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Application of full volume tracking to accurately track the volume of interest.
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Application of full volume tracking to accurately track the volume of interest.
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PERFUSION IMAGING OF A VOLUME IN
MEDICAL DIAGNOSTIC ULTRASOUND

BACKGROUND

[0001] The present invention relates to perfusion imaging
with ultrasound. In particular, medical diagnostic ultrasound
is used to detect contrast agents to determine perfusion in
moving tissue.

[0002] Contrast agents are injected in the blood stream to
monitor the flow of blood into organs, such as the myocar-
dium. Contrast agents typically take several heart beats to
completely penetrate the entire myocardial muscle. Changes
in the regional perfusion can be an indicator of ischemia, and
mapping the changes can help clinicians make correct diag-
nosis. The perfusion in a region of myocardium can be evalu-
ated by a destruction-reperfusion sequence.

[0003] The contrast agents in the blood volume present in
the muscle appear less bright due to smaller blood volume in
the muscle as compared to the adjacent cavity. Certain pulse
sequences are employed to enhance signals from the contrast
agent and suppress signal due to the muscle, improving sen-
sitivity and specificity. This approach also improves the sig-
nal-to-noise ratio in the imaging. The use of the contrast
specific pulse sequence requires several transmit/receive
cycles per scan line.

[0004] Destruction of contrast agents and detection of rep-
erfusion is conventionally done in two-dimensional slices.
However, reperfusion can occur from anywhere outside the
slice. The contrast agents exist in a larger volume around the
slice. The map of perfusion for a two-dimensional slice may
notaccount for motion of the tissue outside of the scan plane,
repositioning of the scan plane, and concentration differences
around the scan plane.

[0005] For scanning a volume or plane, the contrast specific
pulse sequence is limited to a lower temporal resolution due
to the multiple pulses. Temporal resolution is a significant
challenge in acquisition of data for a full volume, com-
pounded by a multiple pulse technique. Temporal resolution
is important due to the rapid motion of the heart muscle and to
properly detect reperfusion. Movement of the heart can result
in inhomogeneous destruction of contrast agents. Reperfu-
sion may come from compartments where microbubbles
were partly destroyed and time intensity curves may represent
different locations over time rather than the same location.

BRIEF SUMMARY

[0006] By way of introduction, the preferred embodiments
described below include methods, instructions, and systems
for perfusion imaging of a volume in medical diagnostic
ultrasound. A volume is scanned with a more rapid technique
for tracking a sub-volume, and the tracked sub-volume is
scanned for contrast agent detection with a less rapid tech-
nique. For example, a single pulse technique or B-mode scan-
ning is used to track a region over one or more cycles, the
location of the tracked region is predicted, and multiple pulse
contrast agent detection is performed for the sub-volume at
the predicted location. The combinations of scanning types
provide for real-time or higher temporal resolution reperfu-
sion information at the appropriate tissue. Using a separate
scan for motion tracking may provide a more robust predic-
tion of the sub-volume location and a better visualization of
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the results (e.g., orientation within the organ). In other
embodiments, tracking is based on a B mode image derived
from the multi-pulse data.

[0007] Ina first aspect, a method is provided for perfusion
imaging of a volume in medical diagnostic ultrasound. A
volume of a patient is first scanned with single pulses for each
transmit scan line. First ultrasound data is received in
response to the single pulses. The first scanning and receiving
are performed a plurality of times during a first physiological
cycle. A region of interest of the patient within the volume is
determined from the first ultrasound data of at least one of the
first scans. The region of interest is tracked between the
repeated first scans with the first ultrasound data from the
repeated first scans. A first next location of the region of
interest is predicted as a function of the tracking. A sub-
volume of the volume is second scanned. The sub-volume
corresponds to the region of interest at the first next location.
Beamforming parameters are set for the first next location to
perform the second scanning of the sub-volume and not lat-
erally outside the sub-volume. The second scanning is with
acoustic energy for destroying contrast agents. A second next
location of the region of interest is predicted as a function of
the tracking. The sub-volume is third scanned with the beam-
forming parameters set for the second next location. The third
scanning is with acoustic energy for detecting the contrast
agents. The contrast agents are detected in response to mul-
tiple pulses from the third scanning. The third scanning and
detecting are repeated a plurality of times during a second
physiological cycle. An image representing perfusion over
time of the contrast agents in the sub-volume is generated.
The image is responsive to the detected contrast agents of the
repetitions of the third scanning.

[0008] In asecond aspect, a system for perfusion imaging
of a volume in medical diagnostic ultrasound is provided. A
transducer and beamformer are configured to scan a volume
and a sub-volume. The volume is larger than the sub-volume,
and a first scan of the sub-volume is configured to destroy
contrast agents in the sub-volume. A detector is configured to
detect response to the scan of the volume. A processor is
configured to track a moving region of tissue as a function of
time within the volume using the response to the scan of the
volume. The beamformer is configured, as a function of the
tracking, to perform second scans of the sub-volume at dif-
ferent locations at different times such that the sub-volume
has a defined spatial relationship with the moving region of
tissue, such as including the region. A contrast agent detector
is configured to detect contrast agents in response to the
second scans of the sub-volume. A display is configured to
display an image, where the image is a function of the
detected contrast agents.

[0009] In a third aspect, a computer readable storage
medium has stored therein data representing instructions
executable by a programmed processor for perfusion imaging
of a volume in medical diagnostic ultrasound. The storage
medium includes instructions for tracking tissue motion in
three-dimensions of a first volume, adjusting, as a function of
the tracking, beam steering to account for the tissue motion,
the adjusting being ongoing throughout a physiological cycle,
transmitting acoustic energy destructive of contrast agents
with the adjusted beam steering, and detecting, after the trans-
mitting of the acoustic energy destructive of the contrasts
agents, reperfusion in a second volume over time, the detect-
ing performed with the adjusted beam steering, the second
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volume being a same volume as the first volume or being
based on the tracking of the first volume.

[0010] 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

[0011] 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.

[0012] FIG.1is a flowchart diagram of one embodiment of
amethod for perfusion imaging of a volume in medical diag-
nostic ultrasound;

[0013] FIG.2isanexample graphical representation show-
ing various regions in a cross-section of a scan volume;
[0014] FIG.3isanexample graphical representation show-
ing motion of a region of interest in a heart;

[0015] FIG.4isanexample graphical representation show-
ing motion, due to heart movement, of a region of tissue
relative to a region of interest box;

[0016] FIG.51isanexample graphical representation show-
ing displacement of a region of interest box with a region of
tissue moving due to heart motion;

[0017] FIG. 6 is anexample graphical representation show-
ing displacement of two region of interest boxes with two
respective regions of tissue moving due to heart motion; and
[0018] FIG. 7 is a block diagram of one embodiment of a
system for perfusion imaging of a volume in medical diag-
nostic ultrasound.

DETAILED DESCRIPTION OF THE DRAWINGS
AND PRESENTLY PREFERRED
EMBODIMENTS

[0019] Perfusion maps based on the two-dimensional slices
do not account for out-of-plane motion of tissue. For creating
perfusion maps in three-dimensional and specifically in a fast
moving organ, both temporal and spatial registration is
important. Three-dimensional perfusion is assessed in real
time using three-dimensional or volume ultrasound images.
By utilizing specific pulse and imaging sequences designed to
enhance contrast and specificity and by using tissue motion
tracking for a region/sub-volume of interest, the scanning
may be performed more rapidly. The tracking is performed
with more rapid scanning or fewer pulses per receive line.
Contrast agent scanning is performed with multiple pulse
techniques, but for a sub-volume. Interleaving the two types
of scanning allows for more rapid overall scanning as com-
pared to using multiple pulses for contrast agent detection
throughout the entire volume. High volume rate imaging with
contrast specific acquisition establishes and maintains the
spatial-temporal correspondence between the volume of
interest and a reperfusion location with respect to the
anatomy. Once the spatial matching is achieved, the temporal
persistence for that region can be used to quantify perfusion.
[0020] Perfusion is assessed where the reperfusion process
within a given tissue structure is followed over time. Real-
time three-dimensional imaging allows for tracking and
detection of reperfusion. A volume is tracked in three-dimen-
sions over time. Tracking may include tracking of regions in
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the tissues as well as surfaces, such as the surface of the left
ventricle. Single pulse scanning of a larger volume is pet-
formed for the tracking of the contrast agent volume. Out-of-
plane motion contributes to inaccuracies in two-dimensional
approaches, but three-dimensional tracking avoids or limits
these inaccuracies.

[0021] Beam steering, tracking, and motion prediction
allow destruction of microbubbles in a well defined smaller
volume. This smaller volume is tracked. Beam steering for
contrast agent detection is adjusted according to motion
predications from the tracking or in combination with knowl-
edge-based motion prediction algorithms. The destruction
and subsequent reperfusion detection, image processing, and/
or quantification are performed for the smaller volume at the
appropriate tissue locations and resolution (e.g., higher reso-
lution for reperfusion detection than for tracking). Contrast
agent beamformation and detection are provided for the pre-
dicted location of the smaller volume and not other lateral
locations despite tissue motion along any direction. Regional
perfusion study allows reconstruction of a three-dimensional
perfusion profile for an entire or portion of an organ with
geometric consistency. Exam protocols for ischemic cardi-
omyopathy, coronary artery disease, or other conditions may
benefit from the three-dimensional reperfusion study. Soft-
ware tools and user interface capabilities may allow more
accurate perfusion quantification.

[0022] The heart and heart cycle are used as an example.
Other uses are possible, such as the liver where breathing
introduces a fair amount of motion.

[0023] Using the tracking and perfusion scanning, some
region specific image processing can be performed and/or
regional computation or quantification of contrast specific
parameters can be made. The image processing or quantifi-
cation can be performed for one or more heart cycles.
[0024] FIG. 1 shows a method for perfusion imaging of a
volume in medical diagnostic ultrasound. The method is
implemented on the system 10 of FIG. 7 or a different system.
Additional, different or fewer acts may be provided. For
example, acts 30 and 42 are performed without acts 40, 50,
and/or 52. Acts 30 and 42 are associated with more specific
acts 32-38 and 44-48, but may be performed without these
specific examples, with additional specific acts, with fewer
specific acts, and/or with different specific acts. The acts are
performed in the order shown, but may be provided in other
orders.

[0025] In act 30, a history of tissue motion is determined.
The tissue is tracked in three-dimensions with or without
rotational, scale and/or deformation tracking. The tracking is
performed for a volume. For example, B-mode scanning and
detection are performed for a volume larger than a tissue
region of interest. The volume is sufficiently large to allow the
motion of the tissue without the tissue moving substantially
(e.g., sufficiently to jeopardize the tracking) outside of the
statically positioned volume. The volume scanned for track-
ing is larger than the sub-volume or volume for which reper-
fusion is to be studied. Tracking a larger volume may be more
robust due to a greater number of anatomy features being
available for tracking. The larger volume may allow for track-
ing multiple sub-volumes with the same scans.

[0026] Acts 32-38 provide an example embodiment for
tracking, performed in the order shown or a different order
(e.g., act 36 being performed before acts 32 and 34). In act 32,
the volume is scanned. The volume is scanned with elec-
tronic, mechanical, or both electronic and mechanical steer-
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ing. A plurality of sequential transmit and receive events are
performed to scan the volume with ultrasound. In one
example, broad transmit beams are formed for receiving
respective pluralities of receive beams (e.g., receive sixteen or
more receive beams in parallel in response to each transmit
beam). Any scan format may be used, such as linear, sector, or
Vector®.

[0027] To scan the volume rapidly (i.e., higher temporal
resolution), a single pulse technique is used. For example,
B-mode detection determines the intensity of the echoes for a
given location in response to a single transmit beam. Data
along each receive scan line is detected from only one trans-
mit pulse for a given frame. A pulse of acoustic energy is
generated from one or more elements of a transducer. Each
element generates acoustic energy for the pulse in response to
electrical waveforms. Each electrical waveform may include
one or more cycles, such as 1.5 cycles. Multiple transmit
pulses are generated for scanning different locations in the
volume. Other single pulse techniques may be used. In other
embodiments, multiple pulse detection may be used, such as
receiving along a given scan line multiple times in response to
multiple transmit pulses. Multiple pulse detection includes
Doppler detection. Combinations may be provided, such as
scanning one portion of the volume with single pulses and
another portion with multiple pulses per receive scan line.
[0028] The temporal resolution may be increased by using
fewer receive and/or transmit scan lines with or without
sparse sampling. Low spatial resolution allows for fewer
transmit and respective receive events to scan the entire vol-
ume. Lowering the spatial resolution increases the frame rate.
Other approaches, such as transmission with larger or more
spread out wave fronts and more parallel receive beamforma-
tion, may be used to increase the frame rate for the volume
scan.

[0029] The ultrasound data is acquired over the entire or
other spatial extent with a same or different scan line density
than for subsequent reperfusion or destruction scanning. Data
representing at least portions of the three-dimensional vol-
ume are acquired for positions at least partially around the
region of interest. A lesser line density, sample density or
combinations thereof may be used. In one embodiment, the
ultrasound data is equally or evenly spaced throughout the
volume, but unequal or variations in sample or line density
may be provided. In one embodiment, the data for the entire
volume is acquired with a low resolution, such as using a low
frequency or smaller aperture. Low resolution may result in a
higher frame rate for scanning the entire spatial extent.
[0030] Inact34, ultrasound data is received in response to
the transmit pulses. Acoustic echoes reflect back to the trans-
ducer array or elements. The elements convert the acoustic
echoes into electrical energy. The received ultrasound data is
the channel data output for each element, beamformed data,
or detected data. For example, the ultrasound data is beam-
formed data representing one or more (e.g., 16) receive scan
lines. The ultrasound data is formed from analog information
or digital samples.

[0031] The scanning and receiving of acts 32 and 34 are
repeated sequentially to scan the volume. Alternatively, a
single transmit or broad beam transmit may be used. A frame
of data representing the entire volume is acquired.

[0032] The volume scan (scanning and receiving of acts 32
and 34) is performed multiple times. For example, the volume
is scanned a plurality of times during a portion of a heart
cycle. As another example, the volume is scanned a plurality
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of times during one or more heart cycles. Any frame rate may
be provided, such as scanning 20, 30, or more times in a
second or in a heart cycle. Scanning and receiving may be
performed for other physiological cycles, such as the breath-
ing cycle.

[0033] Inone embodiment, the scanning and receiving are
interleaved with scanning for destruction of contrast agents in
act 40 and/or scanning for detecting reperfusion in act 42.
Any interleaving may be performed, such as scanning the
volume partially, one time, or a plurality of times for each of
the tracking scan and the detection scans.

[0034] Inact36,aregion of interest of the patient within the
volume is determined. The region of interest corresponds to
the tissue for which the reperfusion is to be studied, such as a
region surrounding or including the myocardium. The region
of interest may be a cube, sector cone, Vector® cone, or other
shape. At least a portion of the tissue for reperfusion study is
within the region of interest. The region of interest may be
larger than the portion of the tissue to be studied. The sub-
volume of the region of interest is large enough so that some
structures within the sub-volume may not move out of the
sub-volume during the reperfusion process. Alternatively, the
sub-volume is smaller or is based on detection of the specific
tissue border.

[0035] The region of interest is identified within the scan
volume. The received ultrasound data may be automatically
processed to locate features, such as boundaries associated
with heart muscle. The region for perfusion quantification
may be selected by user in three-dimensions from images
generated from the received ultrasound data. An image may
be generated and the user may indicate the region of interest,
such as positioning a three-dimensional cube or selecting
regions from orthogonal two-dimensional images. As an
alternative to automatic or manual determination, semi-auto-
mated approaches may be used. For example, the user selects
one or more anatomy features from an image. A processor
determines the tissue of interest based on the features and a
bounding shape enclosing the tissue.

[0036] FIG. 2 shows a plane of constant depth or range (C
plane) from a three-dimensional volume acquisition of the
target organ. The C plane is used for simplicity. The actual
regions are three-dimensional, so determination of the sub-
volume occurs in three-dimensions. The target organ is rep-
resented as a circular shape, such as a cross section of the
heart. A portion of the target organ is selected for reperfusion
study, such as represented by the darker target region. A
volume or sub-volume surrounding the tissue is determined
and represented as a box. The sub-volume is to be used for
tracking and also serves as the target region for perfusion
imaging.

[0037] Theultrasound data used for determining the region
of interest is a frame of reference used for tracking. The
region of interest is indicated relative to a set of ultrasound
data representing a particular scan or given time. The refer-
ence data is used for tracking.

[0038] In act 38, the region of interest is tracked. The dis-
placement, rotation, scale, deformation or combinations
thereof of the tissue of interest or the region of interest is
tracked. The tracking is between different scans. Each scan
represents the patient at a different time. The tissue moves
between, and in part during, each scan. The region of interest
is tracked to determine the amount of movement or the loca-
tion of the tissue at different times.
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[0039] The information for the tracking is gathered before
the destruction/reperfusion sequence is started. The tracking
is used to develop a cyclical history or current trend of move-
ment of the tissue. The same tissue likely moves to the same
locations at the same times during each cycle. The region of
interest may be repositioned and resized over time to opti-
mally cover the structure of interest. The tracking information
is determined for one or more beats to estimate of motion of
the volume of interest with respect to the anatomy. Alterna-
tively, the tracking information over a portion of a cycle
indicates a trend, reflecting likely direction and amount of
continued movement. In other embodiments, tracking is pet-
formed interleaved with scanning for contrast agents without
an initial history of motion. The trend is used to predict
subsequent locations.

[0040] FIG. 3 shows tracking a region of interest repre-
sented by a circle or oval. For example, a high frame rate full
volume image acquisition with single pulses for each line is
used for tracking the region of interest throughout the motion
cycle. The arrow indicates movement of the tissue, such as
heart wall, towards a center of the scan volume. The tracking
allows scan of a smaller volume directed to the expected
location of the tissue based on past or history of tissue motion.
Contrast specific destruction and reperfusion image acquisi-
tion sequences are performed at these predicted locations.
[0041] Theregionis tracked from frame to frame using any
now known or later developed tracking algorithm. Using
speckle tracking or tracking of features (e.g., applying gradi-
ent processing and then tracking peak gradient locations), any
motion of the tissue relative to the reference is determined.
For example, any of various constant or adaptive search pro-
cesses are used to provide a best match or a sufficient match
of each of the sub-volume orregion of interest to the reference
frame of data. Translation and/or rotation along three dimen-
sions are determined. The resulting translational and rota-
tional vectors are combined, such as through averaging, to
identify an overall motion. A single vector in three-dimen-
sions may be determined.

[0042] The reference frame may be updated, such as using
a most recent frame for which the position of the tissue is
known as the reference frame. Alternatively, the frame used
for the initial determination of the region of interest is used for
tracking throughout the cycle. Acquisition parameters for
obtaining ultrasound data for motion tracking are the same or
different than used for acquiring the reference information. In
an alternative embodiment, acquisition of the tracking data is
adaptive. For example, the size of each beam, the number of
beams or other acquisition parameter is adjusted as a function
of a previous motion estimate, the variance associated with
the motion estimate, or a measure of tissue rigidity. For large
variance motion estimates or low tissue rigidity, the beam size
is increased or the number of beams is increased. The acqui-
sition parameters may also be updated as a function of a
change in acquisition parameters for imaging. For example,
the user selects a different center frequency, aperture, F num-
ber, depths of imaging or other imaging parameter. The same
parameter is altered for obtaining tracking data.

[0043] A motion vector is determined for the sub-volume.
The sub-volume is tracked as a whole. Alternatively, the
sub-volume is divided into smaller regions, each region is
separately tracked, and the motion vectors for the smaller
regions are combined, such as averaging, or used to determine
deformation. The motion vector provides a direction, a mag-
nitude or both a direction and a magnitude of the motion.
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[0044] Motion is detected by comparing data acquired at
different times, such as comparing each subsequently
acquired set of data with the reference frame of data. In one
embodiment, motion vectors are determined by tracking
using speckle correlation. A high pass filter or other filtering
and acquisition parameters are selected to best identify or
provide speckle information. In alternative embodiments, a
spatial gradient is applied to the data to identify one or more
features within the region of interest. Fasily identified land-
marks, such a cystic areas, blood vessels or highly echogenic
specular targets are tracked instead of tracking pixels within a
sub-volume for speckle correlation.

[0045] A minimum sum of absolute differences, cross cor-
relation, or other now known or latter developed correlation is
used to match the data for a scan with the reference data.
Correlation is performed using data prior to detection, data
after detection but prior to scan conversion, data after scan
conversion, display image data, or other data. Any of various
search patterns involving translating, deforming, scaling,
and/or rotating the data for one scan relative to the reference
data is used to identify a best match. A coarse search followed
by a fine search, a search adapted to expected motion, a size
of the region to be searched adapted to previous amounts of
motion, or other adaptive or efficient search techniques may
be used.

[0046] Inoneembodiment, a warping, such as one-, two- or
three-dimensional expansion or contraction of the data is
performed as part of the correlation operation. By spatially
expanding or contracting (i.e., scaling) the data, the data more
likely matches the reference data. Other warping may be
used. Rigid body, non-rigid body, or other types of transfor-
mations may be used.

[0047] In one embodiment, the sub-volume used for track-
ing includes (e.g., surrounds) the region of tissue. In other
embodiments, the sub-volume has a defined spatial relation-
ship with the moving tissue region, but may not include a any
portion or all of the tissue region. The tissue region in itself is
not tracked, but is located at a predictable location relative to
the separately tracked region.

[0048] The tracking may alternatively or additionally
include motion modeling. For example, the location predic-
tion is augmented by a predefined motion model. A knowl-
edge-based algorithm models motion of the tissue and is used
to predict the locations.

[0049] Themotion vectors for different scans correspond to
different times in the physiological cycle. A history of motion
is determined based on the cycle phase or a trend. The motion
over multiple cycles may be averaged, such as determining an
average motion or location of the tissue, for each phase from
multiple cycles.

[0050] In act40, another scan is performed to destroy con-
trast agents. Acoustic energy destructive of contrast agents is
transmitted. The acoustic energy is from a point source or an
array. A converging, plane (infinite focus), or a diverging
focus may be used. A single or multiple transmissions along
a same, adjacent or different scan lines may be used. The
acoustic energy has a relatively high mechanical index at an
elevation focal point, a steered focal point, or other location.
Relatively high is 1.0 or higher, but lower mechanical index
values may be used. The acoustic energy is within any
required limits, such as being 1.6 or less, but may exceed the
limits if allowable. The acoustic energy for destruction is the
same, higher, or lower mechanical index as used for the tissue
scanning in act 32. In one embodiment, the sequential trans-
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missions for destruction of contrast agents during a perfusion
study described in U.S. Pat. No. 6,340,348, the disclosure of
which is incorporated herein by reference, are used. For con-
trast agent destruction, higher amplitude and lower frequency
may more likely destroy the contrast agents. Any number of
cycles may be used, such as 3-10 cycles.

[0051] Theacoustic energy for destruction is transmitted to
less than the entire volume. For example, the sub-volume is
scanned with focal locations in the sub-volume. Regions lat-
erally outside the sub-volume are not subjected to or sub-
jected to lesser acoustic energy, resulting in lesser or no
destruction. Regions along the scan lines for destruction but
away from the focal locations may be subjected to less acous-
tic energy as well. The acoustic energy propagates into a
region with contrast agents. The region is the sub-volume
along the propagation path. The region may be a region of
interest, an organ, a portion of an organ, a fluid cavity, a vessel
or other location. For example, FIG. 3 shows a scan region for
destruction being over the region of interest but not the entire
volume.

[0052] The transmit beams for destruction are adjusted to
scan the region of interest and not other locations. The beam
steering is positioned based on the predicted location of the
tissue of interest. The spatial extent of the sub-volume of
interest is used to define the beam span for the contrast spe-
cific pulses as well as destruction-reperfusion sequence.

[0053] The location is predicted based on the time within
the cycle and the motion determined at that time from the
tracking. For example, the destruction is to be performed at
time T+1. The region of interest at time T+1 in previous cycles
is located at a specific location with a specific size. The
beamformer is configured to scan the sub-volume at this
predicted location. As another example, the location of the
region of interest in the current cycle at time T is determined
by tracking. The magnitude, direction, and/or deformation of
the region of interest from T to T+1 in previous cycles is
added to the location at current cycle time T to predict the
location for the current cycle at time T+1. Other approaches
for predicting the location of the tissue or region of interest
from the tracking may be used, such as extrapolating based on
a trend of motion through the current cycle. Combinations of
approaches may be used, such as tracking a trend and using
cycle history and averaging the resulting predicted vectors.

[0054] Destruction of contrast agents may take some time.
Multiple firing with different transmit foci may be used to
achieve the desired destruction. The location of the destruc-
tion scan may be repositioned during destruction using the
tracking. Tracking may also be used to avoid more likely
erroneous results. For example, the destruction process is
halted or ceases if the tissue has moved too much.

[0055] For assessing perfusion, the contrast agents in the
region of interest are destroyed. The rate of reperfusion from
this controlled time may be determined.

[0056] In act 42, perfusion is detected. Where contrast
agents were destroyed in act 40, reperfusion is detected. After
transmission of the destructive acoustic energy, reperfusion
of contrast agents is detected. The reperfusion is imaged
using any technique, such as a contrast agent mode. In prin-
ciple, the contrast agent concentration increases more rapidly
in regions with high perfusion rates. The perfusion at the
region of interest is detected over time. The tracking is used to
predict the location of the region over time for detecting the
perfusion, allowing contrast agent detection just for the
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region of interest. The use of tracking may reduce scan time
and provide location specific perfusion rate despite organ
motion.

[0057] Acts 44-48 provide an example embodiment for
detecting reperfusion, performed in the order shown or a
different order. In act 44, the location, size, and/or shape of
the region of interest or tissue location is predicted. A next
location of the region of interest is predicted using the track-
ing information. The next location is predicted from previous
motion in a different physiological cycle or a trend. By deter-
mining motion of the tissue at a same phase from a different
cycle, the motion of the tissue in a later cycle is predicted.
Information from an ECG device may additionally be used to
determine the exact phase of heart cycle to assist in assign-
ment of cycle phase and improve accuracy. Any of the
approaches to prediction discussed above for act 40 may be
used. The tracking of act 30 allows prediction of the next
location, so geometric consistency is maintained.

[0058] Inoneembodiment, the sub-volumebeing tracked is
the same as the sub-volume used for destruction and for
detection of reperfusion. The same prediction approach is
used for both destruction and reperfusion detection. Tracking
during perfusion is supported by the tracking information
derived from the larger volume. In other embodiments, the
sub-volumes are different and/or different prediction
approaches are used. The sub-volume corresponding to the
region of interest may change in size and/or shape based on
the tracking or may be larger or smaller for destruction than
for perfusion detection.

[0059] In act 46, the sub-volume or region of interest is
scanned. The sub-volume is scanned by adjusting the beam
steering to account for tissue motion. The prediction of act 44
1s used to set the scan locations. For example, FIG. 3 shows a
subsequent scan for perfusion detection where the scan just
covers the region of interest or less than the entire volume.
Contrast agent specific scanning is not performed outside the
sub-volume.

[0060] The scan is for contrast agent detection. Any con-
trast agent detection scan mode may be used, such as B-mode.
In one embodiment, multiple pulse techniques are used. Two
or more transmissions along the same or adjacent transmit
scan lines are fired. For example, different amplitudes and
phases are used on three transmissions to provide for nonlin-
ear fundamental response. As another example, two pulses,
such as two opposite phase pulses, are used to isolate
response at even harmonics. Contrast agents may have a
stronger response than tissue at even harmonics.

[0061] The scanning of act 46 is performed with a lesser
amplitude, higher frequency of the waveform, and/or less
power (e.g., fewer cycles) than the acoustic energy for
destruction in act 40. For example, the mechanical index of
the scanning in act 46 is 0.6 or less. These characteristics are
used to maintain the contrast agents without substantial
destruction. Substantial accounts for the destruction of some
but not a majority of the contrast agents due to any acoustic
energy. By avoiding destruction in the scanning for reperfu-
sion, the reperfusion rate may be determined.

[0062] Inoneembodiment, the scanning for tracking of act
30 is ongoing or regularly performed for more accurate pre-
diction on an ongoing basis. The scanning of act 30 is inter-
leaved with the scanning of act 46. The system alternates
between the full volume acquisition for tracking and the
contrast specific imaging of a smaller sub-volume for reper-
fusion detection. The sequence can be altered or adjusted in a
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way that one or more fast large volume acquisitions are fol-
lowed by one or more contrast specific sub-volume acquisi-
tions to improve tracking or perfusion estimation considering
motion of the organ and perfusion dynamics. Partial scans
may beinterleaved (e.g., scan half'the full volume, scan one or
more sub-volumes, scan the other half of the full volume, and
repeat). The interleaving may adapt so that more tracking
information is acquired during times of rapid tissue move-
ment and more reperfusion information is acquired at other
times to increase temporal resolution of the perfusion.
[0063] Inact48,thecontrastagents are detected. The detec-
tion occurs in response to the scanning of act 46. Any contrast
agent detection may be used. Contrast agents may be detected
in response to single pulses for each scan line, such as using
B-mode or intensity detection. Filtering to better isolate
response at the second or higher harmonics or fractional
harmonics may be used.

[0064] In preferred embodiments, the detection relies on
combinations of signals from a plurality of transmit pulses.
The received echoes from each transmission are combined to
detect contrast agent response. For example, three or more
receive signals representing a same location are combined to
determine the nonlinear fundamental response at the location.
The corresponding transmit pulses have different phases and
amplitudes. Nonlinear fundamental response is greater for
contrast agents than tissue, so provides good specificity.
Phase inversion using two transmit pulses with opposite
phase and combining the received signals may be used. Other
contrast agent detection may be used. In addition or alterna-
tive to different phases and/or amplitudes for transmitted
pulses, different weights of the receive signals may be used.
The reperfusion is detected using combinations of multiple
pulses. The contrast agents in the tissue of the region of
interest at a given scan time are detected, indicating reperfu-
sion at that time past the destruction or other introduction of
contrast agents to the region.

[0065] Use of multiple pulses may be slower than single
pulse detection. For example, using three transmit pulses with
different phases and/or amplitudes and combining the
responsive echo signals scans three times slower than single
pulse B-mode detection for a same spatial resolution and scan
size. Two pulse-based techniques are twice as slow as corre-
sponding single pulse B-mode or filtered harmonic B-mode
techniques.

[0066] The receive signals from a multiple pulse contrast
agent detection may be used to generate other information,
such as using one of the sequence of multiple pulses for
B-mode imaging. This information may be used to supple-
ment or assist in tracking, such as providing a separate motion
measurements using the sub-volume for combination with
(e.g., average) and/or verification of (e.g., within a threshold
amount of difference) of the tracking of act 30.

[0067] The scanning and detection of acts 46 and 48 are
performed at a greater spatial resolution than the scanning
and receptionof acts 32 and 34. Since acts 46 and 48 deal with
the reperfusion to be measured, a greater spatial and/or tem-
poral resolution may be desired. The tracking may be per-
formed with a lesser resolution, increasing the overall scan
rate. In alternative embodiments, the perfusion detection is
performed at a lesser or the same resolution as the reception
for tracking.

[0068] The detection of reperfusion acts 44-48 are per-
formed once, providing an indication of reperfusion from
destruction to the time of scanning for contrast agents. In a
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preferred embodiment, the detection acts 44-48 are repeated.
The scanning and detection of acts 46 and 48 are repeated a
plurality of times during a given physiological cycle, such as
20, 30, 40 or other number of times per cycle for a portion of
a cycle, one cycle, or a plurality of cycles.

[0069] The repetition is with or without interleaving of the
scanning for tracking. The scans for contrast agent detection
may be used to replace or verify predicted tracking without
interleaving separate scanning for tracking. The motion may
be predicted based on previous cycles without tracking in a
given cycle. Even with interleaving, scanning for detection of
perfusion may be performed 20 or more times a second or per
cycle, but may be performed less. A rate of 30 or more scans
a second provides a high temporal resolution. Since the sub-
volume rather than the entire volume is being scanned with
multi-pulse detection of contrast agents, the scanning may be
performed more rapidly than scanning the entire volume.
[0070] For each repetition, the scan line positions and depth
are altered based on the predicted location of the tissue of
interest. As the tissue moves, the beamformation parameters
are altered to scan the region of interest. Since movement at
the time of scanmng is not known until after scanning, the
motion is predicted based on past motion at the same or
similar phase of the cycle or a current trend.

[0071] FIG. 4 shows one example of performing acts 30,
40, and 42 in two dimensions for simplicity. Tracking is
shown in azimuth and elevation. However, tracking is also
performed in the sound propagation direction (depth or
range) or three-dimensions.

[0072] The region of interest is the wedge or sector within
the annulus representing the heart walls. The target perfusion
imaging sub-volume is shown as the rectangular box. As the
organ moves and deforms, the sub-volume and/or the region
of interest is tracked. The beamforming parameters are not
changed. The sub-volume is static in position, but large
enough to cover at least part of the tissue of interest through-
out the cycle of motion. The tracking is used to determine
which portion of the tissue has perfusion data for what por-
tions of the cycle. For example, one small region of tissue may
have been included within each repetition of the scan.
[0073] For the small region, the temporal resolution for the
perfusion determination is greatest. Other regions may have
less temporal resolution since the tissue is beyond the scan
field for one or more repetitions. The tracking allows indica-
tion of the higher temporal resolution data.

[0074] Alternatively, the perfusion map is computed only
for that part of the tissue of interest that did not move out of
the scan sub-volume. This provides for perfusion quantifica-
tion from only the small region. The tracking allows perfusion
quantification less affected by tissue motion. The data repre-
senting perfusion at a given location is determined by
accounting for motion through tracking. For a given spatial
location in the small region, the same tissue is used for each
time increment in the reperfusion. Tracking allows removal or
adjustment for the motion.

[0075] The volume bounded by the outer box is scanned for
tracking. The sub-volume or smaller box is scanned for con-
trast agent destruction and detection. The use of contrast
specific pulse sequences for the sub-volume ensures that a
high frame rate acquisition can be achieved.

[0076] FIG. 5 shows another example embodiment, repre-
sented in two-dimensions but used in three-dimensions. In
this example, the tracking is used to steer the beams. The
information from tracking using the scan of the full volume is
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used in adjusting the target perfusion volume or sub-volume.
The sub-volume scan box shifts so that all or more of tissue of
interest is contained within the sub-volume while moving
through the regular cycle. The displacement, scale, and/or
deformation of the tissue volume of interest are accounted for
by adjusting the position, size, and/or shape of the target
perfusion volume or sub-volume. The ability to track the
motion ensures that the contrast specific pulse sequences are
applied only for that sub-volume, and a higher frame rate can
be achieved. The high frame rate, high resolution sub-volume
contrast specific image may be used for generating perfusion
maps of the tissue region of interest. Unlike the example of
FIG. 4, the perfusion map with the highest temporal resolu-
tion is created for the entire tissue volume of interest (e.g., the
wedge region).

[0077] Referring again to FIG. 1. an image of the reperfu-
sion is generated in act 50. An image of the tissue of interest
at one time after destruction indicates an amount of perfusion
for each location over the time period. A sequence of images
may indicate the change in perfusion over time.

[0078] In one embodiment, an image is generated of the
perfusion over time. Using the tracking, the amount of per-
fusion for a given location relative to the tissue may be deter-
mined. For a given volume location or voxel, the difference in
contrast agent response between two times may be deter-
mined. The determination may be performed from an
assumed zero response immediately after destruction without
the tracking to align spatial locations. The tracking to align
the scanning provides the data at the appropriate locations.
For determining rate between times other than the destruction
time, the tracking may be used to align the tissue locations
before taking the difference in amount of contrast agent
response.

[0079] Thedifference in amount of contrast agent response
divided by the time separating the scans for the data indicates
arate. The rate may be used to modulate a display character-
istic, such as color or intensity. The image represents the
perfusion rate. The rate is determined for each location in the
tissue of interest. The modulation may alternatively be a
function of the difference in contrast agent response or the
contrast agent response without further quantification. Other
perfusion values may be used.

[0080] In one embodiment, the image is an unwrapped
representation of the tissue of interest. For example, the tissue
of interest is part of the heart wall. This three-dimensional
structure is unwrapped to provide a two-dimensional repre-
sentation, such as flattening a globe. The perfusion rate is
mapped to the pixels of the unwrapped representation. The
perfusion for a given pixel may be determined by the perfu-
sion at a given depth, such as the median, of the heart wall or
acombination (e.g., averaging along the thickness ofthe heart
wall).

[0081] In other embodiments, a three-dimensional render-
ing is generated from the perfusion data. Any rendering may
be used, such as volume, projection (maximum, minimum,
alpha blending), or surface rendering. The contrast agent
response and/or the calculated perfusion rate at the different
locations in the volume may be used for the rendering values
or voxels. The image may be re-rendered for different times,
viewing directions, and/or rendering settings. Two-dimen-
sional images, such as a multiplanar reconstruction, may be
generated from the perfusion information representing the
sub-volume.
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[0082] In one embodiment, the perfusion information is
included with an image of the tissue. A three-dimensional
rendering from the full volume scan is generated in act 52,
such as a three-dimensional B-mode rendering. The perfusion
information is overlaid with or also used for rendering, such
as rendering the tissue information with more transparency
and/or as grayscale and rendering the perfusion information
as more opaque and/or color. Alternatively, separate tissue
and perfusion (contrast agent) images are rendered and dis-
played adjacent to each other.

[0083] In an example rendering, a sequence of three-di-
mensional representations is generated from the volumes.
The volumes and sub-volumes are interpolated to a three-
dimensional grid. Alternatively, the rendering is performed
from data in an acquisition or other format. Ray casting or
other rendering techniques may be used. The data may be
classified or transformed, such as for opacity or color. More
than one type of data may be used, such as having different or
combined volumes for different types of ultrasound data (e.g,,
B-mode and perfusion data).

[0084] By displaying the sequence of three-dimensional
representations, the change in shape, size, and/or position of
a cyclic organ may be shown using the volume scan informa-
tion. The change in perfusion over time may be shown by
rendering a series of perfusion images. The change is shown
over one or more cycles, but may be for only a portion of a
cycle. One or more volumes associated with a specific phase,
such end diastole or systole, may be used to generate specific
three-dimensional representations without displaying the
sequence. By aligning the frames of data spatially and tem-
porally, one or more desired volumes are available for imag-
ing or analysis.

[0085] The sub-volume may be increased in size, but at a
reduction in temporal resolution. As an alternative, acts 30,
40, and 42 are repeated for different sub-volumes. All of the
tracking, destruction and perfusion detection acts may be
repeated for different tissue regions. Perfusion information is
acquired with the desired temporal resolution for each region
sequentially.

[0086] In one embodiment, the user indicates all of the
tissue for which perfusion information is sought. Since the
system tracks of the motion of the organ, the acquisition can
be automated. Depending on the size of the tissue relative to
the volume and a desired temporal resolution, the tissue may
be divided into smaller sub-volumes. The division may occur
automatically or manually. The system sub-divides the struc-
ture into one or more sub-volumes to allow enough temporal
resolution and accurate tracking for each of the sub-volumes.
Destruction/reperfusion imaging is done sequentially for
these sub-volumes.

[0087] The individual results from each of the plurality of
sub-volumes are reassembled and displayed in a same image,
but may be displayed separately. Perfusion maps for several
tissue volumes of interest may be computed. Alternatively,
tissue volumes of interest covering the entire organ are
selected automatically and perfusion maps are computed for
the entire organ. The image represents the perfusion over time
for all or a sub-set of the multiple sub-volumes. These sub-
volumes can be spatially matched with the anatonty based on
tracking information and registration. A complete perfusion
profile may be constructed for the entire three-dimensional
volume by combining several sub-volumes. Alternatively,
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these sub-volumes are individually studied with appropriate
spatial matching with the complete three-dimensional vol-
ume.

[0088] FIG. 6 shows one example of use of two sub-vol-
umes. Additional sub-volumes may be systematically defined
to cover the entire organ. The user or the system automatically
selects or creates sub-volumes for perfusion quantification. In
FIG. 6, the two rows exemplify the sequential perfusion
assessment for two neighboring sub-volumes. The same or
different scans are used to determine the motion history for
each sub-volume. Different, sequential scans are used for
destruction and reperfusion detection for each of the sub-
volumes.

[0089] FIG. 7 shows a system 10 for perfusion imaging of
a volume in medical diagnostic ultrasound. In one embodi-
ment, the system 10 is a medical diagnostic ultrasound sys-
tem. The system 10 is a system for scanning, a workstation or
personal computer. The system 10 includes a transducer 12, a
beamformer 14, a processor 16, a detector 18, a contrastagent
detector 20, a memory 22, and a display 24. Additional,
different, or fewer components may be provided. For
example, the system 10 does not include the transducer 12,
beamformer 14, detector 18, and/or contrast agent detector
20. Instead, the system 10 is a computer or workstation that
receives detected ultrasound data from an imaging system. In
other embodiments, the system 10 is a different type of medi-
cal system and associated components, such as magnetic
resonance, positron emission, computed tomography or x-ray
imaging system. The system 10 is used for scanning any
cyclically moving object, such as the heart, lungs, stomach,
diaphragm, or vessels. The system 10 implements the method
of FIG. 1 or a different method.

[0090] The transducer 12 is an array of elements, such as
piezoelectric or capacitive elements. The array is a one-di-
mensional or multi-dimensional distribution of elements. For
example, the transducer 12 is a two-dimensional array for
scanning a volume electronically. One possible multi-dimen-
sional transducer array is a matrix probe (e.g., a 4ZIc probe
from Siemens Medical Solutions USA, Inc.) As another
example, the transducer 12 is a wobbler transducer array for
scanning in one dimension electronically and in another
dimension mechanically. Other now known or later devel-
oped transducers 12 for mechanical and/or electrical steering
of different planes may be provided. For example, a user may
move a one dimensional array transducer manually or roboti-
cally to a new location for each plane.

[0091] The beamformer 14 is a transmit beamformer,
receive beamformer, combinations thereof, or other now
known or later developed device for scanning a region with
the transducer 12. In one embodiment, the beamformer 14
includes transmitters or waveform generators for generating
electrical waveforms for each element of a transmit aperture.
The waveforms are associated with phase and amplitude. The
waveforms for a given transmit event may have the same or
different phasing. The electrical waveforms are relatively
weighted and delayed to form an acoustic beam with a desired
phase and amplitude characteristic. For example, the transmit
beamformer includes amplifiers, phase rotators, and/or con-
trollers to generate sequential, steered pulses with the desired
phase and amplitude in relation to other acoustic beams.
Converging, diverging or planar beams may be used.

[0092] Thebeamformer 14 may include receive beamform-
ers, such as delays, phase rotators, amplifiers, and/or adders
for relatively delaying and summing received signals to form
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one or more receive beams with dynamic focusing. For
example, using shared processing, separate processing, or
combinations thereof, a plurality (e.g., tens or hundreds) of
parallel receive beamformers are provided to form a respec-
tive plurality of receive beams in response to a given transmit
beam. Alternatively, the beamformer 14 includes a processor
for Fourier or other analysis of received signals to generate
samples representing different spatial locations of the
scanned region.

[0093] The transducer 12 and beamformer 14 are config-
ured to scan a volume and a sub-volume. The beamformer is
controlled or programmed to perform the scan. The beam-
former parameters, such as relative delays and/or phasing for
focus, apodization, beam amplitude, beam phase, frequency,
or others, are set. The aperture for transmit and the aperture
for receive on the transducer 12 is set. The beamformer 14 and
transducer 12 are used to generate the waveforms for the
aperture and convert the waveforms to acoustic energy for
transmitting the beam, and used to receive acoustic energy at
the receive aperture, convert the acoustic energy to electrical
energy, and beamform the received electrical signals.

[0094] Electric and/or mechanical steering may be used to
scan the volume and/or sub-volume. A volume scan may be
performed using any pattern or distribution of scan lines. In
one embodiment, an acquisition scan plane is positioned
within a three-dimensional region. Acoustic energy is trans-
mitted in any of various now known or later developed scan
patterns along the scan plane for acquiring data. The scan
plane is then altered to another location in the volume or
sub-volume and scanned.

[0095] Fora given volume or sub-volume, the scans may be
repeated. By repeating the scans, a sequence of frames of
voxel data 1s obtained. Each frame represents the entire three-
dimensional scanned volume or sub-volume, but may only
represent smaller regions within the volume or sub-volume.
By repeating the scanning, a plurality of frames of beam-
formed data representing the volume and/or sub-volume
within a given cycle is acquired. The scans ofthe volume may
be interleaved with scans of the sub-volume. Any of scan line,
part of frame, frame, or group of frame interleaving may be
used. For example, initially, the volume is scanned without
scanning of the sub-volume. After one or more physiological
cycles, a destruction scan for the sub-volume is interleaved
with the volume scanning. Reperfusion detection scanning of
the sub-volume is then interleaved with the volume scanning,
suich as performing one, two, or more scans of the sub-volume
interleaved with each scan of the volume.

[0096] The volume scanned for tracking is larger than the
sub-volume being tracked. This allows for determination of
the shift in the tissue of interest and/or motion tracking for
multiple tissue regions. In alternative embodiments, the vol-
ume used for tracking is the same size as the sub-volume used
for destruction and/or reperfusion scanning.

[0097] The beamformer 14 is configured to scan the sub-
volume or tissue of interest based on the tracked motion. The
scan for destruction and/or reperfusion is performed as a
function of the tracking. The tracking is used to determine the
location (e.g., steering) and extent of the scan pattern (e.g.,
depth and lateral extent/number of scan lines) for scanning
the sub-volume.

[0098] By adjusting the beamforming, the contrast agents
in the region of tissue are destroyed and contrast agents out-
side of the scan region or sub-volume are less likely to be
destroyed. Contrast agents are more likely destroyed by
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higher amplitude, greater scan line density, greater pulse rep-
etition, lower frequency, and/or other parameter for increas-
ing the destructive power. By placing the focal region within
the sub-volume, contrast agents within the sub-volume are
more likely destroyed. Contrast agents spaced laterally from
the sub-volume are less likely destroyed based on the roll-off
of the acoustic amplitude or distance away from the transmit
beams. Due to phased array focusing, contrast agents at
deeper and/or shallower depths may be subjected to less
destruction. The focal point may be varied to more thoroughly
destroy contrast agents in the tissue of interest and/or to
account for the effects of the contrast agents on the focus.
[0099] By adjusting the beamforming, the contrast agents
in the region of tissue may be detected for reperfusion quan-
tification. The tracking is used to predict a location of the
tissue or sub-volume during the scanning. The location is
updated throughout the physiological cycle so that the sub-
volume includes the moving region of tissue at each of dif-
ferent scan times. The sub-volume scan changes position,
shape. and/or size in correspondence with the tracked posi-
tion, shape, and/or size of the region of tissue.

[0100] The detector 18 is an ultrasound detector. The detec-
tor is configured by hardware and/or software to detect from
the beamformed data. Any detection may be used, such as
B-mode, Doppler or color flow mode, harmonic mode, or
other now known or later developed modes. B-mode and
some harmonic modes use single pulse scan techniques for
detection. The intensity of the received signals in the fre-
quency band of interest is calculated. Multiple pulse tech-
niques, such as flow mode estimation of velocity or energy,
may be used.

[0101] The detector 18 detects the response to the transmit
beams for the scan of the volume. The spatial and/or temporal
resolution of the detected data is based on the beamforming or
scanning resolution. Detected data representing the volume is
provided. Such frames of data are provided for the same or
similar volumes (e.g., similar accounts for unintended trans-
ducer and/or patient movement offsetting the volume) at dif-
ferent times throughout the cycle.

[0102] The processor 16 is configured to determine and/or
receive an indication of the region of interest and to track the
region of interest. The configuration is provided by hardware
and/or software. The processor 16 is a general processor,
control processor, application-specific integrated circuit,
field-programmable gate array, digital circuit, analog circuit,
digital signal processor, combinations thereof, or other now
known or later developed device for spatial and temporal
alignment of acquired data. The processor 16 is a single
device or group of devices. For example, the processor 16
includes separate processors operating in parallel or
sequence. As another example, the processor 16 includes a
network of devices for distributed processing in parallel or
sequence. [n one embodiment, the processor 16 includes a
three-dimensional image rendering processor, such as a
graphics processing unit, graphics card, or other device for
rendering.

[0103] The processor 12 tracks the moving region of tissue.
The tracking determines the similarity of a reference sub-
volume of data with a later volume. Different translations,
rotation, scales, and/or deformations are searched and one
with a highest or sufficient similarity is selected. The process
is repeated for subsequent volumes through a cycle. For
example, matching is used to determine the position and size
of the region of tissue as a function of time throughout one or
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more cycles. The location and size of the tissue at different
times within the cycle is determined. The tracking informa-
tion may be used to control the beamformer 14 or used by the
beamformer 14.

[0104] The contrast agent detector 20 is configured to
detect response from contrast agents. The configuration is
provided by software and/or hardware. The contrast agent
detector 20 is a B-mode detector, Doppler or flow estimator,
contrast agents specific detector or other now known or later
developed device for detecting acoustic response of contrast
agents. The contrast agent detector 20 may include a filter,
summer, memory, buffer, rectifier, or other components for
combining data responsive to different transmissions. The
contrast agent detector 20 is a different device from the detec-
tor 18, but may be a same device used sequentially with the
same or different settings.

[0105] The detected response may include other informa-
tion, such as second harmonic, even harmonic, B-mode,
velocity or power estimates including information from tis-
suie, moving tissue, and/or blood. Alternatively, the detected
response is specific to contrast agents, such as using a com-
bination of receive signals responsive to transmit pulses with
different phase and amplitude to detect contrast agent while
limiting response from tissue. For example, the nonlinear
fundamental response is detected by combining three or more
receive signals responsive to transmit beams with different
phasing and amplitude.

[0106] The beamformed data from the scans of the sub-
volume or tissue volume of interest is provided to the contrast
agent detector. The response from at least contrast agents in
the sub-volume is detected. Since the scan region varies with
movement of the tissue, the detected contrast agent response
for different times is for the same tissue.

[0107] The processor 12 operates on any ultrasound data
for tracking, such as data output by the beamformer 14, detec-
tor 18, contrast agent detector 20, or at other points along the
ultrasound data path. The ultrasound data corresponds to
beamformed, detected (e.g., B-mode, velocity, energy, power,
variance, harmonic, contrast agent, or combinations thereof),
and/or scan converted data.

[0108] The processor 12 or a separate processor generates
images from the volume scan and/or sub-volume scan. For
example, grayscale and/or color coding is used to generate a
perfusion map from tissue and contrast agent data. The pro-
cessor 12 may render images from voxels. Any image is
output to the display 24.

[0109] The display 24 is a CRT, LCD, plasma, projector,
printer, or other now known or later display device. The
display 24 receives the image data from the processor 12 or
other component and generates the image. A perfusion map,
three-dimensional rendering, two-dimensional image, or
other image is displayed. For example, a perfusion map is
generated as a function of the detected contrast agents, such
as modulating pixels by the perfusion rate for locations rep-
resenting the tissue. The perfusion map is displayed.

[0110] Thememory 221s a cache, buffer, RAM, removable
media, hard drive or other computer-readable storage media.
Computer-readable storage media include various types of
volatile and non-volatile storage media. The functions, acts or
tasks illustrated in the figures or described herein are per-
formed by the processor 16 executing instructions stored in or
on the computer-readable storage media of the memory 18.
The functions, acts or tasks are independent of the particular
type of instructions set, storage media, processor or process-
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ing strategy and may be performed by software, hardware,
integrated circuits, firmware, microcode and the like, operat-
ing alone or in combination. Likewise, processing strategies
may include multi-processing, multi-tasking, parallel pro-
cessing and the like. In one embodiment, the instructions are
stored on a removable media device for reading by a medical
diagnostic imaging system. The imaging system uploads the
instructions for performing the acts discussed herein. In
another embodiment, the instructions are stored in a remote
location for transfer through a computer network or over
telephone lines to an imaging system or workstation. In yet
other embodiments, the instructions are stored within the
imaging system or workstation.
[0111] The memory 22 alternatively or additionally stores
the collected ultrasound data and/or spatial or temporal infor-
mation.
[0112] 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.
1(We) claim:
1. A method for perfusion imaging of a volume in medical
diagnostic ultrasound, the method comprising:
first scanning a volume of a patient with single pulses for
each transmit scan line;
receiving first ultrasound data in response to the single
pulses;
repeating the first scanning and receiving a plurality of
times during a first physiological cycle;
determining a region of interest of the patient within the
volume from the first ultrasound data of at least one of
the first scans;
tracking the region of interest between the repeated first
scans with the first ultrasound data from the repeated
first scans;
predicting a first next location of the region of interest as a
function of the tracking;
second scanning a sub-volume of the volume, the sub-
volume corresponding to the region of interest at the first
next location, beamforming parameters being set for the
first next location to perform the second scanning of the
sub-volume and not laterally outside the sub-volume,
the second scanning comprising acoustic energy for
destroying contrast agents;
predicting a second next location of the region of interest as
a function of the tracking;
third scanning the sub-volume, the beamforming param-
eters being set for the second next location for the third
scan of the sub-volume, the third scanning comprising
acoustic energy for detecting the contrast agents;
detecting the contrast agents in response to multiple pulses
from the third scanning;
repeating the third scanning and detecting a plurality of
times during a second physiological cycle; and
generating an image representing perfusion over time of
the contrast agents in the sub-volume, the image respon-
sive to the detected contrast agents of the repetitions of
the third scanning.
2. The method of claim 1 wherein the third scanning and
detecting comprise detection of non-linear fundamental
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response of the contrast agents using combinations of
response from three or more pulses of the third scanning.

3. The method of claim 1 wherein the repeating of the first
scanning and receiving continues to occur interleaved with
the repeating of the third scanning and detecting.

4. The method of claim 1 wherein the predicting comprises
predicting the first and second next locations from previous
motion from, at least in part, the first physiological cycle at a
similar phase of the physiological cycle.

5. The method of claim 1 wherein the first, second and third
scanning occur in combination at a rate at least greater than 20
Hz.

6. The method of claim 1 wherein generating the image
comprises mapping a perfusion rate to pixel locations repre-
senting the region of interest.

7. The method of claim 1 further comprising generating a
three-dimensional rendering with the first vltrasound data,
the image being included on a display with the three-dimen-
sional rendering.

8. The method of claim 1 wherein the receiving of the first
ultrasound data is performed at a lower spatial resolution than
the detecting of the contrast agents.

9. The method of claim 1 further comprising repeating all
of the acts for a different sub-volume, wherein the image
represents the perfusion over time for the sub-volume and the
different sub-volume.

10. The method of claim 1 wherein the third scanning
comprises scanning with a mechanical index for maintaining
contrast agents without substantial destruction.

11. A system for perfusion imaging of a volume in medical
diagnostic ultrasound, the system comprising:

a transducer and beamformer configured to scan a volume
and a sub-volume, the volume larger than the sub-vol-
ume, a first scan of the sub-volume configured to destroy
contrast agents in the sub-volume;

a detector configured to detect response to the scan of the
volume;

aprocessor configured to track a moving region of tissue as
a function of time within the volume using the response
to the scan of the volume;

wherein the beamformer is configured, as a function of the
tracking, to perform second scans of the sub-volume at
different locations at different times such that the sub-
volume includes the moving region of tissue;

a contrast agent detector configured to detect contrast
agents in response to the second scans of the sub-vol-
ume; and

a display configured to display an image, the image being
a function of the detected contrast agents.

12. The system of claim 11 wherein the contrast agent
detector is configured to detect the contrast agents in the
sub-volume at different times, the image representing a per-
fusion rate of the contrast agents in the region of tissue.

13. The system of claim 11 wherein the beamformer is
configured to perform the first scan as a function of the track-
ing such that the scan destroys contrast agents in the region of
tissue and 1s less destructive at regions laterally spaced from
the region of tissue, the region of tissue being a three-dimen-
sional region.

14. The system of claim 11 wherein the processor is con-
figured to track position and size of the region of tissue as a
function of time, and wherein the beamformer is configured
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to scan the sub-volume where the sub-volume changes posi-
tion and size in correspondence with the tracked position and
size of the region of tissue.

15. The system of claim 11 wherein the detector comprises
a B-mode detector configured to detect the response using
single pulses, and wherein the contrast agent detector is con-
figured to detect the contrast agents using combinations of
pulses.

16. In a computer readable storage medium having stored
therein data representing instructions executable by a pro-
grammed processor for perfusion imaging of a volume in
medical diagnostic ultrasound, the storage medium compris-
ing instructions for:

tracking tissue motion in three-dimensions of a first vol-

ume;

adjusting, as a function of the tracking, beam steering to

account for the tissue motion, the adjusting being ongo-
ing throughout a physiological cycle;

transmitting acoustic energy destructive of contrast agents

with the adjusted beam steering; and
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detecting, after the transmitting of the acoustic energy
destructive of the contrasts agents, reperfusion in a sec-
ond volume over time, the detecting performed with the
adjusted beam steering, the second volume being a same
volume as the first volume or being based on the tracking
of the first volume.

17. The computer readable storage medium of claim 16
wherein the tracking is performed in response to B-mode
scanning and detection, and wherein the detecting comprises
detecting the reperfusion using combinations of multiple
pulses.

18. The computer readable storage medium of claim 17
wherein the combinations of multiple pulses comprises com-
binations resulting in the detecting of nonlinear fundamental
response of the contrast agents.

19. The computer readable storage medium of claim 16
wherein the tracking is performed with scanning of a third
volume larger than the first volume.

20. The computer readable storage medium of claim 16
further comprising generating an image of the reperfusion.

* ok ok k¥
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