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(57) ABSTRACT

Motion artifacts are suppressed for three-dimensional para-
metric ultrasound imaging. Motion tracking is performed so
that the parameter values derived over time are based on
return from the same locations. Distortion due to the scan
pattern is accounted for in the results of the motion tracking,
such as by re-sampling the results to deal with discontinuity in
time between data from adjacent sub-volumes and/or by
aligning the scan pattern based on a direction of motion.
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MOTION ARTIFACT SUPPRESSION FOR
THREE-DIMENSIONAL PARAMETRIC
ULTRASOUND IMAGING

BACKGROUND

[0001] Thepresentembodiments relate to artifact reduction
in ultrasound imaging. In particular, artifacts from three-
dimensional ultrasound imaging are reduced.

[0002] Three-dimensional perfusion parametric images of
ultrasound contrast agents are useful for studying variations
in blood flow in organs and tissues in response to disease
states, drugs, or other physiological conditions. For volume
perfusion parametric imaging, contrast agent is introduced
into the bloodstream. A region is then imaged in a non-
destructive contrast sensitive mode to measure a blood per-
fusion parameter, such as contrast agent arrival time, maxi-
mum intensity projection, normalized time integral, or
maximum area coverage. Other types of parametric imaging
where a characteristic of acoustic response over time is cal-
culated are known.

[0003] For ultrasound imaging of a volume, different parts
of the volume are scanned over time. However, if there is
significant motion during consecutive acquisitions, then the
values of the parameters may be based on returns from dif-
ferent locations rather than the same location. One way to
avoid motion is to have the user hold their breath. Collecting
sufficient data for parametric imaging may require the patient
to hold their breath for too long. For example, contrast wash-
in and wash-out takes place over 30 seconds to 4 minutes. The
offset in data caused by breathing may be countered by
motion tracking. However, motion tracking may be ineffec-
tive due to a low sampling rate of the volume. Beamformer
data rates may be low, such as sub-Hertz. Improvements to
beamformer data rates may permit volume rates on the order
5-10 Hertz, which is still too low for good quality tracking
without significant geometric distortion.

BRIEF SUMMARY

[0004] By way of introduction, the preferred embodiments
described below include methods, systems, computer read-
able media, and instructions for motion artifact suppression
for three-dimensional parametric ultrasound imaging.
Motion tracking is performed so that the parameter values
derived over time are based on return from the same locations.
Distortion due to the scan pattern is accounted for in the
results of the motion tracking, such as by re-sampling the
results to deal with discontinuity in time between data from
adjacent sub-volumes and/or by aligning the scan pattern
based on a direction of motion.

[0005] In a first aspect, a method is provided for motion
artifact suppression for three-dimensional parametric ultra-
sound imaging. A volume of a patient is scanned with multi-
beam reception where multi-beam groups progress in time
along a first row in a first direction, then along a second row
in the first direction. The first row is adjacent to the second
row along a second direction. The spatially adjacent multi-
beam groups of the different rows are scanned at non-adjacent
times. The spatially adjacent multi-beam groups between the
first and second rows are spatially registered. Parametric
information is calculated from ultrasound data from the scan-
ning. Contraction or dilation is accounted for in the calculat-
ing. The accounting is a function of the spatial registering. A
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parametric image representing the volume is generated. The
parametric image is a function of the parametric information.
[0006] In asecond aspect, a non-transitory computer read-
able storage medium has stored therein data representing
instructions executable by a programmed processor for
motion artifact suppression for three-dimensional parametric
ultrasound imaging. The storage medium includes instruc-
tions for motion tracking for blocks of ultrasound data
acquired with multiple beam reception in a volume scan,
timing of the volume scan being different for blocks spaced in
one direction than for blocks spaced in another direction,
correcting for the timing being different for the directions,
and displaying an image where the image is a function of the
ultrasound data after the correcting.

[0007] In a third aspect, a method is provided for motion
artifact suppression for three-dimensional parametric ultra-
sound imaging. A direction of movement of anatomy withina
patient is detected. A transducer ultrasonically scans a vol-
ume with ultrasound in a pattern sweeping across rows of the
volume in sequence. The pattern is aligned with the anatomy
as a function of the direction of the movement of the anatomy.
[0008] The present invention is defined by the following
claims, and nothing in this section should be taken as a limi-
tation on those claims. Further aspects and advantages of the
invention are discussed below in conjunction with the pre-
ferred embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The components and the figures are not necessarily
to scale, emphasis instead being placed upon illustrating the
principles of the invention. Moreover, in the figures, like
reference numerals designate corresponding parts throughout
the different views.

[0010] FIG. 1isa flow chart diagram of one embodiment of
a method for motion artifact suppression for three-dimen-
sional parametric ultrasound imaging;

[0011] FIG. 2 illustrates an example of volume scanning,
without motion, of a sphere in different planes;

[0012] FIG. 3 shows an example of distortion in an xy plane
due to motion in combination with the scanning pattern;
[0013] FIG. 4 shows an example of distortion in an yz plane
due to motion in one direction in combination with the scan-
ning pattern;

[0014] FIG. 5 shows anexample of distortion in an yz plane
due to motion in another direction combination with the scan-
ning pattern;

[0015] FIG. 6 graphically illustrates scanning block distor-
tions due to motion in different directions;

[0016] FIG. 7 shows examples of contraction and dilation
motion artifact reduction by re-sampling; and

[0017] FIG. 8 is a block diagram of one embodiment of an
ultrasound imaging system for motion artifact suppression
for three-dimensional parametric ultrasound imaging.

DETAILED DESCRIPTION OF THE DRAWINGS
AND PRESENTLY PREFERRED
EMBODIMENTS

[0018] Accurate volume scanning, even where motion
occeurs, is desired for parametric imaging, quantification and/
or for multimodality volumetric registration (e.g., ultrasound
registered with computed tomography or magnetic resonance
data). To scan the volume, different slices or slabs of the
volume are scanned in sequence. For example, multi-beam
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acquisition is swept along a row, then shifted to sweep along
a different row, row after row. This acquisition pattern is used
in combination with motion tracking for parametric imaging.
The motion tracking allows for quantification over time with
returns from the same locations. Motion tracking alone may
be insufficient due to the interaction of the scan pattern with
motion.

[0019] In one approach, motion in combination with the
scan pattern is accounted for in the parametric imaging. The
temporal acquisition pattern is accounted for with respect to
the elevation scan direction (e.g., across rows). Re-sampling
corrects for elevation contraction or dilation. Overlap and/or
gaps created by motion tracking scan data acquired during
motion are identified and dealt with.

[0020] In another approach, the volumetric acquisition
scan pattern is altered in response to measured periodic
breathing motion. The “fast time” scan direction (e.g., azi-
muth or along rows) is aligned to the predominant direction of
motion. The result is less motion artifact along the “slow
time” scan direction (e.g., across rows or elevation), resulting
in little or no dilation or contraction.

[0021] FIG. 1 shows one embodiment of a method for
motion artifact suppression for three-dimensional parametric
ultrasound imaging. The method is implemented by the sys-
tem 10 of FIG. 8 or a different system. The method is per-
formed in the order shown or a different order. Additional,
different, or fewer acts may be provided. For example, act 36
is an alternative to acts 38, 40. As another example, act 42 is
not performed, and the motion corrected volume is instead
used for registering with a volume represented by data of a
different imaging modality.

[0022] Inact30,ultrasound data representing a volume ofa
patient is obtained. In one embodiment, the ultrasound data
represents reperfusion of contrast agents in the volume. A
sequence of ultrasound frames of data is acquired. Each frame
represents the entire volume. In one embodiment, the frames
are generated after having destroyed contrast agents, before
perfusion by contrast agents, or after full perfusion by con-
trast agents. The sequence is generated by acquiring frames of
data with ultrasound. The ultrasound data is obtained in real-
time or by acquiring previously generated frames of data
(e.g., DICOM images). The sequence may be substantially
continuous or periodic (e.g., acquired once or more every
heart cycle). In alternative embodiments, only one or two
frames are acquired.

[0023] The sequence includes frames of data representing
the scanned volume at different times. Each frame of data
represents a same or overlapping region. Some frames may
represent slightly different regions, such as due to motion of
the transducer or patient. A frame of data is a group of data
representing a complete scan at a given time of a three-
dimensional region. For example, a frame of data represents a
conical, cuboid, or cylindrical region within the patient. The
frame of data includes samples (e.g., voxels) of the volume.

[0024] The volume of the patient being scanned may
include contrast agents or an area likely to include contrast
agents after arrival of the agents. The contrast agents respond
to ultrasound energies. Some or all of the frames of data
include information from contrast agents. The information
may also or alternatively include response from tissue or
fluids. In one embodiment, the information is obtained at a
cubic fundamental of ultrasound signals. For example, ultra-
sound signals are transmitted in a plurality of pulses having at
least two different amplitude levels and phases. To avoid or
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minimize destruction of the contrast agents, low amplitude
transmissions (e.g., MI less than 0.7) are used. Signals
responsive to the transmissions are combined. Data is
acquired at each spatial location of a region of interest in each
frame of data. In other embodiments, strain, elasticity, or
other non-contrast agent, parametric imaging is performed.
[0025] Only one type of datais represented in the frames of
data, such as data representing just contrast agents or
responses from contrast agent and tissue. Alternatively, the
frames of data represent different types of data, such as in a
same frame or in different sets of frames.

[0026] Each sequence lasts a period, such as 1-30 seconds.
Two or more (e.g., tens or hundreds) frames are acquired in
each sequence. The period may be based on the perfusion
and/or wash out of contrast agents. For example, the sequence
continues until a sufficient contrast agent response is obtained
or ceases. An average return, or change in average return, area
or volume of return, change in area or volume of contrast
agent return or other indicator may be used to indicate suffi-
cient perfusion or wash-out. User input may indicate comple-
tion of the period. The period may be based on a timer, such
as a time set for 1-30 seconds.

[0027] To acquire a given frame of data representing the
volume, the volume is scanned in segments. Within each of
the different segments, datais obtained prior to obtaining data
for the next segment. Ultrasound from a transducer is used to
sequentially acquire data from different portions of the vol-
ume of the patient. The segments are different portions of the
volume so represent the three-dimensional region of the
patient in combination. The collection of measurements from
a number of sub-volumes is combined to produce a full vol-
ume.

[0028] A multi-dimensional array of elements is used to
scan the segments. The multi-dimensional array, such as a2D
array, is electronically steered in azimuth and elevation
dimensions. Scan lines may be determined by delays and/or
apodization. Ultrasound data is obtained using acoustic
energy generated with electrical steering in azimuth and
elevation directions. The steering directs the scan to sample
within a given segment. The array may be moved or held in
place. The steering allows scanning of different segments and
different scan lines within a given segment.

[0029] In one embodiment, each segment corresponds to
multi-beam reception. For a segment, one or more transmit
beams covering the segment are formed. In response to each
transmit beam, multiple receive beams are formed. For
example, a region of 8x8 (e.g., azimuth and elevation) scan
lines is scanned. A single transmit beam may be formed for
receiving the 64 receive beams of the segment. Any number of
receive beams may be formed in multi-beam scanning, such
as four or more. The receive beams are formed simulta-
neously as a group representing the entire segment. In the 8x8
example above, the segment includes 64 scan lines and is
defined by the multi-beam grouping. The collection of multi-
beam receive lines are acquired simultaneously.

[0030] To scan the volume, the multi-beam approach is
repeated for different segments. The scanning occurs ina scan
pattern. The volume is acquired in a raster-type scan format,
with a “fast” scan direction by convention in azimuth and the
“slow” scan direction by convention in elevation. The seg-
ments or blocks are scanned in rows, such as sweeping the
multi-beam groups along an azimuth direction for one row,
then sweeping the multi-beam groups along the azimuth
direction in an elevation adjacent azimuth extending row, and
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so on. For example, the volume is broken down into 16x16
segments in rows and columns. A given row may represetit
any number of elevation spaced receive beams (e.g., 8 in the
8x8 example). Any number of segments within a row may be
scanned, such as sweeping the scan over 16 segments (e.g.,
128 receive lines in the 8x8 example). In other embodiments,
the rows extend in a direction other than azimuth and are
adjacent each other in a direction other than elevation.

[0031] In this scan pattern, the segments in a given row
(“fast scan direction) are acquired temporally adjacent to
each other. For example, 16 segments are spaced along a row.
A multi-beam group of receive lines is first formed for one
segment, then the next, and then the next and so on in tem-
poral sequence along the row. Once a row is complete, the
scan shifts to an adjacent row. The segments within the adja-
cent row are acquired in temporal sequence. The segments
from different rows (e.g., segment 1 of each row) are adjacent
each other, but acquired with temporal gaps (“slow scan
direction”). For example, segment 1 of row 2 is acquired 16
segments later than adjacent segment 1 of row 1. Conversely,
segment 2 of row 2 is acquired immediately after segment 1 of
row 2 with no intervening segment acquisition. In the azimuth
and elevation spaced segment example, each beam group
acquired for all azimuth locations is defined as a “sweep”. The
“sweep” is a slab of acquired information, essentially with
each collection of lines in a beam group acquired at the same
time. Adjacent beam groups in the slab are acquired very
close together in time (order of 200-300 microseconds). A
greater temporal separation (e.g.. non-adjacent times) occurs
for adjacent beam groups for different sweeps of different
elevation spaced slabs.

[0032] Motion causes artifacts in the ultrasound data
acquired by scanning the volume. The motion is due to
breathing, transducer motion, or other patient motion.
Breathing may produce motion velocities on the order of 5
cy/sec. For example, a 10 cm field of view acquired in 200
msec (5 Hz) may experience a differential shift of 1 cm from
one end of a volume to the other (e.g., across elevation)
compared to the acquisition of a stationary field. Depending
on the direction of motion, objects could experience up to a
10% dilation or compression. For example, objects moving in
the positive Z-direction (in elevation) appear to be stretched
out by 10% in the Z-dimension. Objects moving in the oppo-
site direction will be shorter by 10%. Due to temporal gaps,
the anatomy shifts such that the segment being scanned is not
ideal.

[0033] FIG. 2 shows an ideal or desired scan without
motion while FIGS. 3-6 represent the artifact caused by
motion and the scan pattern. FIG. 2 is an example situation
with a 2D array 14 interrogating a single spherical object 50.
The three images show orthogonal slices thru the frame of
data in the x-y, x-z and y-z (commonly referred to as the
c-plane) planes, where x is range or depth, y is azimuth, and
Z is elevation. X, y, and z may not align with the transducer
elements, so may represent other axes. In another approach, x
is depth regardless of the shape of the array 14 or alignment of
elements. y and z are orthogonal axes to x regardless of the
array configuration where y and z are labeled as azimuth and
elevation. The volumes in this example are 64x64x64
samples. The multi-beam group size in this example is 8
azimuth lines by 8 elevation lines. The volume is scanned in
8x8 azimuth, elevation scan line segments where each seg-
ment and corresponding scan lines cover the entire range of
depths, 1-64. The scan pattern is along each row in azimuth
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over 8 segments. Each row is scanned in an azimuth sweep in
sequence until 8 rows of segments have been scanned. Other
size volumes, multi-beam group size, or scan patterns may be
used.

[0034] Because of the large temporal discontinuity
between adjacent elevation beam groups, moving objects
exhibit geometric distortion between the groups or segments
where no or little geometric distortion is within the groups of
scan lines of a segment. This produces a stair-step artifact in
the image plane slices (rows). FIG. 3 shows motion in the +X
direction and the artifact produced by the temporal mismatch
between adjacent elevation beam groups. FIGS. 4 and 5 show
motion in the + and -Z directions, either with or against the
elevation scan direction. For FIGS. 3-5, the translation or total
magnitude of motion is 20% of the full field of view in frame
acquisition period.

[0035] FIG. 3 shows the segments displaced along the x
dimension from each other. This displacement may be cor-
rected by shifting the segments along the x direction. Simi-
larly, shifts along the y dimension may be corrected by shift-
ing. Motion in the x or y dimension causes the segments to
have to be translated relative to one another to achieve regis-
tration.

[0036] FIGS. 4 and 5 shows the segments displaced along
the z direction. These shifts cause contraction or dilation.
Motion in the z-direction causes the segments to have to be
spaced out or overlapped. Simple registration may not result
in correcting the volume. Data may be missing in gaps or
more than one value may be provided in overlap. Even after
shifting, data may not be provided for the end of the volume.
The anatomy may move such that some of the same anatomy
is scanned in each elevation spaced segment, resulting the
scanned volume being for less of the anatomy than desired.
[0037] FIG. 6 illustrates segments and relative positioning
along the x, y. and z dimensions due to motion in combination
with the scan pattern. The segments are shown along positive
and negative portions of the axes to represent different direc-
tions of motion. The axes represent motion along the axes.
The resulting shift is shown by the example four segments
along that part of the axis. More complex translational motion
in two or more axes results in corrections which require a
combination of translations in the x and y dimensions and
contraction or expansion in the z dimension.

[0038] The motion artifact may be corrected, in part, by
motion tracking. For motion tracking, a reference is obtained
in act 31 (see FIG. 1). The reference indicates the ideal or
desired anatomy. In the example of FIG. 2, the reference is the
sphere 50. The reference may be a template. In another
embodiment, the reference is ultrasound data representing the
volume in a different patient. In yet another embodiment, the
reference is ultrasound data representing the volume in the
same patient. For example, the volume scan is performed with
the patient holding their breath and the transducer held steady
during the single or multiple volume scan. This frame or
combination of frames of data is used as a reference. As
another example, a motion corrected frame from a previous
scan is used as a reference for a subsequent scan.

[0039] In act 32, motion tracking is performed using the
frame from the scan to be motion corrected and the reference.
A block of ultrasound data is acquired for each of the scanned
segments. In the 8x8 collection of segments for the whole
volume example, 64 blocks of ultrasound data are obtained.
Different blocks represent different segments or sub-vol-
umes. Due to the scan pattern, adjacent blocks in azimuth are
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acquired temporally adjacent to each other. Also due to the
scan pattern, adjacent blocks in elevation are acquired with
different timing, such as not temporally adjacent since 7 other
segments are acquired in between temporally.

[0040] The blocks of ultrasound data are corrected to
reconstruct the scanned volume. The blocks of ultrasound
data are motion corrected using motion tracking. The amount
of adjustment of the segments depends on the anticipated
level of motion, which is a function of a trial displacement. A
correlation or spatial registration between each segment and
the reference is performed in different tests to identify the best
registration.

[0041] The registration is between frames for a given seg-
ment. The registration is performed between data for the same
segment. The location of a given segment is found in the
reference. The registration is a one, two, or three-dimensional
registration with or without rotation and/or scaling. In one
embodiment, translation without rotation is found. By deter-
mining translation in different segments or for different
blocks, arotation of the volume is determined or is dealt with
or without searching for rotation of each block.

[0042] Registration is any now known or later developed
motion tracking or similarity measure. Data is correlated. For
example, a minimum sum of absolute differences, other sum
of absolute differences, cross-correlation, or auto-correlation
is used. Any now known or later developed motion correction
or tracking algorithm may be used. The search in 3D space
may be likened to finding where a small cube of image data
has moved from the reference image to the measurement
image. A sum of absolute differences (SAD) between the
displaced reference image region of interest (ROI) and the
measurement image ROI (e.g., block) is computed for a num-
ber of possible x, v, and z trial displacements. The trial dis-
placement which provides the smallest SAD value is the best
estimate of the actual displacement.

[0043] The similarity is measured between the block and
the entire frame of the reference or a sub-set. For example, a
window from a reference frame is compared to a given block.
The window is a search region, larger than the block, centered
on the expected location of the block relative to the reference.
[0044] A best match between frames is found. The best
match indicates an offset translation, rotation, and/or scale.
By testing different possible translations, rotations, and/or
scales of the block relative to the reference, the offset caused
by the motion is found. The registration indicates a level of
transducer movement, patient movement, organ movement,
combinations thereof, or other motion, Global or local motion
may be determined. The best match for each of the blocks is
determined.

[0045] In one embodiment, the registration relates to or is
derived from the same type of data to be used for parametric
imaging (e.g., contrast agent response). In another embodi-
ment, characteristics of at least a first type of data (e.g,,
B-mode) are used for the registering, and data of at least a
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second type of data is used for perfusion analysis. For
example, several clinical ultrasound images or frames of data
with mixed contrast agent type data and B-mode type data are
used—the B-mode or more tissue responsive data used for
registration and the contrast agent or more contrast agent
responsive data used for perfusion study.

[0046] Once the offset is determined, the spatial location
represented by the block of ultrasound data is adjusted. The
locations of data obtained by the multi-beam groups are set
based on the correlating. The ultrasound data is shifted using
the offset. The estimated displacement is used to affect reg-
istration between the reference image and the measurement
image. This adjustment causes the same locations to align
over time despite motion.

[0047] Referring to FIG. 3, the motion correction realigns
the segments. The adjacent multi-beam groups within the
rows are spatially registered to the reference, so are
re-aligned. In the case of linear motion in the X orY dimen-
sion, only displacement of the blocks is tested.

[0048] For linear motion in the z direction, the position of
each of the blocks in the z dimension is adjusted, resulting in
gaps between the blocks for motion in the elevation scan
direction or in overlap for motion against the elevation scan
direction. FIG. 7 represents the effects of motion correction in
the z direction. For the upper left image, motion causes the
segments to separate from each other. This dilates the volume.
For the upper right image, motion causes the segments to
overlap. This contracts the volume. The motion registration
counteracts the dilation and contraction, as shown by the
lower images. The correction itself causes image artifacts.
Expanding out the overlap results in gaps. Contracting the
dilation results in multiple data for a same voxel.

[0049] In act 34, a correction is performed for the timing
being different in the elevation direction as compared to the
azimuth direction for the adjacent blocks. The correction
accounts for the artifact remaining after motion correction.
The correction to account for the scan pattern timing artifact
after motion correction is applied prior to or after the motion
correction. Any correction may be used. Act 36 and acts 38,
40 represent different embodiments of the correction.
[0050] In the embodiment represented by act 36, re-sam-
pling along the z-axis is applied. To account for contraction or
dilation in the calculation of parametric information, the
results of the spatial registration are used. The overlap for the
volume scan caused by motion and subsequent motion cor-
rection is identified.

[0051] The spatial registration may result in the contraction
of represented locations of the ultrasound data from the scan-
ning relative to the volume. Below is an example of a block
resequencing pattern for contraction by 20% with an eleva-
tion beam group size again of 8 lines. The read lines in groups
of 8 correspond to blocks where each numerical value is ofa
scan line. Lines 1-8 are one block, lines 9-16 another block,
and so on. The output line is the 64 scan lines of the final
volume and/or the volume being scanned without any motion
artifact.

Output Line: 1 2 3 4 5 6 7
Read Linel: 1 2 3 4 5 6 7
Read Line2: 9
25 26 27 28 29 30 31 3
33 34 35 36 37

29 39 31 32

49 50 51 52 53 54 55 56

59 60 61 62 63 64 x

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
17 18 19 20 21 22 23 24
11 12 13 14 15 16 25 26 27 28
33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48
38 39 40 49 50 51 52 53 54 55 56
41 42 43 44 45 46 47T 48 57 58
57 58 59 60 61 62 63 64
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[0052] The blocks overlap after spatial registration, result-
ing in data not being acquired for edge volume locations due
to motion. This is represented by “x”. The correction deals
with both the overlap and the missing information due to
contraction.

[0053] Theoverlap is accounted for by combining or select-
ing data to be used in an overlap location. For a voxel repre-
sented by data from different blocks after motion correction
(e.g., output line 8 is represented by data from receive scan
line 8 and receive scan line 10), the different values are used.
For example, the data is averaged. As another example, one of
the values is selected based on a comparison of the possible
values (e.g., select the highest, lowest, or value most similar to
adjacent non-overlap values). The data from both blocks is
used in the correction. In the selection option, the data from
both is used to provide for the selection. For large amounts of
contraction, more than two blocks may be combined for some
of the output lines.

[0054] The contraction has left no data at the end of the
volume (e.g., denoted again by ‘x’). Zeros may be inserted in
these missing data regions to indicate that there is no infor-
mation available. The re-sampling may shift the volume to
distribute some of the missing data to the start of the volume
so that the center of the volume experiences zero net displace-
ment. Alternatively, data from the reference or other frame
with data available for those locations (e.g., temporally near-
est frame) replaces the x or missing information. In another
alternative, the data is determined by extrapolation.

[0055] Where motion causes expansion, the gaps are iden-
tified. The spatial registration results in the dilation of repre-
sented locations of the ultrasound data from the scanning
relative to the volume. Below is an example of a slab re-
sequencing pattern for expansion by 20% with an elevation
beam group size of 8 lines acquiring a total of 64 elevation
lines. The ‘x’ again denotes that there is missing information.
In this case, the missing information is in the gaps.
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[0058] FIG. 6 and the discussion above are in the context of
data in a Cartesian coordinate system. In a non-Cartesian
acquisition grid (e.g., polar), the segments are non-rectangu-
lar. This change does not alter the motion artifact. The same
process may be used.

[0059] Within a block, the samples are not adjusted relative
to each other. The adjustment positions the locations of the
block within the registration, reference, or output grid. The
grid may change to account for the adjustment in the re-
sampling.

[0060] With very large amounts of motion, the blocks are
curved in the y-dimension before combining with other
blocks since there is a significant time between the first and
last azimuth lines of a sweep or row. Any now known or later
developed non-rigid spatial transform may be used to account
for motion distortion. When the motion contains rotational
components, then the motion correction applied to the posi-
tion of individual blocks is adjusted for rotation. More com-
plex motion that is not uniform in the field of view may be
corrected on a regional basis.

[0061] In act 38, the scan pattern artifact in motion correc-
tion is corrected for by alignment. The volume scan pattern is
aligned to a direction of motion. In act 40, the direction of
movement of the anatomy within the patient is detected. The
predominant direction of periodic motion (i.e. breathing) ina
volumetric image is determined by conventional motion
tracking or by otherwise determining the anatomical orienta-
tion. Ultrasound examination may be used. For example, a
small volume or orthogonal planes are scanned. Using motion
tracking or other correlation, the direction of the motion in
three-dimensions is determined. For breathing motion, the
direction is primarily along one vector. The direction of the
vector is found in three dimensions. In other embodiments,
the direction is determined based on the position of the trans-
ducer relative to the patient. The direction of breathing move-
ment relative to the liver or other organs is along the long axis
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[0056] The gap, which exists despite motion correction, is
dealt with. To account for the gap, replacement data is pro-
vided in the gap. The replacement data may be from a tem-
porally adjacent or temporally nearest frame with informa-
tion for those locations. Interpolation may be used, such as
interpolating from voxels of adjacent scan lines for which
data is available.

[0057] Inanother approach, parametric or other calculating
is prevented for the gap locations caused by the dilation.
Zeros or other indicators of missing data are inserted for
subsequent processing. Parametric imaging is adjusted to
ignore the gaps when computing parameters, such as the
maximum intensity projection (MIP) or arrival time over
many frames. Since the parameters are calculated over time,
the missing data may not be needed. Parameters that are
created from fitting curves to a time-intensity graph may
ignore this missing data as the curve fitting may still be
performed. The curve fitting indicates the values for the gap.
Alternatively, parameter values are not calculated for the
masked or unavailable locations.

of the patient. Knowing the transducer position relative to the
patient indicates the direction of motion within the scanned
volume.

[0062] The scan pattern is aligned in act 38 based on the
direction of motion. The rows or azimuth direction is aligned
to be the same as the direction of motion or the direction of the
greatest magnitude of motion. The azimuth is set to be sub-
stantially parallel to the direction of movement. “Substan-
tially” is used to account for the acceptance angle of the
transducer limiting alignment. The scan sequence is adjusted
so that the fast time scan dimensions (x and y) are oriented in
the motion direction. The slow time scan dimension is ori-
ented substantially perpendicular to the motion such that
motion will only cause relative displacement of the slabs
without producing gaps or overlap between slabs. This may
improve reconstructed image quality within the center of the
field of view of the volume and simplify the reconstruction
process.
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[0063] The motion registration is performed as well as the
alignment. The corrections to account for gaps and overlap
may be avoided.

[0064] In act 42, parametric information is calculated. The
scanning provides a sequence of ultrasound frames. The
frames are corrected for motion and the effects of the scan
pattern on the correction are accounted for. The result is data
representing multiple locations within the volume of the
patient over time. A parameter may be calculated for one or
more of the locations using the information over time. Alter-
natively or additionally, spatial parameters are calculated.
[0065] For contrast agent imaging, the perfusion quantity
may be a function of the data distributed along three spatial
dimensions in the three-dimensional region, a function of
data for one location, a function of one-dimensional distribu-
tion of data, or a function of a two-dimensional distribution of
data. Information from frames is combined. The combination
is for any now known or later developed inter-frame process-
ing, such as maximum intensity holding, minimum intensity
holding, mean determination, or constructing one or more
time intensity curves. Parameter data for the volume is gen-
erated as a function of data from the frames. The selected
frames of ultrasound data are integrated as a function of time
to determine the parameter values for each location. Inte-
grated includes mathematical integration or forming an
image from a plurality of sources.

[0066] For each spatial location of a region of interest, the
data is compared or used to determine a value. For each voxel,
a value is selected as a function of data from each of the
frames of data. For example, the mean, median or other sta-
tistical value of data for each spatial location as a function of
time is determined from the frames. As another example, the
maximum, minimum, or other data in relation to data of the
selected frames is selected based on comparison. The frames
of the selected subset are combined into a persisted frame or
single frame. In another example, a curve representing inten-
sity or other contrast agent response as a function of time is
determined from the frames. The curve is for a region or for a
spatial location. Since the frames are associated with different
times, the curve is of intensity as a function of time. A char-
acteristic of the curve may be determined as the parameter.
[0067] Inoneembodiment, the parameter is a characteristic
of perfusion. The time to maximum wash-in, the time for
wash-out, or other characteristic of the perfusion is calcu-
lated. A curve may be fit to the data for the calculation.
Alternatively, the data is used as samples without the curve
fitting to find the characteristic. In yet another example, a time
for sufficient contrast agent response to return to the spatial
location is calculated.

[0068] In other embodiments, the motion corrected and
artifact reduced frames of data are used for other purposes
instead of or in addition to parametric imaging. For example,
one or more frames may be used to spatially and/or tempo-
rally register with data from other modes of examining or
imaging the patient. CT or MR volumetric data may be reg-
istered with the ultrasound frame or frames.

[0069] In act 44, an image is displayed. The image is a
function of the ultrasound data after correction for the motion
and scan pattern artifact. In one embodiment, the image is
rendered from the frame or frames of data representing the
volume. In another embodiment, the image is rendered from
parametric values calculated from the frames. A parametric
image is generated, such as a wash-in or wash-out image. The
parametric values and/or other values are used. For example,
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the parameter (quantity) for each spatial location in the vol-
ume (i.e., each voxel) is used for rendering. Surface or pro-
jection rendering may be used. For projection rendering,
maximum, minimum, averaging or other projection may be
used. Alpha blending may be used. The rendering of the
volume may be with or without opacity weighting and/or
shading. Any now known or later developed rendering of the
volume may be used. In alternative embodiments, a cut-plane
image or multi-planar reconstruction images are generated
from the reperfusion data of the volume.

[0070] The image may represent a maximum return from
contrast agents over the sequence period or other parameter of
perfusion. The perfusion parameter information is used as
voxel data for rendering the image. The image is a rendering
with pixels modulated as a function ofa perfusion level for the
portion of the region represented by the respective pixel. The
perfusion rendering may be viewed alone or separately. Alter-
natively, the perfusion information is overlaid or blended with
a rendering from other data, such as tissue (e.g., B-mode) or
flow (e.g., Doppler velocity or energy).

[0071] In an alternative or additional embodiment, a quan-
tity is displayed. The quantity is a number or text, such as “1.4
seconds.” A graph, such as average contrast agent in a region
as a function of time, may be displayed. One or more time-
intensity curves may be displayed, such as different curves
derived from local averages at different regions in the volume.

[0072] FIG. 8 shows a system 10 for motion artifact sup-
pression for three-dimensional parametric ultrasound imag-
ing. The system 10 includes a transmit beamformer 12, a
transducer 14, a receive beamformer 16, an image processor
18, a control processor 20, a display 22, and a memory 28.
Additional, different, or fewer components may be provided.
For example, a separate memory is provided for buffering or
storing frames of data over time. As another example, the
control processor 20 is combined with or part of the image
processor 18. The control processor 20 may be separate pro-
cessors, such as one for controlling scanning and another for
rendering an image.

[0073] The system 10 is a medical diagnostic ultrasound
imaging system in one embodiment, but other imaging sys-
tems of the same (ultrasound) or different modality may be
used. In other embodiments, part or all of the system 10 is
implemented in a computer or workstation. For example,
previously acquired frames of data are processed without the
beamformers 12, 16 or transducer 14.

[0074] The transmit beamformer 12 is an ultrasound trans-
mitter, memory, pulser, analog circuit, digital circuit, or com-
binations thereof. The transmit beamformer 12 is operable
and configured to generate waveforms for a plurality of chan-
nels with different or relative amplitudes, delays, and/or phas-
ing. Upon transmission of acoustic waves from the transducer
14 in response to the generated waves, one or more beams are
formed. The transmit beamformer 12 may cause the beam to
have a particular phase and/or amplitude. For example, the
transmit beamformer 12 transmits a sequence of pulses asso-
ciated with a given scan line or to adjacent scan lines. The
pulses correspond to beams with different amplitudes and/or
relative phases. In alternative embodiments, a single beam is
used for any given scan line and/or beams with a same ampli-
tude and/or relative phases are used. The beam may be
focused, unfocused, or have an infinite focus. Any broad
beam for insonifying multiple receive scan lines may be gen-
erated.
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[0075] The transducer 14 is a 1-, 1.25-, 1.5-, 1.75- or 2-di-
mensional array of piezoelectric or capacitive membrane ele-
ments. Two-dimensional arrays provide electronic steering in
azimuth and elevation with or without equal numbers of ele-
ments along both dimensions. The two-dimensional array
may be flat or curved. The transducer 14 includes a plurality
of elements for transducing between acoustic and electrical
energies. The elements connect with channels of the transmit
and receive beamformers 12, 16.

[0076] The receive beamformer 16 includes a plurality of
channels with amplifiers, delays, and/or phase rotators, and
one or more summers. Fach channel connects with one or
more transducer elements. The receive beamformer 16
applies relative delays, phases, and/or apodization to form
one or nore receive beams in response to each transmission.
Using a memory and/or channels, more than one receive
beam may be generated. Different delay profiles and/or
apodization are applied to the same signals to generate
receive beams simultaneously or in response to the same
receive data. For example, a parallel beamformer is provided
for forming 4-64 beams in response to a given transmit event.
In alternative embodiments, the receive beamformer 16 is a
processor for generating samples using Fourier or other trans-
forms.

[0077] The receive beamformer 16 may include a filter,
such as a filter for isolating information at a second harmonic
or other frequency band relative to the transmit frequency
band. Such information may more likely include desired tis-
sue, contrast agent, and/or flow information. In another
embodiment, the receive beamformer 16 includes a memory
or buffer and a filter or adder. Two or more receive beams are
combined to isolate information at a desired frequency band,
such as a second harmonic, cubic fundamental or other band.

[0078] Any desired sequence of transmit and receive opera-
tion may be used to obtain ultrasound information. For
example, B-mode data may be obtained by scanning a line
once. The B-mode may be used for tissue imaging. Correla-
tion or motion tracking may be used to derive fluid informa-
tion from B-mode data. B-mode operation may provide con-
trast agent information. Doppler information may be
obtained by transmitting sequences of beams along each scan
line. A corner turning memory may be used to isolate tissue,
contrast agents, and/or flow information from Doppler sig-
nals. Other now known or later developed modes may be
used.

[0079] In one embodiment, the mode is a contrast agent
imaging mode. Contrast agents may be imaged with typical
B-mode or Doppler techniques. Isolating information at the
second, even, odd, sub, or other harmonics may more likely
identify information from contrast agents. For example, a two
pulse technique is used. The pulses have a same amplitude,
but different phase. By summing the response, information
associated with even harmonics is identified. Filtering may
alternatively be used. Alternatively or additionally, relative
phasing is provided in the receive processing.

[0080] In one embodiment, the transmit sequence is con-
trolled to generate echo signals responsive to the cubic fun-
damental. The beamformer 12 is operable to transmit a plu-
rality of pulses having at least two different amplitude levels
and at least two of the plurality of pulses having opposite or
different phases. Transmitter power can be varied in any
suitable manner, as for example by adjusting the voltage
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applied to individual transducer elements, or by adjusting the
number of transducer elements (or transmit aperture) used to
form a particular pulse.

[0081] For obtaining ultrasound data at the cubic funda-
mental, the receive beamformer 16 includes line memories
and a summer or a filter to combine signals responsive to the
transmissions. The line memories or buffers can be formed as
physically separate memories, or alternately they can be
formed as selected locations in a common physical device.
The beamformed signals are stored in the line memories or
buffers and then weighted and summed in a weighted sum-
mer. Weighting values for both amplitude and phase are used
in the weighted summer. The memories and the summer can
be implemented using analog or digital techniques. The
weighted summer forms a composite output signal by weight-
ing the separate beamformed receive signals. The composite
output signal for a given spatial location is a sample associ-
ated with the cubic fundamental response.

[0082] Obtaining cubic fundamental information is dis-
closed in U.S. Pat. No. 6,494,841, the disclosure of which is
incorporated herein by reference. Any of the transmit
sequences and receive combinations disclosed therein may be
used for obtaining cubic fundamental information. Other
transmit sequences and receive combinations for obtaining
cubic fundamental information may be used, such as dis-
closed in U.S. Pat. Nos. 6,602,195, 6,632,177, 6,638,228 and
6,682,482, the disclosures of which are incorporated herein
by reference. In general, a sequence of pulses with different
amplitudes and phases are transmitted. Using amplitude
change or different amplitudes without different phases may
also be used to obtain cubic fundamental information. By
combining received signals responsive to the sequence, a
sample including cubic fundamental information is obtained.
The cubic fundamental information is highly specific to ultra-
sound contrast agents since contrast agents produce cubic
response and the transducer and tissue produce very little
cubic response. The information provides tissue clutter rejec-
tion, allowing for imaging more specific to contrast agents.
For example, small vessels within tissue may be more easily
imaged or identified using cubic fundamental information.
[0083] The transmit beamformer 12 and receive beam-
former 16 are configured to scan a volume. Each transmission
illuminates a segment for forming multiple receive beams.
The echoes from the transmission are used to generate the
receive beams. The scanning sweeps in a pattern to scan the
volume in the multi-beam groups. Any pattern may be used,
such as scanning or sweeping the multi-beam groups along
one direction (e.g., azimuth), and then repeating along the
same direction but spaced in a slab along an orthogonal direc-
tion (e.g., sweeping parallel slabs spaced in elevation).
[0084] Theimage processor 18 is a B-mode detector, Dop-
pler detector, pulsed wave Doppler detector, correlation pro-
cessor, Fourier transform processor, application specific inte-
grated circuit, general processor, control processor, field
programmable gate array, digital signal processor, analog
circuit, digital circuit, combinations thereof or other now
known or later developed device for detecting information for
display from beamformed ultrasound samples.

[0085] In one embodiment, the image processor 18 imple-
ments a fast Fourier transform from a plurality of samples
representing a same region or gate location. Each of the
samples is responsive to cubic fundamental so that a pulsed
wave Doppler display may be generated from cubic funda-
mental information. The image processor 18 also includes a
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B-mode detector in a parallel track. The B-mode detector
operates on the same or different beamformed samples to
detect tissue, contrast agent, or tissue and contrast agent
response. For example, one receive beam for each spatial
location from the sequence of receive beams used for cubic
fundamental isolation is applied to the B-mode detector for
imaging primarily tissue information.

[0086] The image processor 18 outputs frames of ultra-
sound data. The frames of data are formatted in an acquisition
format (e.g., polar coordinate), a display format (e.g., scan
converted into a Cartesian coordinate format or an image), or
other format. Each frame of data represents a three-dimen-
sional scanned region. The frames of data include a single or
multiple types of data. For example, one frame of data
includes just contrast agent information. As another example,
one frame of data includes contrast agent information for
some spatial locations and another type of information (e.g.,
B-mode or Doppler) for other spatial locations. Different
types of data may be provided in the same frame for a same
spatial location. In another example, the different types of
data are provided in different frames of data.

[0087] In an alternative embodiment, the image processor
18 loads data from a network or memory. For example,
DICOM or other data sets are loaded. Each data set is a frame
of data. One frame may include different types of data, one
overlaid on another. Alternatively, each frame includes only
one type of data with different frames for different data types.
In another embodiment, each frame is subdivided so that one
portion includes one type of data and another portion includes
another type of data.

[0088] The control processor 20 is an application specific
integrated circuit, correlation processor, Fourier transform
processor, general processor, control processor, field pro-
grammable gate array, digital signal processor, analog circuit,
digital circuit, graphic processing unit, combinations thereof,
or other now known or later developed device for determining
similarity and/or displacement between frames of data. The
control processor 20 controls operation of the transmit and
receive beamformers 12, 16, the image processor 18, and/or
the display 22. For example, the control processor 20 causes
the transmit beamformer 12 and receive beamformer 16 to
align the scan pattern with a direction of motion. The direc-
tion of motion is input by the user, determined by the image
processor 18, and/or determined by the control processor 20.
[0089] The control processor 20 or the image processor 18
performs motion correction. The motion correction may also
include accounting for the interaction of the scan pattern with
the motion. For example, the image processor 18 re-samples
data for outputting a frame. The re-sampling includes insert-
ing zeros, blocking calculation for gaps, creating or selecting
information to fill gaps, combining or selecting data for over-
lap, or other processing to account for dilation or contraction.
[0090] Thecontrol processor 20 or image processor 18 may
calculate one or more values for parameters, such as contrast
agent perfusion parameters. The control processor 20 or
image processor 18 may also include a rendering processor,
graphics processing unit, alpha blending buffer, other buffer,
memory, processor, adder, or other device for generating an
image from information of a volume set of data or reperfusion
parameter values. An image, such as a parametric image,
representing a volume is rendered.

[0091] The display 22 is a CRT, monitor, LCD, flat panel,
projector or other display device. The display 22 receives
display values for displaying an image. The display values are
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formatted as a three-dimensional representation. In one
embodiment, the display values are for an image generated as
a function of frames of data acquired at different times. As
additional frames of data are acquired and selected, the image
may be updated. Other images, such as images from single or
component frames of data, may also be displayed.

[0092] Thedisplay 22 may display an image rendered from
perfusion information in three-dimensions. The perfusion
information is determined by local destruction and reperfu-
sion measurements. The data is rendered to represent reper-
fusion for the volume from a selected viewing angle or arbi-
trary cut-plane.

[0093] Theimage processor 18 and/or control processor 20
operate pursuant to instructions. A computer readable storage
medium, such as the memory 28, stores data representing
instructions executable by one or both of these programmed
processors for motion artifact suppression for three-dimen-
sional parametric ultrasound imaging. The instructions for
implementing the processes, methods and/or techniques dis-
cussed herein 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 storage 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, processor or processing strategy and may be
performed by software, hardware, integrated circuits, firm-
ware, micro code and the like, operating alone or in combi-
nation. Likewise, processing strategies may include multi-
processing, multitasking, parallel processing and the like. In
one embodiment, the instructions are stored on a removable
media device for reading by local or remote systems. In other
embodiments, the instructions 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 computer, CPU, GPU or system.

[0094] The memory 28 may alternatively or additionally
store ultrasound data, direction information, parameter val-
ues, scan pattern information or other information used for
motion artifact suppression for three-dimensional parametric
ultrasound imaging. Other memories, such as buffers or
CINE memory may be used for storing data.

[0095] 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. It is therefore
intended that the foregoing 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.

I (we) claim:

1. A method for motion artifact suppression for three-
dimensional parametric ultrasound imaging, the method
comprising:

scanning a volume of a patient with multi-beam reception

where multi-beam groups progress in time along a first
row 1n a first direction, then along a second row in the
first direction, the first row adjacent to the second row
along a second direction, the spatially adjacent multi-
beam groups of the different rows being scanned at
non-adjacent times;
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spatially registering the spatially adjacent multi-beam

groups between the first and second rows;

calculating parametric information from ultrasound data

from the scanning;

accounting for contraction or dilation in the calculating, the

accounting being a function of the spatially registering;
and

generating a parametric image representing the volume,

the parametric image being a function of the parametric
information.

2. The method of claim 1 wherein scanning comprises
transmitting a transmit beam and forming at least four receive
beams in response to the transmit beam for each of the multi-
beam groups.

3. The method of claim 1 wherein scanning comprises
scanning in azimuth as the first direction, the rows being
spaced apart in elevation.

4. The method of claim 1 wherein spatially registering
comprises correlating the ultrasound data from each of the
multi-beam groups with a reference set of data representing
the volume and adjusting a spatial location represented by the
multi-beam groups as a function of the correlating.

5. The method of claim 4 wherein correlating comprises
finding an offset of each of the multi-beam groups from the
reference set with a minimum sum of absolute differences,
and wherein adjusting comprises shifting as a function of the
offset.

6. The method of claim 1 wherein calculating comprises
determining a wash-in or wash-out characteristic of contrast
agent for each of a plurality of spatial locations of the volume,
and wherein generating comprises generating a wash-in or
wash-out image.

7. The method of claim 1 wherein the spatially registering
results in the contraction of represented locations of the ultra-
sound data from the scanning relative to the volume, and
wherein accounting comprises calculating for at least one of
the locations in an overlap of two spatially adjacent multi-
beam groups as a function of the ultrasound data from both of
the two spatially adjacent multi-beam groups.

8. The method of claim 1 wherein the spatially registering
results in the dilation of represented locations of the ultra-
sound data from the scanning relative to the volume, and
wherein accounting comprises calculating for a gap from
replacement data.

9. The method of claim 1 wherein the spatially registering
results in the dilation of represented locations of the ultra-
sound data from the scanning relative to the volume, and
wherein accounting comprises preventing calculating for a
gap caused by the dilation.

10. The method of claim 1 wherein spatially registering
comprises registering spatially adjacent multi-beam groups
within the first and second rows.

11. In a non-transitory computer readable storage medium
having stored therein data representing instructions execut-
able by a programmed processor for motion artifact suppres-
sion for three-dimensional parametric ultrasound imaging,
the storage medium comprising instructions for:
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motion tracking for blocks of ultrasound data acquired
with multiple beam reception in a volume scan, timing
of the volume scan being different for blocks spaced in
one direction than for blocks spaced in another direc-
tion;

correcting for the timing being different for the directions;

and

displaying an image, the image being a function of the

ultrasound data after the correcting.

12. The non-transitory computer readable storage medium
of claim 11 wherein motion tracking comprises registering
each of the blocks or ultrasound data to a reference data set.

13. The non-transitory computer readable storage medium
of claim 11 wherein the blocks along an azimuth direction are
acquired in temporal sequence and blocks along an elevation
direction are acquired with temporal gaps.

14. The non-transitory computer readable storage medium
of claim 11 wherein correcting comprises re-sampling along
a first direction.

15. The non-transitory computer readable storage medium
of claim 11 wherein correcting comprises identifying a gap
for the volume scan caused by motion and accounting for the
gap.

16. The non-transitory computer readable storage medium
of claim 11 wherein correcting comprises identifying an over-
lap for the volume scan caused by motion and accounting for
the overlap.

17. The non-transitory computer readable storage medium
of claim 11 wherein correcting comprises aligning the vol-
ume scan to a direction of motion.

18. The non-transitory computer readable storage medium
of claim 13 wherein correcting comprises aligning the azi-
muth direction with a direction of motion.

19. The non-transitory computer readable storage medium
of claim 11 further comprising calculating parametric values
for locations represented by the ultrasound data after the
correcting, wherein displaying comprises displaying a para-
metric image.

20. A method for motion artifact suppression for three-
dimensional parametric ultrasound imaging, the method
comprising:

detecting a direction of movement of anatomy within a

patient;

ultrasonically scanning, with a transducer, a volume with

ultrasound in a pattern sweeping across rows of the
volume in sequence; and

aligning the pattern with the anatomy as a function of the

direction of the movement of the anatomy.

21. The method of claim 20 wherein detecting comprises
detecting with ultrasound examination, wherein ultrasoni-
cally scanning comprises scanning with multi-beam receive
where multi-beam groups are fired in sequence along each
row in a sweep of a first direction, the rows spaced in a second
direction orthogonal to the first direction, and wherein align-
ing comprises aligning the first direction to be parallel with
the direction of movement.

I S T
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