at least one of the component frames of
data, the filtered data comprises a clinical marker frame of
data. A processor is operable to generate a compound image
responsive to the electronically steered component frames of
data and a clinical marker frame of data, and operable to alter
the filter, the sequence, or both as a function of an amount of
motion. A display is operable to display the compound image.
[0010] Further aspects and advantages of the invention are
discussed below in conjunction with the preferred embodi-
ments. The present invention is defined by the following
claims, and nothing in this section should be taken as a limi-
tation on those claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The components and the figures are not necessarily
to scale, emphasis instead being placed upon illustrating the
principles of the embodiments. Moreover, in the figures, like
reference numerals designate corresponding parts throughout
the different views.

[0012] FIG. 1 is a block diagram of one embodiment of a
system for identifying markers in steered compound imaging;
[0013] FIG. 2 is a graphical representation of a compound
image and a marker image of one embodiment;

[0014] FIG. 3 is a flow chart diagram of one embodiment
for identifying markers to a user;

[0015] FIG. 4 is a flow chart diagram of another embodi-
ment for identifying markers to a user;
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[0016] FIG. 5 is a flow chart diagram of one embodiment
for adaptively identifying clinical markers in steered spatial
compounding ultrasound imaging; and

[0017] FIG. 61is a block diagram representing one embodi-
ment of a system for adaptively identifying clinical markers
in steered spatial compounding ultrasound imaging.

DETAILED DESCRIPTION OF THE DRAWINGS
AND PRESENTLY PREFERRED
EMBODIMENTS

[0018] Compounding component frames associated with
different scans reduces high spatial frequency and low spatial
frequency variations, such as speckle and image artifact clini-
cal marker variations. Since clinical markers may be used to
assist in locating a region of interest within the patient,
steered compounding may limit the ability to locate the region
for diagnosis. However, an image free of spatial compound-
ing includes undesirable speckle.

[0019] The imaging described below provides for spatial
compounding while minimizing the disadvantages of reduc-
tion in clinical markers. The compound image is formed from
a sequence of component frames of data acquired at different
times. Marker information is added to or displayed by the
compounded image. FIGS. 1-4 are FIGS. 1-4 of U.S. Pat. No.
6,858,010, the disclosure of which is incorporated herein by
reference. These FIGS. 1-4 and the corresponding description
below show systems, methods, and example images for pre-
serving clinical marker information in spatial compounding.
[0020] Motion may occur between the component frames
of data. The steered compounding and/or clinical marker
processing adapt to the occurrence of motion. The systems,
methods, and examples of FIGS. 1-4 may be adapted to
account for motion in addition to or as an alternative to motion
tracking and compensation between component frames of
data. FIGS. 5 and 6 show a method and system for adaptively
identifying clinical markers in steered spatial compounding
ultrasound imaging. In the description below, the adaptation
of FIGS. 5 and 6 is provided before the compounding of
FIGS. 14.

[0021] FIG. 5shows one embodiment of a method for adap-
tively identifying clinical markers in steered spatial com-
pounding ultrasound imaging. The identification adapts to
motion. The method is performed in the order shown or a
different order. For example, act 52 is performed before act
50. Additional, different, or fewer acts may be provided. For
example, correcting the compounded frame with the marker
frame of act 54 is not provided, but separate images are
generated for the compound and marker information. As
another example, acts 60, 62, and 64 are example adjustments
as a function of detected motion. Any one may be used alone
or in combination with one or more of the others. Additional
options for adjusting may be used.

[0022] In act 50, a compound frame of data responsive to
electronically steered component frames of data is generated.
The frame of data is generated as discussed below in FIGS.
1-4. The electronically steered component frames of data are
acquired by scanning. During the scanning of one embodi-
ment, the transducer position is substantially stationary. The
electronically steered component frames of data are respon-
sive to different steering angles. Any two or more frames of
data are combined, such as by averaging or maximum value
selection. For example, at least three electronically steered
component frames of data responsive to three different steer-
ing angles, respectively, are combined.
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[0023] Inact 52, a marker frame of data is generated. The
marker frame of data is generated as a correction as discussed
below for FIGS. 1-4. The marker frame of data is responsive
to less compounding than the compound frame of data. For
example, the marker frame of data is generated from a subset
ofthe component frames of data. In alternative embodiments,
the marker frame of data is a function of one or more frames
of data not used for the compound frame of data. The marker
frame of data is from the substantially same transducer posi-
tion as used for the component frames of data.

[0024] The marker frame of data is generated from one or
more other frames of data. In one embodiment, the marker
frame of data is generated from a plurality of component
frames of data, but without the contribution of the straight
ahead (i.e., scan line(s) normal to the array) component frame
of data. The component frames of the subset are combined, or
the frames not being used are subtracted from the compound
frame of data. For example, the compound frame of data is
subtracted from the straight-ahead component frame of data.
Each frame for preserving markers is generated as a function
of the straight-ahead or other type of component frame of
data.

[0025] The resulting frame of data is low pass filtered to
increase visualization of the clinical markers. Any low-pass
filtering may be used. For example, a separable boxcar filter
with filter lengths of about 5 times the wavelength, such as 10
taps, in range and azimuth assuming Nyquist sampling in
both directions, is used. Other filters and/or tap lengths may
be used. Other marker preservation functions than low pass
filtering may be used. The marker preservation function pre-
serves and/or enhances shadows behind structures. For
example, the average brightness of the straight-ahead image
(Io) is preserved in the compounded image, 1., 4gc-

[0026] Inact 54, the spatially compounded frame of data is
corrected with the clinical marker information. Portions of
the compound frame of data are highlighted or altered based
on detected clinical markers. Other corrections may be pro-
vided, such as discussed below for FIGS. 1-4. In one embodi-
ment, the compound frame of data is combined with the
marker frame of data. Any combination may be used, such as
averaging or weighted averaging with an infinite or a finite
impulse response.

[0027] In one embodiment, the combined frame is a func-
tion of a weight. The low-pass filtered data for the marker is
multiplied by the weight. The weighted data is added to the
compound frame of data. This embodiment is represented by:

I corrected |
average average

QLPE 2D {o ] pyorage)

where o is the weight and LPF_ 2D{I~1,,,,.} is the low
pass filtered marker frame of data formed from the difference
of the compound frame of data and the straight ahead com-
ponent frame of data. The weight may be different for differ-
ent situations. For example, the weight is transducer specific,
application specific, or transducer and application specific. In
one embodiment, the weight is set to 0.5 for breast applica-
tions and 0.75 for vascular applications.

[0028] In act 56, motion of the transducer position, a
scanned object, or combinations thereof is detected. Motion
of'the transducer position may be detected by a sensor on the
transducer. For example, magnetic coils detect relative or
absolute motion of the transducer. Transducer motion and/or
motion of the scanned object may be detected from scanned
data, such as a minimum sum of absolute differences or
correlation between component frames of data. Other tech-
niques for motion detection, such as correlation comparisons
or based on an ECG signal, may be applied.
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[0029] In one embodiment, the motion is detected from the
marker frame of data, such as the two dimensionally low pass
filtered difference image, LPF_ 2D{I;-1,,,,4ec}- The frame
of data is decimated in range and azimuth by a factor of %2 of
the tap lengths of the azimuth and range filters, such as deci-
mated by 5. Other or no decimation may be used. The result-
ing data reduced frame of data is divided into a plurality of
separate regions, such as 64x64 regions. For example, each
region has a target size of 8x8 in range and azimuth of the
decimated frame of data. Each region is sized to include at
least 10 scan lines and range samples of the marker frame of
data prior to decimation. If there are not at least 10 lines or
range samples in each region, then the total number of regions
is reduced. Other numbers of regions, size of regions, or
limitations on regions may be used.

[0030] The average intensity in each region is calculated as
a region value. Other values may be calculated, such as a
maximum, sum, or median. Alternatively, the data of each
region is maintained without further combination of data.
[0031] The amount of change in the frame of data is deter-
mined from the region values. For example, region values are
compared with previous frame region values using a sum of
absolute differences (SAD). The resulting SAD estimate is
compared to a threshold. In another example, the data for each
region is compared with the data for the corresponding region
of a previous frame. The comparison is a SAD or other cor-
relation. The highest SAD estimate from all of the regions is
then compared with a threshold. As another example, the
largest, an average, a median, or other difference between
region values of a previous frame and the current frame is
determined. The difference is compared with a threshold.
[0032] The threshold distinguishes between two levels of
motion. A higher correlation indicates less motion. A lower
correlation indicates more motion. Multiple thresholds may
be used to indicate three or more levels of motion. In one
embodiment using a normalized SAD value, the threshold is
5.0 out of a possible range of 0 to 255. Other thresholds may
be used.

[0033] The correction of act 54, the generation of act 50,
and/or the generation of act 52 are adjusted as a function of
detected the motion. For example, an acquisition sequence for
the component frames of data, a contribution of the marker
frame of data to a combined frame of data, or combinations
thereof are modified as a function of the motion. If there is
little or no motion, the process proceeds without modification
or is modified to operate in a no motion mode. If there is
motion, the process is modified or proceeds without modifi-
cation in a motion mode. Any aspect of the clinical marker
preservation may be adjusted as a function of the motion.
[0034] In one embodiment, the contribution of the marker
frame to the combined frame is decreased for greater motion
and increased for lesser motion in act 60. The weighting in the
combination and/or the amount of filtering may increase or
decrease the contribution. When the probe is held still, the full
desired correction to preserve markers is applied.

[0035] Weighting is adjusted as a function of the motion in
one embodiment. The weight o is adjusted based on the level
of motion. For example, the weight is set to 0.10 for breast
applications and 0.15 for vascular applications in response to
detecting sufficient motion.

[0036] The brightness of the component views may be dif-
ferent. In particular the average brightness of the straight-
ahead component frame of data, I, is greater than that of the
compound frame of data, I,,.,,q., because many specular
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targets are perpendicular to the straight ahead view direction.
An adjustment of the weight o based on motion may cause
fluctuations of the combined frame of data brightness. The
fluctuation depends on the level of motion unless the average
brightness of the straight-ahead view is matched or corrected
to the average compounded brightness. To maintain a sub-
stantially consistent brightness associated with the corrected
spatially compounded frame of data for different amounts of
the motion, the brightness is matched or corrected.

[0037] Alternatively, a different adjustment is used. In one
embodiment, the filtering is modified as a function of the
amount of motion in act 62. For example, the amount of
filtering increases for greater motion and decreases for lesser
motion. The filtering is adjusted by changing weights, num-
ber of taps, bandwidth, type of filter, or other filter character-
istic. For example, a number of filter taps, a number of filters,
or combinations thereof are increased for greater motion. In
one embodiment, the lateral filter length of the low-pass fil-
tering adapts as a function of the motion. The lateral filter
length is adjusted by again filtering the low-pass filtered data
and adding the twice-filtered data to the compound frame of
data. The lateral filter length may additionally or alternatively
be adjusted by changing a number of taps. Adjustment in the
range direction may also be used. The filter adjustment may
preserve the average brightness of the combined frame of data
during periods of transient motion.

[0038] FIG. 6 shows one embodiment of a filter 70. A frame
of data is formed by the summer 72. The compound frame of
data is subtracted from the straight-ahead frame of data. The
result is low pass filtered by the filter 74. The amount of
motion is detected by the motion detector 78. The motion
detector 78 detects motion from the low pass filtered data. For
low or no motion, the output of the filter 74 is passed to the
multiplier 80. The output is weighted by the multiplier 80.
The weighted data is the marker frame of data. The marker
frame of data is added to the compound frame of data by the
adder 82, providing the combined frame of data. For higher
motion, the output of the filter 74 is filtered by the additional
filter 76. A filter size adjustment factor, v, is set to 10.0 (for
example), and the low pass filtered difference frame of data is
filtered by the additional azimuthal low pass filter 76 of tap
length equal to y-aztaps (e.g., 100 taps). The additional filter
operation is represented by:

corrected motion _ +0-LPF_AZ{LPF_

Loverage average

2D{I oL ayerage}}

The added filter 76 laterally filters the brightness correction.
By increasing the number of taps by a factor of 10.0 or other
factor, the brightness may be maintained, but clinical marker
information may be reduced.

[0039] The adjustment of act 58 is by a set amount, such as
a binary or other multilevel adjustment depending on the
amount of motion. Alternatively, the amount of adjustment
may be varied, such as slowing or speeding response to
detected motion. In one embodiment, the modifying is more
drastic in response to the motion changing from below to
above the threshold motion and less drastic in response to the
motion changing from being above to below the threshold
motion.

[0040] For example, if the amount of motion in the maxi-
mum SAD region falls below the threshold, the azimuthal
filter taps adjustment factor is persisted with the previous
value used during processing of the previous frame by a
persistence factor. For example,
y'=markerPreserveGammaPersistence-y where markerPre-
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serveGammaPersistence is 0.9 or other value less than 1.
Once motion stops or falls below the threshold, the y value
slowly decays by each frame having a value of 90% of the
previous frame value. The change iny slowly reduces the size
of the additional lateral filter 76. Once y falls below 1.0, the
additional lateral filter is switched off. More or less rapid
transition may be used. For increasing motion, the factor y
changes from 1.0 or not used to 10.0 in response to the first
detection of sufficient motion. Less rapid increases may be
used. This fast attack, slow decay adjustment of the lateral
filter size avoids large changes in brightness when the trans-
ducer or patient is moving due to mismatches in brightness
and content between the straight-ahead and fully com-
pounded images.

[0041] The change in correction filter size may be in both
range and azimuth, and the time varying component of this
change could be temporally filtered by other types of filters
such as FIR. The correction filter size change may be spatially
dependent so that different levels smoothing of the correction
filter are used for different regions depending on the level of
motion found in each region.

[0042] Referring again to FIG. 5, another adjustment of act
58 is to alter the acquisition sequence in act 64. The acquisi-
tion sequence for generating the compound frame of data in
act 50 and/or for generating the marker sequence in act 52 is
modified as a function of the detected motion of act 56. The
sequence may be adjusted to provide different steering, a
different number of component frames of data, or other
sequence characteristic. In one embodiment, the sequence is
adjusted to allow for an increased frequency of the correcting
of'act 54 or marker frames of data. For example, the sequence
is altered for generating the compound frame of data to
include more of one or more type of the component frame of
data for motion detection.

[0043] In one embodiment of adapting the sequence, the
time between the marker frame of data update and the com-
pounded frame of data is reduced. The type of frame of data
used for the marker frame of data is the straight-ahead view,
for example. The rate or frequency of straight-ahead view
acquisition is increased when motion is detected. For
example, the normal (no or little motion) repeated acquisition
sequence for 9-way compounding is [I,], 1,111,111, ] where
I, are component frames of data at different steering angles
and I, is the straight-ahead view. A sequence with reduced
motion artifact with clinical marker correction is:
[1o], LI LIsII,1g]. The marker correction for the com-
pounded result is derived from the most recent available I
frame, and is updated more frequently based on the more
frequently available straight ahead view. Other sequences
may be used.

[0044] The new reduced motion artifact sequence is
enabled whenever motion is detected. The compounded
frame, 1,,.,,q. is derived from all frames from the 8 steered
views (I,-Ig) and the three additional I, frames in a moving
average fashion. Alternatively, the number of frames that are
combined for compounding could also be reduced in the
presence of motion to further reduce motion artifact. For
example, only the most recent three frames of the sequence
are combined such that the most recently acquired I is always
included along with two steered views in forming the com-
pound and the marker frames of data. When little or no motion
is detected, the normal sequence with the associated
decreased frame rate of the compound frame of data is used.
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[0045] FIG. 1 shows a system 10 for identifying clinical
markers in steered spatial compounding ultrasound imaging.
The system 10 may also detect and adapt to motion. The
system 10 is a medical diagnostic ultrasound system, such as
a Sequoia®, Aspen™, Antares® or other systems manufac-
tured by Siemens Medical Solutions USA, Inc. In alternative
embodiments, ultrasound systems by other manufacturers
may be used. In yet other alternative embodiments, all or part
of the system 10 is a workstation, such as the Aegis or Per-
spective™ system, for processing or displaying medical
images.

[0046] The system 10 includes a transmit beamformer 12, a
transducer 14, a receive beamformer 16, a detector 18, a scan
converter 20, a compound processor 22, a display 24 and a
marker identification circuit 26. Different, fewer or additional
components may be provided. For example, an offline work-
station implements the compound processor 22, marker iden-
tification circuit 26 and display 24 without the additional
ultrasound acquisition components. As another example, a
dual display system may not include the marker identification
circuit 26. In another example, a separate processor, the com-
pound processor 22, or the marker processor 30 are operable
to detect motion, control a sequence performed by the beam-
formers 12, 16, and/or control the filtering applied by the filter
28.

[0047] The transducer 14 comprises an one—or multi-di-
mensional array of piezoelectric, ceramic, or microelectro-
mechanical elements. In one embodiment, the transducer 14
is a one-dimensional array of elements for use as Vector®,
linear, sector, curved linear, or other scan format now known
or later developed. The array of elements has a wavelength,
half wavelength, or other sampling frequency. A half-wave-
length sampling of elements allows for greater steering
angles, providing more spatial diversity for speckle reduction
by compounding. The transducer 14 is adapted for use exter-
nal to or use within the patient, such as a handheld probe, a
catheter probe or an endocavity probe.

[0048] The transmit and receive beamformers 12, 16 oper-
ate as a beamformer. As used herein, “beamformer” includes
either one or both of transmit and receive beamformers 12,
16. The beamformer is operable to acquire electronically
steered component frames of data responsive to different
steering angles from a substantially same transducer position.
The same scan pattern with different steering angles or dif-
ferent scan patterns resulting in different steering angles are
used. Between two different scans, one or more scan lines
may extend at a same angle from a same origin, but other scan
lines are steered at different angles to provide component
images responsive to different steering angles. For a given
origin, at least one scan line is at a different angle between the
scans for two component frames of data.

[0049] The component frames of data represent different
overlapping regions or a same region of the patient. The
transducer 14 is substantially held in place for acquiring the
component frames of data. “Substantially” is used to account
for unintentional movement of the person holding the array,
breathing or other motion caused by the patient be scanned,
and any other incidental movement associated using a probe
not mounted in a fixed position relative to a patient fixed in
place.

[0050] The transmit beamformer 12 is one or more wave-
form generators for generating a plurality of waveforms to be
applied to the various elements of the transducer 14. By
applying relative delays and apodizations to each of the wave-
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forms during a transmit event, a scan line direction and origin
from the face of the transducer 14 is controlled. The delays are
applied by timing generation of the waveforms or by separate
delay components. The apodization is provided by control-
ling the amplitude of the generated waveforms or by separate
amplifiers. To scan a region of a patient, acoustic energy is
transmitted sequentially along each of a plurality of scan
lines. In alternative embodiments, acoustic energy is trans-
mitted along two or more scan lines simultaneously or along
a plane during a single transmit event.

[0051] The receive beamformer 16 comprises delays and
amplifiers for each of the elements in the receive aperture.
The receive signals from the elements are relatively delayed
and apodized to provide scan line focusing similar to the
transmit beamformer 12, but may be focused along scan lines
different than the respective transmit scan line. The delayed
and apodized signals are summed with a digital or analog
adder to generate samples or signals representing spatial loca-
tions along the scan line. Using dynamic focusing, the delays
and apodizations applied during a given receive event or for a
single scan line are changed as a function of time. Signals
representing a single scan line are obtained in one receive
event, but signals for two or more scan lines may be obtained
in a single receive event. A component frame of data is
acquired by scanning over a complete pattern with the beam-
former. In alternative embodiments, a Fourier transform or
other processing is used to form a component frame of data by
receiving in response to a single transmit.

[0052] The detector 18 comprises a B-mode detector, Dop-
pler detector or other detector. The detector 18 detects an
intensity, velocity, energy, variance or other characteristic of
the signals for each spatial location in the component frame of
data.

[0053] The scan converter 20 comprises a processor, filter,
application specific integrated circuit or other analog or digi-
tal device for formatting the detected data from a scan line
format to a display or Cartesian coordinate format. The scan
converter 20 outputs each component frame of data in a
display format. The component frames may include pixels
representing regions outside of the display region. In one
embodiment, each component frame has the same number of
pixels and an associated image geometry corresponding to
the display region as described in U.S. Pat. No. 6,790,181, the
disclosure of which is incorporated herein by reference.

[0054] The compound processor 22 comprises one or more
memories, processors, control processors, digital signal pro-
cessors, application specific integrated circuits, multiplexers,
multipliers, adders, lookup tables and combinations thereof.
In one embodiment, the compound processor 22 comprises a
personal computer, motherboard, separate circuit board or
other processor added to an ultrasound system for image
processing using transfers of data to and from the ultrasound
image generation pipeline or processing path (i.e. receive
beamformer 16, detector 18, scan converter 20 and display
24). In other embodiments, the compound processor 22 is part
of the image generation pipeline.

[0055] The compound processor 22 is operable to combine
or compound one or more component frames of data repre-
senting at least a same region for display. For example, the
compound processor 22 comprises a memory and multiplier
for each of the component frames and an adder connected to
each of the multipliers for combining signals representing a
given spatial location from each of the component frames of
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data in a finite impulse response filter format. Linear or non-
linear combinations of component frames of data may be
provided.

[0056] The compound processor 22 is operable to combine
detected and scan converted data. In alternative embodi-
ments, the compound processor 22 is positioned between the
detector 18 and scan converter 20 for combining detected but
not scan converted data, positioned prior to a log compressor
of the detector 18 for combining non-compressed informa-
tion or positioned prior to the detector 18. Any of various
embodiments for combining multiple data representing the
same region or combining component frames of data may be
used.

[0057] In one embodiment, the compound processor 22
includes an image display plane or memory for each of the
component frames, such as six display planes. Each display
plane has foreground and background pages for allowing
simultaneous writing to memory while reading out from
memory, but other memory structures may be provided. The
memory stores information for each spatial location, such as
flow mode or Doppler mode parameter data, B-mode data, a
color pan box information and the display region border
information. A filter responsive to different multiplier coeffi-
cients combines the component frames using different func-
tions. For example, a component frame of data associated
with minimal steering is weighted greater than other compo-
nent frames, but equal weighting may be provided or other
frames weighted greater. A lookup table provides the differ-
ent weighting coefficients to the multipliers. Different coef-
ficients may also be provided for combining different num-
bers of component frames.

[0058] The display 24 is a CRT, monitor, flat screen, LCD,
projection or other display for displaying the compounded
ultrasound image. During the display refresh, the component
frames are read, weighted, summed and thresholded to gen-
erate the image on the display 24 where display plane memo-
ries are used for each component frame of data. The resulting
frame of data is a compound image responsive to component
frames of data. The display image format or display region is
trapezoidal, trapezoidal like, rectangular, sector, pie shaped
or other shape. The compound image is updated in real-time,
such as updating the compound image as each new compo-
nent frame of data is acquired and a previous component
frame of data is removed from a previous compound image or
is removed from a buffer for compounding the next com-
pound image. Alternatively, real-time compounding is pro-
vided by compounding different sets of component frames of
data with no or few component frames used in common for
each set. In yet other alternative embodiments, offline or
non-real time compounding is provided.

[0059] The display 24 is operable to display a compound
image responsive the electronically steered component
frames of data. The compound image includes preserved low
spatial frequency variation (i.e. highlighted markers) and
reduced high spatial frequency variation as compared with at
least one of the electronically steered component frames of
data. For example, markers associated with low spatial fre-
quency variation are identified and added into the compound
image. The display 24 is operable to highlight the marker in
the compounded image either by adding the marker informa-
tion to the image or by otherwise designating marker residual
or other information in the compounded image.
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[0060] The marker identification circuit 26 identifies the
markers for highlighting the markers or otherwise adding in
marker information on a compound image. The marker iden-
tification circuit 26 is a low pass filter 28 and a marker pro-
cessor 30, but different, additional or fewer components may
be used. In one embodiment, the low pass filter 28 is a digital
or analog circuit with fixed or programmable response func-
tions implemented as a infinite or finite impulse response
filter. The marker processor 26 is a same or different device
than the low pass filter 28, such as being implemented on a
digital signal processor or general processor separate from
the low pass filter.

[0061] In an alternative embodiment, the low pass filter 28
and the marker processor 30 are implemented in the same
device as the compound processor 22 or in a different device
but with one or more of the structures disclosed above for the
compound processor 22. For example, the marker identifica-
tion circuit 26 is implemented in a personal computer moth-
erboard arranged to receive transfers of data from an ultra-
sound processing pipeline in a medical diagnostic ultrasound
system. In one embodiment, each of the component frames of
data, such as three frames of data, is encoded into separate
red, green, and blue video channels and sent to the personal
computer for digitization. The personal computer performs
the low pass filtering and compounding operations. The high-
lighting is performed by the personal computer. The pro-
cessed images are then displayed on the display 24. The
personal computer motherboard may also perform other
image processing functions, such as speckle reduction.

[0062] The marker processor 30 is operable to identify one
or more markers and output a frame of data indicating the
location of the markers. For example, one or more regions
associated with the filtered data output by the low pass filter
are identified as a marker. Thresholding, gradient processing
or other algorithms identify the markers. In an alternative
embodiment, the data output by the low pass filter without
further processing identifies the markers, such as using the
low pass filtered data as a correction or marker frame of data.
The marker processor 30 or the compound processor 22 is
operable to combine the correction frame of data responsive
to the low pass filter with the compounded frame of data
responsive to the electronically steered component frames of
data or combine with a component frame of data prior to
compounding. The displayed compound image is responsive
to the combination of the correction frame of data with the
compounded frame of data. Because of this further combina-
tion, the markers are highlighted on the displayed compound
image or added back into the compounded frame of data for
display as the compounded image.

[0063] Referring to FIG. 2, markers 32 (brightness), 34
(shadow) are alternatively or additionally identified or shown
in a different image 36. The display 24 is operable to display
a compound image 38 responsive the electronically steered
component frames of data. Adjacent to the compound image
38, a marker image 36 responsive to less compounding than
the compound image is displayed. The marker image 36 is
free of steered compounding in one embodiment, but may be
compounded from fewer component frames, compounded
different amounts as a function of a identified marker or
compounded with a different process than the compound
image 38 (e.g. different weights applied to each component
frame of data). The marker image 36 is acquired from sub-
stantially the same transducer position as the component
frames of data.
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[0064] The two images 36, 38 are updated substantially
continuously. For example, the marker image 36 is responsive
to only one of the component frames of data used for the
steered compound image 38. In one embodiment, the com-
pound image 38 is updated as discussed above and the marker
image 36 is updated every time the component frame of data
at the selected angle, such as associated with no steering or a
straight ahead view, is acquired. In alternative embodiments,
one or both of the images 36, 38 are not substantially con-
tinuously updated. The transducer may move unintentionally,
intentionally or not at all as the images are updated.

[0065] For displaying the marker image 36 and the com-
pound image 38, the marker identification circuit 26 is
optional or not included in the system 10. The compound
processor 22 generates both images 36, 38, such as by passing
one frame without compounding and generating the com-
pounded frame of data. The marker identification circuit 26 in
other embodiments may further identify the markers 32, 34
and enhance, alter or reduce the appearance of the markers 32,
34 in the marker image 36 and/or the compound image 38.
[0066] The system 10 is operable for adaptively identifying
clinical markers in steered spatial compounding ultrasound
imaging. The filter 28 is as described above or is the filter
shown in FIG. 6. The motion detector 78 of FIG. 6 is imple-
mented by the marker processor 30 of FIG. 1 or other proces-
sor. The filter 28 filters data to generate the marker frame of
data, such as the correction frame of data. The data for filter-
ing is one or more of the component frames of data, data
derived from a component frame of data, or other data.
[0067] The compound processor 22, the marker processor
30, a different processor, or combinations thereof are oper-
ableto alter the filter 28, the sequence by the one or both of the
beamformers 12, 16, or both as a function of an amount of
motion. For example, the marker processor 30 determines an
amount of motion, and increases or decreases filtering as a
function of the motion. In one embodiment, a number of taps,
a number of filter layers (filters), or both is increased where
the amount of motion exceeds a threshold. As another
example, the marker processor 30 and/or a different processor
(e.g., beamformer controller or user interface processor)
increases a frequency of a first component frame of data in the
sequence based on the detected motion. The marker frame of
data is generated from the first component frame of data.
[0068] The compound processor 22, the marker processor
30, a different processor, or combinations thereof control the
reaction to motion. The reaction may allow more or less rapid
change based on the change in motion. For example, a reac-
tion to increasing motion is more rapid than a reaction to
decreasing motion.

[0069] FIGS. 3 and 4 represent methods for identifying
clinical markers in steered spatial compounding ultrasound
imaging. FIG. 3 represents the method of using different
images displayed adjacently, and FIG. 4 represents the
method of highlighting identified markers in the steered com-
pound image. Different, additional or fewer acts may be pro-
vided in either of the methods.

[0070] In both methods, a compound image 38 responsive
to electronically steered component frames of data is gener-
ated in act 40. Each or multiple of the electronically steered
component frames of data are acquired from a substantially
same transducer position but at different steering angles. For
example, three electronically steered frames of data are
acquired in response to three different steering angles or scan
patterns with one or more scan lines at a different steering
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angle. Each of the component frames of data span substan-
tially a same spatial extent of a region of a target, such by
maintaining the transducer in a same position with or without
intentional wobbling of the transducer. A majority, above
90% or almost all of the scanned region for each of the
component frames of data is a same region. In alternative
embodiments, the transducer is moved during acquisition of
sequential frames of data, such as associated with extended
field of view imaging. Where non-linear scan patterns are
used or where the transducer is rotated as well as translated,
different component frames of data may represent overlap-
ping regions from different angles. By combining the data for
the overlapping regions, steered compounding is provided.
One of the component frames of data is responsive to at least
one different scan line angle relative to at least one location in
the scanned region than another of the component frames of
data.

[0071] Two or more frames of data are acquired represent-
ing the same or different regions. For example, the scan lines
of three component frames of data are each associated with a
different region or scan geometry. The scan lines may be
acquired in any format, such as linear, curved linear, sector
curved sector, Vector®, curved Vector® and combinations
thereof. For example, scan lines acquired with a linear trans-
ducer are steered at three different angles in a linear or gen-
erally rectangular scan format for three component frames of
data, respectively. For one component frame of data, the scan
lines originate at different positions on the transducer 14, but
two or more scan lines may originate from a same position.
Using the linear format, the scan lines are parallel and in a
same direction relative to the intersections of the scan lines
with the origins on the transducer 14. The majority of the scan
lines of each component frame point in a same direction. As
another example, different angles from the face of the trans-
ducer 14 are provided by a scanning apex position on or
behind the transducer 14 for sector or Vector® formats. The
scan line density along the transducer surface is either uni-
form or changes as a function of the scan line position. The
scan line density may be different for one frame of data as
compared to another frame of data, such as having a different
uniform densities or having differences in variation of the
density. Any of various combinations of formats or variation
in scan line origin or angle within a single scan or between
scans resulting in spatial diversity may be used, such as
described in U.S. Published Patent Application No. 2002/
167533-A1, the disclosure of which is incorporated herein by
reference.

[0072] Each of the component frames of data corresponds
to different electronic steering angles. For example, a major-
ity of scan lines extend in a first direction, such as 10 degrees
left from the transducer 14 for one component frame of data.
The majority of scan lines extend at a 10 degree right angle
from the transducer 14 for another component frame of data.
The majority of the scan lines are normal to the transducer 14
for a third component frame of data. Different steering angles
other than plus or minus 10 degrees and zero may be used with
2,3, 4 or more component frames. In one embodiment, one
component frame is associated with the maximum angle of
steering provided by the transducer 14 without undesired
grading lobe effects. A second component frame is associated
with the same angle but in a different direction relative to the
transducer 14. Additional component frames, if any, are asso-
ciated with lesser angles of steering. In alternative embodi-
ments, the greatest steering angle is less than the maximum
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possible with the transducer 14. As another example, the
position of the scanning apex of the scan lines is different,
such as spaced laterally, between two component frames of
data, resulting in different steering angles. As yet another
example, the scan lines are steered the same for each compo-
nent frame of data, but the transducer is wobbled about an
axis, such as the azimuth axis.

[0073] Inaddition to or as an alternative to steering, spatial
diversity between component frames of data is provided by
altering the aperture, apodization or other scan characteristic
resulting in different spatial response. Any of various types of
compounding may be used, such as: temporal compounding
(i.e. each component frame acquired at a different time) or
simultaneous acquisition of different component frames; fre-
quency compounding (i.e. each component frame acquired in
response to a different frequency characteristic) or compo-
nent frames acquired with a same frequency; spatial com-
pounding or component frames of data acquired with a same
spatial response; steered spatial compounding or component
frames of data acquired without steering; and combinations
thereof.

[0074] In one embodiment, the same or substantially same
scan lines are used for both transmit and receive operations
for any given component frame of data. In alternative embodi-
ments, one or more of the scan lines are different for transmit
than for receive operation. For example, acoustic energy is
transmitted along scan lines normal to the transducer 14 for a
linear array and received along scan lines at a non-normal
angles. For a curved array, the energy is transmitted along
scan lines in one format and received along scan lines in a
different format, pattern or positions. As another example, the
same scan lines are used for transmit for all or multiple of the
component frames of data, but different electric steering is
provided during receive of each or multiple of the component
frames of data as disclosed in U.S. Pat. No. 6,508,770, the
disclosure of which is incorporated herein by reference.
[0075] Each of the component frames are compounded
together for spatial locations representing the display region
in act 40. In one embodiment, detected and scan-converted
frames of data are compounded together. Since scan-con-
verted information is used, the data of each of the component
frames are in a same format and grid pattern or spatial loca-
tion sampling. In alternative embodiments where data is com-
pounded prior to scan conversion, interpolation, extrapola-
tion or other processes are used to compound any data
representing adjacent or similar but not identical spatial loca-
tions.

[0076] Subsequent compound images in a real time or non-
real time format may use one or more of the same component
frames again for generating additional compounded images,
such as using a moving window for selecting component
frames for compounding in a first-in first-out format. Alter-
natively, each component frame of data is used for generating
only one output compounded image. The compounded image
is formed from a compound frame of data.

[0077] Inalternative embodiments, any of the various scan-
ning methods and systems disclosed in U.S. Pat. Nos. 5,148,
810, 5,235,986 and 5,261,408, the disclosures of which are
incorporated herein by reference, may be used. The tech-
niques disclosed in one or more of these patents show a
Vector® scanning pattern using non-overlapping scanning
lines for obtaining a wider field of view with a transducer.
Scan formats and apparatuses of one or more of the patents
show the use of a common apex or vertex of the acoustic lines
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spaced behind the transducer 14, and the teachings therein
may be used for positioning the common apex at different
positions laterally along the transducer for obtaining compo-
nent frames each associated with a different relative steering
angle for the majority of scan lines. In other alternative
embodiments, any of the spatial compounding techniques and
associated acquisition of component frames with different
steering angles disclosed in U.S. Pat. Nos. 6,117,081, 6,126,
598, 6,126,599, 6,135,956 and 6,872,181, the disclosures of
which are incorporated herein by reference, may be used.
[0078] Referringto FIG. 3, a marker image 36 in additionto
a compound image 38 is generated. The marker image 36 is
formed from a marker frame of data. The markerimage 36 has
less compounding than the compound image 38 at least for
the regions associated with the markers 32, 34. The marker
image 36 is displayed spatially adjacent to the compound
image 38, such as side-by-side, above and below, each image
36, 38 on different adjacent displays 24 or other positions
visible during a same examination of a patient. The marker
image 36 is free of steered compounding, but may alterna-
tively include some steered compounding. Both images 36,
38 are acquired from substantially the same transducer posi-
tion, but the transducer 14 is alternatively moved between
acquisitions.

[0079] In one embodiment, the marker image 36 is gener-
ated from one of the component frames of data also used for
the compound image 38. For example, the marker image 36 is
updated each time a component frame of data associated with
a selected steering angle, such as the normal or center steering
angle (i.e., straight ahead view), is acquired for compound-
ing. The compound image 38 is updated as well for substan-
tially continuous imaging. Alternatively, the marker image 36
is generated from a frame of data not used for the compound
image 38. In yet other embodiments, the marker image 36 is
generated as a difference image of the difference between a
component frame of data and the compounded frame of data.
Other processed images may be used, such as determining the
correction frame of data as discussed below and generating
the marker image based on only the correction frame of data
or the correction frame of data combined with other informa-
tion.

[0080] The generation of the compound image 38 and the
marker image 36 is repeated. If both images 36, 38 update
during live scanning, then the loss of markers 32, 34 in the
compounded image 38 can be readily appreciated by viewing
the markers 32, 34 in the marker image 36. The markers 32, 34
include none, one or more bright areas 32 and/or none, one or
more shadows 34. The bright areas 32 and shadows 34 are
caused by structure in the imaged region and are not other-
wise enhanced or altered for presentation on the marker
image 36. The user views the marker image 36 to identify a
region of interest and views the compounded image 38 to
identify specific tissue or structure within the region of inter-
est. In one embodiment, the dual or adjacent display is adja-
cent temporally, such as generating the marker image 36 until
the region of interest is identified and then switching to the
compounded image 38 without resetting or otherwise adjust-
ing the scanning or imaging. In alternative embodiments, the
markers 32, 34 are identified by the system 10 and enhanced
or altered to highlight the marker 32, 34 in the marker image
36 and/or compounded image 38.

[0081] Referring to FIG. 4, markers are identified in act 44
and highlighted in act 46. The markers are highlighted on the
compound image 38. The compound image 38 is displayed
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without an adjacent marker image 36 in one embodiment, so
that the compound image 38 is full size or a large size for the
display 24. The markers are identified by preserving low
spatial frequency variation while the compound image still
provides reduced high spatial frequency variation. For
example, low spatial frequency variation associated with
markers is preserved from one of the electronically steered
component frames of data and high spatial frequency varia-
tion is reduced by compounding multiple of the electronically
steered component frames of data.

[0082] To identify the markers in one embodiment, a cor-
rection frame of data is generated. The correction frame of
data enhances or isolates data corresponding to the markers.
For example, one or more of the electronically steered com-
ponent frames of data is low pass filtered. Any of various low
pass filter functions may be used, such as a three by three
[111]%%[111] box car filter, a cascaded box car filter, a linear
filter, a non-linear filter, a median filter, a finite impulse
response filter, a infinite impulse response filter or other now
known or later developed filters. While the correction frame is
formed from one component frame in one embodiment, the
correction frame is formed from multiple component frames
in other embodiments. For example, three-way steered spatial
compounding is provided where I, is the straight ahead view,
1, is the steered left view and 1, is the steered right view, and
an example compounding operation is given by: C=[I,+I,+
1,1/3. The two dimensional low pass filter operation on the
component frames of data is given by: M,=lpf_2d{1,} where
M, is the mean. The correction frame is then given as C,,=
[2My-M,-M,]/3. Other functions to form the correction
frame may be used, including different relative weights, num-
bers of component frames, different filtering, and non-mean
terms.

[0083] The correction frame of data includes marker infor-
mation. The mean of the compounded image, M_, is desired
so that M_=Ipf_2d{C} is equal to M, or the mean of the
straight ahead view in the example above. It is assumed that
Ipf_2d(M,)=M,, which is reasonable with sufficiently large
smoothing kernels. For images with a large amount of vari-
ance, the amount of smoothing or low pass filtering may be
increased so long as the filter kernel is small enough to avoid
smoothing out the markers of interest. The size of the spatial
filter can be increased to reduce noise from speckle at the
expense of being able to resolve and improve the presentation
of smaller regions of markers. By summing the correction
frame C,, with the compounded frame of data C, the com-
pound image C.=C+C,,. Then, the Ipf 2d{C_.}=[M+M,+
M, ]/3+[2M,-M,-M,]/3=M, as desired. The shadows and
brightness of the clinical markers are low spatial frequency
phenomena. Differences in speckle and continuity in the dif-
ferent steering angles is a high spatial frequency phenomena.
The speckle reduction benefit of high spatial frequency com-
pounding is obtained while retaining the low spatial fre-
quency clinical marker information from the straight-ahead
view or another view. The correction frame of data includes
data representing dark shadow areas that highlight regions
which have a shadow in the straight ahead view but not in the
steered views and bright areas which show the regions which
have shadow in the steered view but not the straight ahead
view. In alternative embodiments, other component frames
than the normal or straight ahead view are used to provide the
marker information.
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[0084] Where some types of markers are a distraction, their
appearance in the final compound image may be reduced or
eliminated. In one embodiment, correction frames of data are
produced with shadow markers eliminated by setting
C,=M_-max(M,, M,, M,). Brightness markers may be
eliminated by setting C,,=M_-min(M,, M,, M,). The contri-
bution of both shadow and brightness markers may be adap-
tively eliminated or varied based on the sign of C,, or other
information.

[0085] The low pass filtering is not altered as a function of
the steering angle, but may be altered as a function of steering
angle in other embodiments. Markers are more accurately
detected by accounting for the direction of the scan lines in
filtering. For example, the spatial low pass filter is non-sym-
metric—long in the depth dimension and short in the lateral
dimension to help better detect shadows found in alinear scan
format. As another example, the filtering kernels are skewed
to match the steering angle if filtering is performed on the
video raster Cartesian grid. Filtering in the acoustic grid may
allow filters to naturally follow the direction of the shadows.
For non-uniform scan line or angle spacing, the kernels can
vary by spatial location. As yet another example, the location
of the markers is warped. The markers may be detected in
each of the component frames of data, such as where a
straight-ahead view is not provided. The direction of the
marker from each component frame is warped to produce an
appropriate marker in the compounded image 38. The marker
appears as if produced by a straight-ahead view or normal
scan line for one warping, but the marker may be warped to
appear to be from other directions. The warping starts at the
intersection of the markers where the obstructing object is
located in two or more component frames of data, but other
techniques for identifying the spatial extent of the marker for
warping may be used.

[0086] The correction frame of data is formed as an entire
frame of data or only includes identified portions of the field
of view (frame of data including only portions of the field of
view). For example, edges are detected, such as by applying a
threshold or other algorithm as now known or later developed.
The edge detection algorithm identifies the edges of the mark-
ers, such as the edges of shadow or brightness. Areas outside
of the identified markers are excluded from the correction
image, from warping or from other processing.

[0087] To highlight the markers in the compound image in
act 46, the markers identified in act 44 are combined with the
compounded frame of data. Highlighting includes merely
adding marker information to the compounded frame of data,
but may also include further enhancement or labeling. The
correction frame of data is combined with a compounded
frame of data responsive to the electronically steered compo-
nent frames of data. The compound image is responsive to the
combination of the correction frame of data with the com-
pounded frame of data. The compound image includes the
added marker information, highlighting the markers. For
example, shadows present in the straight-ahead view are
restored within the compound image to the average bright-
ness seen in the straight-ahead view. The compounded frame
of data prior to correction has reduced or eliminated marker
information. By combining the correction frame of data with
the compounded frame of data, the markers from the straight-
ahead view or other single or group of component frames are
restored to the average brightness, but an increased or reduced
brightness may be provided.
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[0088] Grating lobes are more likely to be seen in the
steered or non-normal views because of more undersampled
beamforming. Grating lobes present in the steered views may
also be removed by using the straight-ahead view for the
correction frame of data. Since grating lobes are typically low
spatial frequency phenomenon, the compounding reduces the
grating lobe artifacts. Since the straight-ahead view contains
less grating lobe artifact information, the grating lobes are not
added back into the compounded image.

[0089] To highlight the markers, the correction frame of
data is summed with the compounded frame of data. A simple
summation as represented by: C_=C+C,, may be used, but
other summations, such as including relative gain corrections
may be used. Functions other than summation may be used,
such as subtraction, multiplication, division or combinations
thereof. In one embodiment, the contribution of the correc-
tion frame of data to the compound image is varied. For
example, the combination is represented by: C_=C+aC,,,
where o is a variable contribution term, such as 1.0. In other
embodiments, the o is applied to C instead of C,,. By setting
a appropriately, the amount of shadow or brightness from the
straight-ahead view visible in or added to the compound
image is varied as a function of time or spatial location. a. is
set by the user, programmed or varies based on one or more
other inputs. For example, o is a function of the sign and/or
magnitude of C,,. o is based on the sign of C,,, in one embodi-
ment. Shadow markers are presented differently from bright-
ness markers. C, >0 identifies shadow in the steered views
that is not present in the straight-ahead view as well as
enhancement in the straight-ahead view not present in the
steered views. C,,<0 identifies enhancement in the steered
views that is not present in the straight-ahead view as well as
shadows in the straight-ahead view not in the steered views.
For example, a is set to 1.0 if C,,>0 and 0.5 if C,,<=0 so that
the average brightness ofthe shadow region from the straight-
ahead view is substantially reduced but the average brightness
of the regions with shadow in the steered views is increased
somewhat in the compounded image. This causes the shadow
to be spread out over a larger region than would otherwise be
seen in the straight ahead view only and allows the portion of
the tissue directly behind the object to be presented with the
same clarity (darkness) as the straight ahead view. Depending
on the application, a greater or lesser value of a is selected
based on the sign of C,,. This could be useful to highlight
calcifications, which produce shadows, or to highlight cysts,
which can produce brightness.

[0090] As an alternative to the combinations discussed
above, the correction frame is combined in a non-linear func-
tion with the compounded frame of data. Various non-linear
combinations of high contrast and high detail data are known,
such as described in U.S. Pat. No. 5,479,926, the disclosure of
which is incorporated herein by reference. These non-linear
combinations and processes may be used to combine the
compounded frame of data with the correction frame of data.
An analogous processing function is provided as represented
by: C_=A(C, C,,). This non-linear delta function is selected to
enhance the markers or highlight the markers on the com-
pound image. The non-linear function is calculated or imple-
mented as part of a two dimensional look-up table. Different
combinations of inputs can be used to perform the non-linear
combination. Any of various non-linear functions may be
used, such as depending on the desired imaging application.
Further, C,=f(M,,M,) can be implemented as a two dimen-
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sional look-up table and cascaded with the look-up table for
combining the compounded frame of data with the correction
frame of data.

[0091] Another combination function includes an additive
correction scaling term (o) as well as a geometric modulation
term (). For example: C_=yC (1.0+pC, )+a C,,. The correc-
tion frame of data, C,,, modulates the brightness of the image.
The B term is a geometric scaling term, such as 0.02 or
another value. The y term allows C,, to be viewed alone for
experimental purposes or adjustment by the user of scanning
parameters to optimize marker identification and highlight-
ing.

[0092] The combined frame of data is displayed as the
compound image. At least one marker is highlighted in the
compound image. For example, the shadow or brightness
added by the correction frame of data results in highlighting
the markers. Alternatively, the markers are spatially identified
as distinct artifacts, such as by applying a threshold or other
edge detection algorithm. For example, the sign and magni-
tude of the correction frame of data information are used to
identify particular types of markers, such as shadow or bright-
ness markers. The markers are then further enhanced to fur-
ther highlight the markers in the compounded image. For
example, the markers are displayed with a different color than
non-marker portions of the compounded image. Different
markers have the same colorization or different colorization,
such as shadows highlighted in blue and brightness high-
lighted in yellow on an otherwise grey scale image. The color
is modulated based on the correction frame of data.

[0093] An artifact (i.e. marker) responsive to a structure is
highlighted. The artifact is either a shadow or a brightened
area. Alternatively, a structure associated with an identified
artifact is highlighted. Objects or structure at the intersection
of markers are identified from different component frames of
data. Each component frame of data indicates the location of
one or more markers. By identifying the intersection of mul-
tiple markers within a component frame of data or between
different component frames of data, structure of interest, such
as a calcification or cyst, is identified. Alternatively, the struc-
ture is identified by another algorithm, such as an edge detec-
tion technique accounting for the marker or artifact. The
identified structure associated with a marker is highlighted by
colorization or other enhancement.

[0094] In one embodiment, the highlighting is a post pro-
cessing function or occurs after receive beamformation. The
function is turned on or off by the user, such as by depressing
a button during live imaging or viewing of saved images.
Other options are available, such as displaying the corrected
compound image side-by-side or spatially adjacent to a com-
pound image without correction or highlighting.

[0095] In another alternative embodiment, the transducer
14 is moved during acquisition of the component frames of
data. The compounded image represents an extended field of
view. As different views are compounded together, the differ-
ent directions of the ultrasound beams are used to synthesize
a corrected image with shadows and enhancement preserved.
For example, a correction frame of data is generated from a
selected one of the component frames of data and used to
correct the extended field of view or a compounded image
representing part of the extended field of view. U.S. Pat. Nos.
5,566,674, 5,575,286, 5,782,766 and 6,014,473 describe
various techniques for extended field of view imaging and are
incorporated herein by reference. For either embodiments
with a substantially stationary transducer 14 or extended field

Dec. 11, 2008

of view embodiments, motion between component frames of
data may be detected. The component frames of data are then
interpolated or altered to compensate for the motion. The
compensated component frames of data are then used for
compounding and identifying markers.

[0096] Contrast agents may produce shadows because of
strong acoustic absorption. Contrast agents are imaged non-
destructively using various scanning sequences or destruc-
tively using a loss of correlation between sequential pulses.
The shadows for contrast agent imaging may be reduced by
steered compounding if the contrast agent is confined to a
small area and the scan lines are able to traverse behind the
areas of strong absorption without obstruction. The location
of the contrast agent or resulting shadow is then highlighted
as discussed above.

[0097] Inan alternative or additional embodiment, an indi-
cation of similarity is calculated and/or displayed adjacent to
the compound image with or without highlighting. The simi-
larity indication is a meter, color bar, numeric value or other
indicator without an ultrasound image (i.e. free of an image
representation). The compound image is displayed as a full
size image with the similarity indicator overlaid or adjacent to
the compound image. When the similarity indicator suggests
that marker information is being lost, such as flashing, chang-
ing color, showing a high or low value or other indication, the
user can turn on the highlighting or dual display features
discussed above or ignore the indicator.

[0098] Alternatively, the similarity is calculated without a
similarity indicator on the display and the system 10 auto-
matically alters the compounding, switches to dual display or
adds highlighting to provide marker information. For
example, the correction frame of data, C,,, is used to measure
when substantial marker information is missing from the
displayed compound image. The system 10 switches to dis-
playing an image with reduced compounding to preserve
maker information when substantial marker information is
missing. The ultrasound system 10 can also or alternatively
indicate to the user via the displayed similarity indicator the
degree of loss of marker information due to compounding.
[0099] The average value of the absolute value of C,, for all
or a subset of pixels in the frame of data is one possible
measure of similarity. Another measure is to use the count of
pixels of C,, which exceed a given threshold. The threshold
can be set differently for shadows and brightness markers.
Users may be more interested in knowing when shadows are
being lost from the compounding, for example when looking
for calcifications. There may be applications where the
enhancement is of more concern, such as when searching for
cystic structures in the body. For another possible measure, a
histogram of the C,, values can be computed and the maxi-
mum, mean, median or other statistically relevant parameter
used to calculate and/or display similarity. Small regions
associated with large correction values are detected. The
similarity measure is derived from any spatial compounding
image components, which have different clinical marker
information. Another example is the average difference
between the straight-ahead view and one or more of the
steered component views. Yet another example is a histogram
of differences, which again could be used to ensure that
significant loss even of small areas is flagged.

[0100] Other alternative embodiments include use for com-
pounding three or four-dimensional images. Component
frames of data are acquired with different lateral as well as
elevation steering angles. Spatial filters associated with
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detecting markers are appropriate to the dimensionality of the
image data. Markers are highlighted based on a preferential
look direction or removed. Other shadow producing objects,
such as needles, catheters, stents, radioactive seeds, shrapnel
or bullets, may be identified in two, three or four-dimensional
imaging using steered compounding as described above.
Either the markers or the object based on the detected markers
are highlighted.

[0101] Reverberation and shadow artifacts occurring in
color Doppler imaging are removed in another embodiment.
Component frames of data with different steering angles are
compounded. If an artifact is present in one of the views or at
a different angle, then the compounding may remove the
artifact. The artifact is either further removed or added back
into the compounded image by the correction frame of data.
Since Doppler imaging uses slower frame rates than B-mode
imaging and blood flow is dynamic, the frames rates should
be kept as high as possible.

[0102] In yet another alternative embodiment, the user
adjusts one or more parameters associated with the com-
pound image or the correction frame of data. For example,
compounding parameters, low pass filtering or other vari-
ables discussed above are altered to produce a desired image.
The adjustments are performed during CINE playback to
allow single images to be viewed with varying levels of pro-
cessing or during real-time imaging.

[0103] The instructions for implementing the processes,
methods and/or techniques discussed above are provided on
computer-readable storage media or memories, such as a
cache, buffer, RAM, removable media, hard drive or other
computer readable storage media. Computer readable storage
media include various types of volatile and nonvolatile stor-
age media. The functions, acts or tasks illustrated in the
figures or described herein are executed in response to one or
more sets of instructions stored in or on computer readable
storage media. The functions, acts or tasks are independent of
the particular type of instructions set, storage media, proces-
sor or processing strategy and may be performed by software,
hardware, integrated circuits, firmware, micro code and the
like, operating alone or in combination. Likewise, processing
strategies may include multiprocessing, multitasking, paral-
lel processing and the like. In one embodiment, the instruc-
tions are stored on a removable media device for reading by
local or remote systems. In other embodiments, the instruc-
tions are stored in a remote location for transfer through a
computer network or over telephone lines. In yet other
embodiments, the instructions are stored within a given com-
puter, CPU, GPU or system.

[0104] While the invention has been described above by
reference to various embodiments, it should be understood
that many changes and modifications can be made without
departing from the scope of the invention. For example, the
correction frame of data is subtracted from the compounded
frame of data to further reduce markers in the compound
image. While the description herein provides examples of
steered spatial compounding, other compounding, such as
temporal or frequency compounding, may alternatively or
additionally be used. It is therefore intended that the forego-
ing detailed description be regarded as illustrative rather than
limiting, and that it be understood that it is the following
claims, including all equivalents, that are intended to define
the spirit and scope of this invention.

Dec. 11, 2008

1(We) claim:

1. A method for adaptively identifying clinical markers in
steered spatial compounding ultrasound imaging, the method
comprising:

generating a compound frame of data responsive to elec-

tronically steered component frames of data, the elec-
tronically steered component frames of data being from
a substantially same transducer position, the electroni-
cally steered component frames of data responsive to
different steering angles;

generating a marker frame of data responsive to less com-

pounding than the compound frame of data, the marker
frame of data being from the substantially same trans-
ducer position;

detecting motion of the transducer position, an scanned

object or combinations thereof; and

modifying an acquisition sequence for the component

frames of data, a contribution of the marker frame of data
to a combined frame of data, or combinations thereof as
a function of the motion.

2. The method of claim 1 wherein generating the marker
image comprises generating the marker image as a low pass
filtered frame of data.

3. The method of claim 2 wherein modifying comprises
increasing an amount of filtering as a function of motion.

4. The method of claim 3 wherein increasing comprises
increasing a number of filter taps, increasing a number of
filters, or combinations thereof.

5. The method of claim 1 wherein generating the com-
pound frame of data comprises compounding at least three
electronically steered component frames of data responsive to
three different steering angles, respectively.

6. The method of claim 1 further comprising:

combining the compound frame of data with the marker

frame of data, the combining providing the combined
frame.

7. The method of claim 6 wherein the combining is a
function of a weight, the weight being modified as a function
of the motion.

8. The method of claim 1 wherein modifying comprises
decreasing contribution of the marker frame to a combined
frame for greater motion and increasing the contribution for
lesser motion.

9. The method of claim 1 wherein modifying comprises:

modifying more drastically in response to the motion being

above a threshold motion; and

modifying less drastically in response to the motion being

less than the threshold motion.

10. The method of claim 1 wherein generating the marker
frame of data comprises generating as a function ofa first type
of component frame of data, and wherein modifying com-
prises altering a sequence for generating the compound frame
of data to include more of the first type of the component
frame of data for motion.

11. In a computer readable storage medium having stored
therein data representing instructions executable by a pro-
grammed processor for adaptively identifying clinical mark-
ers in steered spatial compounding ultrasound imaging, the
storage medium comprising instructions for:

correcting a spatially compounded frame of data with clini-

cal marker information;

detecting motion of a transducer, a scanned object, or com-

binations thereof; and

adjusting the correction as a function of the motion.
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12. The instructions of claim 11 wherein adjusting com-
prises maintaining a substantially consistent brightness asso-
ciated with the corrected spatially compounded frame of data
for different amounts of the motion.

13. The instructions of claim 11 wherein correcting com-
prises:

low-pass filtering data;

weighting the low-pass filtered data; and

adding the weighted data to the spatially compounded

frame of data; and

wherein adjusting comprises adjusting the weighting as a

function of the motion.

14. The instructions of claim 11 wherein correcting com-
prises:

low-pass filtering data;

adding the low-pass filtered data to the spatially com-

pounded frame of data; and

wherein adjusting comprising increasing a lateral filter

length of the low-pass filtering as a function of the
motion.

15. The instructions of claim 11 wherein correcting com-
prises:

low-pass filtering data;

adding the low-pass filtered data to the spatially com-

pounded frame of data; and

wherein adjusting comprising again filtering the low-pass

filtered data, and wherein adding comprises adding the
twice low-pass filtered data to the spatially compounded
frame of data.
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16. The instructions of claim 11 wherein adjusting com-
prises increasing a frequency of the correcting.

17. A system for adaptively identifying clinical markers in
steered spatial compounding ultrasound imaging, the system
comprising:

a beamformer operable to acquire a sequence of electroni-
cally steered component frames of data responsive to
different steering angles from a substantially same trans-
ducer position; and

filter operable to filter data, the data being a function of at
least one of the component frames of data, the filtered
data comprises a clinical marker frame of data;

a processor operable to generate a compound image
responsive the electronically steered component frames
of data and a clinical marker frame of data, and operable
to alter the filter, the sequence, or both as a function of an
amount of motion; and

a display operable to display the compound image.

18. The system of claim 17 wherein the processor is oper-
able to increase a number of taps, number of filter layers, or
both where the amount of motion exceeds a threshold.

19. The system of claim 17 wherein the processor is oper-
ableto increase a frequency of a first component frame of data
in the sequence, the data being a function of the first compo-
nent frame.

20. The system of claim 17 wherein a reaction to increasing
motion is more rapid than a reaction to decreasing motion.
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