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ABSTRACT

Ultrasound methods, devices, and systems are described
which support a useful compromise in terms of spatial reso-
lution and temporal resolution for capturing motion in tissue
structures. Tissue engineering articles, methods, systems, and
devices which employ ultrasound to deliver biological agents
to selected regions of a tissue scaffold, deliver mechanical
stimulation to cells growing in a tissue scaffold, and enhance
the perfusion of fluids through tissue scaffolds.
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ULTRASOUND DEVICES METHODS AND
SYSTEMS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation in part of PCT/
US12/35685, filed 27 Apr. 2012, which claims the benefit of
U.S. Provisional Applications 61/500,858 filed 24 Jun. 2011,
61/504,687 filed 5 Jul. 2011; 61/532,266 filed 8 Sep. 2011;
and 61/479,806 filed 27 Apr. 2011, each of which is hereby
incorporated by reference in its entirety herein. This applica-
tion is also a continuation in part of PCT/US12/34136, filed
18 Apr. 2012, which claims the benefit of U.S. Provisional
Application 61/476,573, filed 18 Apr. 2011, each of which is
hereby incorporated by reference in its entirety herein.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with government support
under EB006042 and HL096094 awarded by the National
Institutes of Health (NIH). The government has certain rights
in the invention.

BACKGROUND

[0003] Electromechanical Wave Imaging (EWI) is an
entirely non-invasive, ultrasound-based imaging method
capable of mapping the electromechanical wave (EW) in
vivo, 1.e., the transient deformations occurring in response to
the electrical activation of the heart. Achieving the optimal
imaging frame rates necessary to capture the EW in a full-
view of the heart poses a technical challenge due to the
limitations of conventional imaging sequences, in which the
frame rate is low and tied to the imaging parameters. To
achieve higher frame rates, EWI is typically performed in
multiple small regions of interest acquired over separate
heartbeats which are then combined into one view. Yet, the
frame rates achieved remain sub-optimal, because they are
tied to the imaging parameters rather than being optimized to
image the EW. More importantly, the reliance on multiple
heartbeats precluded the study from application in non-peri-
odic arrhythmias such as fibrillation.

[0004] Acoustic radiation force has been used to induce
motion in living tissue to allow the non-invasive character-
ization of tissue properties in a live host. In U.S. Patent
Publication No. 2007/0276242 to Konofagou, which is incor-
porated herein by reference as if set forth in its entirety herein,
Konofagou describes systems, methods and apparatus which
are used to focus ultrasound in a selected volume of tissue
remote from an externally applied transducer to generate
motion in the tissue. The techniques and devices of this ref-
erence may be employed in the new subject matter described
in the disclosure below.

[0005] Tissue engineering methods devices and system that
employ hydrogels incorporating microbubbles have been
described in PCT Patent Publication No. WO 2011/028690
(PCT/US2010/047263) to Borden, et al., which is incorpo-
rated herein by reference as if set forthin its entirety herein. In
this application, Borden, et al., describe tissue scaffolds with
microbubbles and seeded with cells. The bubbles may be
gas-filled to alter the mechanical properties of the tissue scaf-
fold, for example, by making it compressible. Also, the
microbubbles can ameliorate the movement (as by diffusion)
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of fluids such as perfusate through the tissue scaffold.
Microbubbles of a suitable form are described in PCT/
US2010/047263.

[0006] Tissue engineering requires the cultivation and
development of cells in realistic environments. For example,
some kinds of tissues may require mechanical stimulation or
signaling in order to develop properly. Also, thick three-
dimensional structures may make it difficult for chemical
signaling and nutrient perfusion.

SUMMARY

[0007] The disclosed subject matter relates to the use of
ultrasound for extracting spatio-temporal data from living
tissue or other moving and/or deforming targets that can be
imaged using ultrasound. This includes solid and liquid mate-
rials, for example, muscle tissue and blood. In embodiments,
the disclosed subject matter, outgoing ultrasound energy is
directed according to non-sequential patterns that permit dif-
ferent tradeoffs between temporal and spatial resolution of a
target material. For example, an overall frame rate of a scan of
an angular region can be reduced in order to generate brief
delays between multiple (e.g., 2) scan lines in a particular, or
each, region of a scan which are delayed by a selected interval
that is less than the overall frame rate and then using cross
correlation of the regions to extract high frequency motion
information while obtaining lower rate motion and spatial
information from the aggregate of the region scans. Other
embodiments produce different tradeoffs.

[0008] A temporally-unequispaced acquisition sequence
(TUAS)1s described for which a wide range of frame rates are
achievable independently of the imaging parameters, while
maintaining a full view of the heart at high beam density.
TUAS is first used to determine the optimal frame rate for
EWI in a paced canine heart in vivo. The feasibility of per-
forming single-heartbeat EWI during ventricular fibrillation
is then demonstrated. These results indicate that EWI can be
performed optimally, within a single heartbeat, and imple-
mented in real time for periodic and non-periodic cardiac
events. Other applications for high speed imaging, motion
estimation, high frame rate imaging, and property determi-
nation exist with different emphases on the combination of a
need for speed and spatial resolution. Spatially unequispaced
embodiments are also described.

[0009] Objects and advantages of embodiments of the dis-
closed subject matter will become apparent from the follow-
ing description when considered in conjunction with the
accompanying drawings. The Summary is not intended to
summarize all the disclosed or claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Embodiments will hereinafter be described in detail
below with reference to the accompanying drawings, wherein
like reference numerals represent like elements. The accom-
panying drawings have not necessarily been drawn to scale.
Where applicable, some features may not be illustrated to
assist in the description of underlying features.

[0011] FIG. 1A shows a conventional imaging sequence
according to the prior art.

[0012] FIG. 1B shows atemporally unequispaced sequence
according to an embodiment of the disclosed subject matter in
which a displacement estimation is done between two RF
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lines separated by a first time interval and displacement esti-
mations by a second interval that is greater than, and inde-
pendent of, the first interval.

[0013] FIG.2showsacomparison of a highstrain, highrate
interval of an EWI scan for comparing motion estimate at
different frame and motion estimation parameters.

[0014] FIG. 3 shows a class of TUAS schemes in which a
scan is performed sector by sector at intervals chosen respon-
sively to the predicted motion (e.g. strain) rate of change in a
target tissue.

[0015] FIG. 4 shows a graph of strain distribution as a
function of the motion-estimation rate during activation.
[0016] FIG.5A is a plot of expected value of the SNR, as a
function of the motion-estimation rate for five cardiac cycles
and during activation.

[0017] FIG. 5B is a plot of variance of the SNR, as a
function of the motion-estimation rate for five cardiac cycles
and during activation.

[0018] FIG. 5C is a plot of probability of obtaining a SNR,
value higher than 3, 5 and 10 as a function of the motion-
estimation rate for five cardiac cycles and during activation.
[0019] FIGS. 6A, 6B, and 6C illustrate embodiments
employing, flash or plane wave imaging, which may increase
the temporal resolution of displacement estimates in ultra-
sound scans.

[0020] FIGS. 7A, 7B, and 7C illustrate embodiments,
employing broad transmit beams, which may increase the
temporal resolution of displacement estimates in ultrasound
scans.

[0021] FIG. 8 illustrates embodiments in which multiple
focused beams are simultaneously transmitted.

[0022] FIGS.9A,9B,and9C are for describing apodization
function features.

[0023] FIG. 10 illustrates axis conventions for describing
experiments.
[0024] FIGS. 11A and 11B describe embodiments for

imaging and motion estimation in 1D, 2D, and 3D with fea-
tures for non-axial motion estimation.

[0025] FIGS. 12A and 12B describe further embodiments
for imaging and motion estimation in 1D, 2D, and 3D with
features for non-axial motion estimation.

[0026] FIG. 13 illustrates processes for setting up and gen-
erating output for TUAS systems.

[0027] FIG. 14 figuratively illustrates a TUAS system.
[0028] FIGS. 15A through 15C illustrate features of output
display embodiments where signals received for motion esti-
mation of body structures and fluid flows are combined as
enabled by the time resolution of TUAS.

[0029] FIGS. 16A and 16B illustrate spatially unequis-
paced and temporally unequispaced beam embodiments.
[0030] FIGS. 17A, 17B, and 17C show alternative varia-
tions of the beam layouts of FIGS. 11A, 11B, and 12A, 12B
for lateral strain estimation in 3D.

[0031] FIGS. 17D and 17E illustrate a 2D arrangement for
lateral strain estimation that was validated by experiment.
[0032] FIG. 18A shows the preak pressure versus angle to
compare the TUAS sequence with the unfocused sequence.
[0033] FIG. 18B illustrates the temporal profile of displace-
ment estimation using a traditional sequence.

[0034] FIG.18C illustrates the temporal profile of displace-
ment estimation using TUAS sequence.

[0035] FIG. 18D illustrates the temporal profile of dis-
placement estimation using an unfocused sequence.
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[0036] FIGS.19A,19B,19C, and 19D depict single frames
of axial and lateral incremental strain estimation using TUAS
at MERs of 65 Hz and 815 Hz.

[0037] FIGS. 20A and 20B present qualitative results for
the unfocused sequence at an MER of 1000 Hz.

[0038] FIG. 21 shows an E(SNRele) curve for the axial
strain for both TUAS and unfocused sequences at various
MERs.

[0039] FIG. 22 shows an E(SNRele) curve for the lateral
strain for both TUAS and unfocused sequences at various
MERs.

[0040] FIG. 23 compares the TUAS sequence at 272 and
544 Hz with the unfocused sequence at 250 and 500 Hz.
[0041] FIG. 24 shows an agent depot which comprises an
agent-containing material encased in an encapsulating shell
that may be disrupted by ultrasound to permit the diffusion of
the agent into a surrounding environment.

[0042] FIG. 25 shows the agent depot in a tissue scaffold,
for example, a polymerizable material such as a hydrogel
such as alginate which may be cell-seeded.

[0043] FIG. 26A shows a cell-seeded tissue scaffold with
embedded agent depots with an ultrasonic emitter configured
to focus ultrasound energy on selected parts of the tissue
scaffold to release an agent into the tissue scaffold and influ-
ence the development of cells.

[0044] FIGS. 26B and 26C are close-ups of the configura-
tion of FIG. 26A showing, respectively, intact agent depots
with isolated contents and agent depots whose encapsulating
shells have been opened.

[0045] FIGS.27A,27B, and 27C illustrate a tissue scaffold
and agent store separated by a barrier layer with microbubbles
which can be disrupted at selected portions to allow the trans-
portof an agent across the barrier layer to affect the activity of
cells in the tissue scaffold.

[0046] FIG. 28A shows a tissue scaffold seeded with cells
and microbubbles with an ultrasonic emitter configured to
focus ultrasound energy on selected parts of the tissue scaf-
foldto disrupt selected microbubbles causing them to fill with
fluid from the scaffold thereby enhancing diffusion or con-
vection through channels or low diffusion resistance regions
defined thereby.

[0047] FIGS. 28B and 28C show close-ups of the configu-
ration of F1G. 28A and, respectively, intact microbubbles and
selectively disrupted microbubbles.

[0048] FIGS. 29A, 29B, and 29C illustrate a method of
forming a three-dimensional tissue scaffold with agent depot
and barrier layer features.

[0049] FIGS. 30 and 31 illustrate a tissue scaffold sup-
ported in an acoustical coupling medium/nutrient bath in an
arrangement which may mechanically stimulate the tissue
scaffold and/or generate acoustic streaming of the coupling
medium/nutrient bath fluid.

[0050] FIGS. 32 and 33 illustrate the use of ultrasound
create pulsed, shifting acoustic streaming, to create channels
by disruption of microbubbles and/or use of a mechanical
focusing alone or in conjunction with electronic focusing.
[0051] FIGS.32 and 33 illustrate mechanical stimulation of
engineered tissue structures or tissue scaffolds.

[0052] FIG. 36 lists the sector sizes used in Example 1 and
the corresponding MERs.

[0053] FIGS. 37 and 38 show the process of maximizing
the distance between one principal line and the block of its
sector while fulfilling a predefined constraint.
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DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0054] Electromechanical Wave Imaging (EWI) is a non-
invasive ultrasound-based imaging method that can map the
transient deformations of the myocardium resulting from
local electrical activation, i.e., the electromechanical wave
(EW). The EW and electrical activation maps have been
shown to be closely correlated, therefore indicating that EWI
could become a low-cost, non-invasive, and real-time modal-
ity for the characterization of arrhythmias. EWT is a target
application for the disclosed technology, but it can be used for
other purposes as well. For purposes of describing the tech-
nology, EWI will be emphasized, however.

[0055] In EWI, inter-frame motion (or, displacement) may
be estimated via cross-correlation of consecutive RF frames.
From the displacements, the inter-frame strains (or, strains)
depicting the EW may be generated by applying gradient
operators on the displacement field. However, the heart is an
organ that undergoes significant three-dimensional motion
and large deformations, which both may lead to decorrelation
of the RF signals and thus to the degradation of the motion and
deformation estimation accuracy. To overcome this difficulty,
the present embodiments adapt the time resolution of the
motion estimation. For example the time lapse between
frames may be optimized against the need for spatial resolu-
tion to prevent decorrelation from compromising the motion
estimation. Short intervals covering a short interval may lie
below the sensitivity of the motion estimator.

[0056] The present application describes validated meth-
ods, devices, and systems for capturing high speed motion
over a large field of view. In embodiments, accurate motion
estimation and anatomy are captured without reliance on
cyclical repetition, such as cardiac cycles. Further, in embodi-
ments, the capture is effective for evaluation of electrome-
chanical wave propagation and distinguishing anomalies
therein, particularly for the purpose of diagnosis and respon-
sive medical treatment. The non-reliance on cyclical repeti-
tion allows the characterization of anomalies like arrhythmia
and/or avoiding the need for patients to hold their breath
during multiple cardiac cycles.

[0057] EWI maps the transient inter-frame strains (referred
to here as ‘strains’ for brevity) occurring in the vicinity of the
electrical activation of the heart. At the tissue level, the depo-
larization of myocardial regions triggers the electromechani-
cal activation, i.e., the first time, at which the muscle transi-
tions from a relaxation to a contraction state. Spatially, this
electromechanical activation forms the EW front that follows
the propagation pattern of the electrical activation sequence.

[0058] Inembodiments, temporally-unequispaced acquisi-
tion sequence (TUAS) is used to acquire images of muscle
deformation such as EW. In embodiments, TUAS employs
sector-based sequence adapted to optimally estimate cardiac
deformations. The TUAS was verified by an embodiment
implemented on a conventional clinical ultrasound scanner.
The embodiments of TUAS cover the simultaneous provision
of a wide range of frame rates for motion estimation, high
beam density for high resolution, and a large field of view in
a single motion cycle, e.g., heartbeat. For a given set of
imaging parameters, motion can be estimated at frame rates
varying from a few Hz to kHz. To achieve this, the sampling
rate of the motion estimation is reduced, as shown, such that
there is little effect on the accuracy of EW maps. This is
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accomplished, in embodiments, by maintaining the sampling
rate above a threshold selected for the target motion informa-
tion.

[0059] In the TUAS embodiments, a wide range of frame
rates can be achieved, including very high frame rates, inde-
pendently of other imaging parameters. By maintaining a set
ofimaging parameters (e.g., field of view, imaging depth), the
framerate is selected responsively to the elastographic signal-
to-noiseratio (SNR,) and the EW. A probabilistic {framework
based on experimental data, acquired in a paced canine in
vivo, was used to establish the technique for selecting an
optimal frame rate. The single-heartbeat EWT at the optimal
frame rate was used to study the electromechanical activity of
fibrillation, a non-periodic arrhythmia.

[0060] In the study, which was approved by the Institu-
tional Animal Care and Use Committee of Columbia Univer-
sity, a male mongrel dog, 18 kg in weight, was anesthetized
with an intravenous injection of Diazepam 0.5-1.0 mg/kg IV
as premedication, and Methohexital 4-11 mg/kg IV as induc-
tion anesthetic. It was mechanically ventilated with a rate-
and volume-regulated ventilator on a mixture of oxygen and
titrated isoflurane (0.5%-5.0%). Morphine (0.15 mg/kg, epi-
dural) was administered before surgery, and lidocaine (50
micrograms/kg/h, intravenous) was used during the entire
procedure.

[0061] To maintain blood volume, 0.9% saline solution was
administered intravenously at 5 ml/kg/h. Standard limb leads
were placed for surface electrocardiogram (ECG) monitor-
ing. Oxygen saturation of the blood and peripheral blood
pressure were monitored throughout the experiment. The
chest was opened by lateral thoracotomy using electrocau-
tery. Three pacing electrodes were sutured at the basal region
of the lateral wall, at the left ventricular apex and at the right
ventricular apex. Only one pacing electrode, located at the
basal region of the lateral wall, was used to pace the heart in
certain evaluation experiments. RF ablation of the left bundle
branch was performed under fluoroscopy and a basket cath-
eter (Boston Scientific, Natick, Mass.) was introduced in the
left ventricle for the purpose of another study.

[0062] The motion-estimation rate r,,, is defined as the
inverse of the time, ie., T, _, lapsing between the two RF
frames used to estimate motion. The motion-sampling rate
r,. is defined as the inverse of the time, i.e., T, lapsing
between two consecutive displacement maps. In conventional
imaging sequences, these two rates are equal, because a given
frame is typically used for two motion estimations. Com-
monly an ultrasound image is constructed using a phased
array to acquire a number of beams, typically 64 or 128, over
a 90° angle. FIG. 1A illustrates the conventional scheme
showing a simplified scheme with only a few beams repeated
over two cycles for purpose of discussion. In FIG. 1A, the
beams are acquired sequentially, and the process is repeated
for each frame with each frame separated by an interval
T,..=T,.s- The motion estimation interval (T,,,) is defined as
the inverse of the inter frame rate used to estimate motion,
whereas the motion sampling interval (T ;) is defined as the
inverse of the displacement frame rate. That is, full frames are
obtained and the motion estimated by cross-correlation of the
images using known techniques. For example, a given beam
angle will be repeated at a fixed interval T, =T, ..

[0063] In some TUAS embodiments, the motion-estima-
tion rate and the motion-sampling rate are different so that
T,..#T .., In TUAS, the motion-estimation rate is selected
independently of the sampling rate. As shown in FIG. 1B,
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only a fraction of the entire frame is scanned before the
fraction is scanned again so that a fractional sector of the full
90 degree frame is scanned twice before the next sector (in the
illustration there are only two beams at respective angles per
a sector). A frame in the TUAS case provides motion estima-
tion, thus drastically reducing the motion-sampling interval
relative to the conventional method and thereby increasing
the temporal resolution used for motion estimation. In the
TUAS embodiments similar to that of F1G. 1B, the number of
angles per sector can be varied to generate different ratios of
T,.t0T,.

[0064] An acquisition performed at a 12-cm-depth with 64
beams with a conventional sequence may cotrespond to a
frame rate of 100 Hz. However, while 100 Hz may suffice to
satisfy the Nyquist sampling criterion of cardiac motion, it is,
as described below, insufficient for accurate motion tracking
using RF cross-correlation. Therefore, toreach ahigher frame
rate of, e.g., 400 Hz typically used for EWI, the conventional
approach would be to divide the number of beams by four, and
thereby reduce either the lateral resolution, the field of view,
or both. At the same depth and beam density, TUAS provides
amotion-sampling rate of 50 Hz and a motion-estimation rate
that can be varied, as shown in the following section, within
the following group: {6416,3208, 1604, 802, 401, 201, 100}
Hz. This has numerous advantages. For example, both the
lateral resolution and the field of view can be maintained
while estimating the cardiac motion with an optimal frame
rate, which could be, for example, 401 or 802 Hz, depending
on the amplitude of the cardiac motion. This results in a
halving of the motion-sampling rate. However, the motion-
sampling rate has little effect on the motion estimation accu-
racy. If this rate remains above the Nyquist rate of the esti-
mated cardiac motion, this will have no effect.

[0065] To estimate the effects of the motion-sampling rate
on the accuracy of the motion estimation, RF data acquired
over multiple heartbeats at 480 Hz from a previous study was
decimated to vary the motion-estimation and motion-sam-
pling rates. At the scale of the full cardiac cycle, both rates
have little influence on the general trend of the displacements
but as shown in FIG. 2, during fast transients deformations,
e.g., during the electrical activation, larger differences were
observed. These larger differences also correspond to higher
strain values than e.g., during end-systole. For a fixed motion-
sampling rate, dividing the motion-estimation rate by four,
leads to an error of approximately 100% in the displacements.
However, when dividing the motion-sampling rate by four
while maintaining a high motion-estimation rate, only small
variations are observed in the incremental displacements.
From experiments, it is estimated that at a motion-sampling
rate above 120 Hz, the significance of the motion-sampling
rate became negligible compared to the effect of the motion-
estimation rate.

[0066] In a conventional imaging sequence, two consecu-
tive frames with N beams per frame are acquired beam by
beam in sequence resulting in a time between two frames of
2dN/c, where d is the imaging depth, N is the number of
beams in the image, and ¢ is the speed of sound. Motion is
then estimated between the two consecutive acquisitions of
beams at the same location. For example, motion is estimated
through the cross-correlation of beam 1 acquired at time 1 and
beam 1 acquired at time N+1. Therefore, identical motion
estimation and motion sampling rates are obtained, equal to
c(2dNY™
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[0067] TUAS was implemented in an open-architecture
Ultrasonix MDP system (Ultrasonix Corp, Burnaby, BC,
Canada) using the Texo Software Development Kit. In TUAS,
the beams constituting two frames are acquired in a different
order. Beams are acquired consecutively within sectors con-
taining k beams, and then repeated. InF1G. 3 thek beams may
be repeated twice for two sector-sized mini-frames for motion
estimation. Alternatively, there may be more than two sector-
sized mini-frames to obtain two inter-mini frame motion esti-
mates which may be stored separately with respective times
or averaged to form a single motion estimate for the sector.
The number of beams comprising a sector is labeled “sector
width” (angular spacing of adjacent beams multiplied by the
number of beams per sector k) assuming a regular spacing of
the beams in a sector. The time interval between mini-frames
of a single sector is indicated as T,,. The time interval
between frames of the entire regular frame is indicatedas T,,..
Note that the beams per sector can be varied between sectors
or the spacing between beams in a sector or among different
sectors can be different. Note that k can be equal to one up to
a fraction of the total beams per global frame.

[0068] Axial motion is estimated between two beams
acquired consecutively at the same location, which results in
a motion estimation rate of ¢(2dk)™*. Since k needs to be a
divisor of N, i.e., div(N), the group of available motion-
estimation rates for a given number of beams is given by
c2d)™{(divN))™"}. The highest motion estimation rate
occurs at k=1, i.e.,c(2d)™, and the lowest motion estimation
rate occurs at k=N, and is equal to that of a conventional
imaging sequence, i.e., ¢(2dN)™*. If motion is estimated only
between the two closest acquisitions of the same beam in
time, the motion-sampling rate is c(4dN)™*. Note that in addi-
tion to motion being estimated between beams separated by
T, .., lower motion-estimation rates can also be achieved by
estimating motion between beams separated by T, .~T . (See
FIGS. 1A, 1B, and FIG. 3 and attending discussion), corre-
sponding to a motion-estimation rate of c(2d(N-k))™, in
which case the motion-sampling rate would be ¢(2dN) ™",
[0069] A 3.3-MHz phased array was used to image the
myocardium in vivo. Axial displacements were estimated
using a 1D cross correlation algorithm using RF signals
sampled at 20 MHz. The window size used was 4.60 mm and
the overlap 90%. The heart was segmented using an auto-
mated contour tracking technique. The incremental axial
strains were estimated with a least-squares method and a
kernel size of 10.7 mm. Images were acquired at different
motion-estimation rates, i.e., {41, 82, 163, 350, 452, 855,
1100, 1283, 1540} Hz and their corresponding motion-sam-
pling rates {163, 163, 163, 163, 211, 132,128, 119, 119} ata
10-cm depth.

[0070] To assess the accuracy of a strain measurement, the
SNR_ was used, which is defined as:

snR, =2, o))
o

where 1 1s the local average of strains ¢ at a given time, and o
the corresponding standard deviation. In experiments, the
SNR, at different motion-estimation rates was computed by
averaging and calculating the standard deviation of the incre-
mental strains within an axial window of 4.85 mm for indi-
vidual pixels over multiple frames, corresponding to up to 5
heart cycles, after segmenting the heart. This provides the
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SNR, as a function of space and time, SNR_(x,y,t) where x
and y are the lateral and axial directions, respectively and t is
the time. Previous literature on the strain-filter indicates that
the SNR, will depend mostly on the value of the strains to be
measured, when the imaging parameters are fixed. This theo-
retical framework allows the construction of an upper limit on
the SNR, as a function of the strain amplitude (ak.a., the
strain-filter). The strain filter corresponds, in this case, to the
Ziv-Zakai Lower Bound (ZZ1.B) on the variance. The ZZIL.B
is a combination of the Cramér-Rao Lower Bound (CRLB)
and the Barankin bound (BB). The ZZLB transitions from the
CRLB to the BB when decorrelation becomes important to
the point that only the envelope of the signal contains infor-
mation on the motion. In the correlation model used here, this
transition occurs only at very large strains. The strain filter
was adapted to the imaging parameters used in this study as a
reference. For that purpose, the RF data SNR of 1500 (60 dB)
was assumed, similar to what was previously considered in
prior literature. Such a high value is justified since acquisition
was performed in an open-chest setting.

[0071] The motion-estimation rate is directly linked to the
strain distribution in the heart. Consider the cumulative strain
function at a given point (x,.,y,), e(X,,y,.t)=e(t). Then, the
strain at a time t, can be defined as

€(tg)=e(to+ T,..)-elto) @

When expanding e(t) in Taylor series around t,, the result is

=(19) = e(tp) + €' (10)(Te + 10 — f0) = [e(t0) + €' (10)t0 — 10)] + O(T2,) (3
=€ {10)(Te) + O(TZ,)

)

Fme

where e'(ty) is the strain rate, and is independent of the
motion-estimation rate r,, .. Let consider the same heart with
two strain distributions acquired at a rate r,,,; and r,, ., com-
prised in €, +A€, and e,+Ae,. Then,

eyt Aoy ~ rm—d(gl te) = (rmel ok Tmel A«Sl) 4)
Fme2 Fme2 Fme’
[0072] Therefore, if r,,,,=2,,.1, €,xAe,=€,/2+Ae /2. In

other words, when doubling the motion-estimation rate, both
the center and width of the strain distribution are halved.
Finding the optimal motion-estimation rate is thus equivalent
to finding the optimal strain distribution.

To perform this optimization, the probability of obtaining a
SNR_ value is determined within a given interval, e.g., [s,,5,],
for a given strain €,, i.e., in a probabilistic framework,
P(s,<SNR,<s,le=¢,). SNRe and € are simultaneously mea-
sured. As a result, their two-dimensional histogram can be
constructed and used to determine their joint probability den-
sity function (pdf), i.e., f(SNR_, €). The individual pdf of
SNRe and e can also be obtained from 1-D histograms.
Finally, the conditional pdf f(SNR,le) can be obtained
through the following relationship:
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SBNR,. &) )

FENR|£)= =

Note that f{SNR,), f(SNR_, €) and f(SNR_l€) also depend on
the motion-estimation rate, ., and on the temporal portion

s “me?

of the heart cycle of interest, At_, i.e.,

F(SNR,, & I'ne, AL) ©

SNR, | & rpe, Aty) =
JSNRe | & Fine, Atc) 76 e A1)

[0073] Theanalysis below is based on assumptions a and b:
[0074] a) f(SNR_I€; 1z, At )=f(SNR_I€; 1)), i.€., the rela-
tionship linking SNR _ and e does not explicitly depend on the
cardiac phase. For example, a 1% strain occurring during
systole will lead to the same SNR, distribution as a 1% strain
occurring during diastole.

[0075] D) f(SNRele; r,,-)=f(SNRele), i.e., the relationship
linking SNRe and e does not explicitly depend on the motion-
estimation rate. For example, a 1% strain measured with a
motion-estimation rate of 1500 Hz will lead to the same SNR
distribution than a 1% strain measured at 400 Hz. This
assumption is stronger than a). Effectively, theoretical models
of the correlation coefficient typically rely, for fixed imaging
parameters, only on the strain value, which would support
assumption b). However, in the heart, the decorrelation effect
of out-of-beam motion might be important. In such a case, a
high motion-estimation rate would reduce decorrelation
caused by out-of-beam motion in comparison with a lower
motion-estimation rate and thus modify the relationship
between SNR, and €.

[0076] Finally, the expected value of the SNRe was
obtained as follows:

hd 7
EISNR,: 1. A} = f EISNR | & 1) £ e At s,
]

where the conditional expected value is given by

+00 8
E{SNR, | & Fipe} :f SNR,f(SNR, | & rp.)dSNR,, ®
0

under assumption (a).

[0077] This expected value of SNRe varies during the car-
diac cycle, 1.e. as a function of At as indicated in eq. (7). Two
strain distributions were constructed: {{e; r,,, At) and f{e;
e At,) where At, and At, correspond to five cardiac cycles
(approx. 3000 ms) and the 20 frames following the R-wave
(approx. 100-170 ms), respectively. f(e; r, 4z, At,) was used to
construct a robust conditional pdf, i.e., f(SNR_I€; 1, ,.), based
on a large enough number of samples (approx. 300,000)
underassumption a). By averaging f(SNR_l€; 1, ) over all the
motion-estimation rates, f(SNR,le) was obtained under
assumption b).

[0078] The strain distribution was found to have varied both
during the cardiac cycle and at different motion-estimation
rates. Analysis of the variation of the strain distribution as a
function of the motion-estimation rate during activation indi-
cates that at high motion-estimation rates, a bimodal distri-
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bution is obtained. A local minimum consistently occurs at an
approximately 4% strain. This is in contradiction with eq. 4,
which predicts a shift of that minimum. However, as the
motion-estimation rate increases, the distribution translates
towards lower strain values, narrows and becomes unimodal.
As predicted by eq. 3, the center and width of the strain
distribution decreases in (r,)™'. These observations may be
seen in FIG. 4.

[0079] Highly variable strain distributions as a function of
time were observed, during the cardiac cycle both during
pacing and during sinus rhythm (for the sinus rhythm case
only, data was acquired in a different canine using the auto-
matic composite technique). For example, high strain values
were observed during the electrical activation (0-100 ms) and
following repolarization (350-450 ms). During diastole,
strain amplitudes vary greatly, i.e., from very high values
(500-600 ms) to very low values (600-700 ms).

[0080] The probability of measuring a SNR,, value simul-
taneously with a given strain value of (i.e., the joint pdf) was
plotted. For low motion-estimation rates (41 Hz), the joint pdf
spreads towards larger strain values and is associated with
small values of SNR,. At 452 Hz, the probability of higher
SNR,, values is higher, and located between 0.01% and 1%
strains. At large motion-estimation rates (1540 Hz), the pdfis
concentrated in lower strain values and lower SNR , values are
more probable. These joint pdfs directly depend on the prob-
ability of measuring strain. As a result, if, for a given motion-
estimation rate, the probability of measuring a given strain
was low, the probability of measuring the SNR associated
with that strain value was also low. To normalize this effect,
the conditional pdf was analyzed. In that case, the probability
is normalized for each individual strain value. The different
conditional pdf’s obtained for different motion-estimation
rates were very similar in overlapping domains at different
motion-estimation rates, therefore indicating that assumption
b) can be used. To obtain a complete representation of the
conditional pdf, it was averaged over nine different motion-
estimation rates. The SNR, remained below the CRLB, with
the conditional expected SNR, value being approximately
one order of magnitude lower. An experimental transition
zone corresponding to a minimum observed at 4% strain was
also added and corresponded to a sharp transition in the
conditional pdf. For strains higher than 4%, the conditional
pdfremained limited by the BB. The motion-estimation rates
corresponding to the center of the strain distribution over 5
cardiac cycles and during activation only are also shown, by
computing €'(t,) in eq. (3). The average value of e'(t,) over
five cardiac cycles, i.e., €'(At,), and during activation only,
ie., €(At), was 155.5 57! and 389.1 57, respectively. The
same conditional pdf with the conditional expected value of
the SNRe showed the peak conditional expected value of the
SNR, is located between approximately 0.1% and 1% strain,
which corresponds to 1555 and 155 Hz over 5 cardiac cycles,
and to 3891 and 389 Hz during activation only, respectively.

[0081] The expected value of the SNR, as a function of the
motion-estimation rate was then obtained following eq. (7)
for five cardiac cycles and during activation only (FIG. 5A).
Note that unlike the conditional expected value shown in FIG.
4, the expected value encompasses an entire strain distribu-
tion. A sharp increase in the expected value of the SNR is
observed as the motion-estimation rate transitions from low
values up to a maximum at 163 Hz and 350 Hz over five
cardiac cycles and during activation only, respectively. The
expected value of the SNR, then slowly decays with the
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motion-estimation rate. A similar behavior is observed in the
variance of the SNR, (FIG. 5B): a maximum is achieved at
350 Hz that decays at higher motion-estimation rates. Finally,
the probability of obtaining a SNR , value higher than 3, 5 and
10 was also explored (FIG. 5C). A maximum value also
occurred at 350 Hz. For example. it is approximately twice as
likely to obtain a SNR, higher than 3 at 350 Hz than at 41 Hz
during activation.

[0082] The EW was imaged during a single heartbeat using
TUAS in a full four-chamber view of a canine heart in an
open-chest canine in vivo. Image frames were overlayed with
color maps indicating the axial incremental strains. For
example, the axial incremental strains may be shown for a
sequence showing the EW imaged with a 1100 Hz motion
estimation rate and a 137 Hz motion sampling rate. Such
images showed features of the EW that are expected during
pacing from the basal region of the lateral wall. In the
parasternal four-chamber view, electrical activation results
mostly in thickening ofthe myocardium; therefore, activation
appears as a transition from thinning to thickening. The EW
first appears in the basal region of the lateral wall, approxi-
mately 30 ms after pacing. The EW was initiated at the epi-
cardium and traveled towards the endocardium of the lateral
wall. Its average velocity over a region of 5 cm can be esti-
mated to be approximately 1.0 m/s, which corresponds to the
expected velocity of the electrical activation in the cardiac
muscle. The image sequence indicated that the EW then
propagated to the septum and then the right ventricle.
[0083] In embodiments, the time interval for estimating
motion is selected responsively to the error sources captured
by the foregoing analysis. In embodiments, the motion cap-
ture frequency is optimized to ensure a low random signal
component and a low risk of distortion of the motion estima-
tion resulting from strain (motion other than pure displace-
ment).

[0084] Using TUAS, it is possible to image cardiac abnor-
malities that are not periodic, such as fibrillation and this was
demonstrated. This was proved experimentally. After pro-
longed pacing, a heart underwent ventricular fibrillation. The
heart was imaged with a motion-estimation rate of 2000 Hz.
An acquisition was performed during 8 seconds. No, or very
little, wall motion was observed on a B-mode image
sequence. However, the incremental strains mapped depicted
small, local and oscillating deformations. While pacing from
the basal region of the lateral wall was maintained during
fibrillation, no clear propagation was observed from the pac-
ing origin.

[0085] In the experiments, a TUAS-based imaging
sequence was developed and implemented in vivo. Such a
method increases the motion-estimation rate at the cost of a
lower motion-sampling rate, thus allowing very high frame
rate motion estimation while maintaining a high lateral reso-
lution and a full view of the heart. Using this technique, the
optimal motion-estimation rate for EWI was obtained within
a probabilistic framework. Finally, the feasibility of imaging
non-periodic arrhythmias in a full field of view with a high
motion-estimation rate is demonstrated.

[0086] To show the importance of optimally selecting the
motion-estimation rate to perform accurate strain estimation,
the SNR, was estimated in vivo in a paced canine, with a wide
range of motion-estimation rates available with TUAS. Since
the motion-estimation rate can be used as a means to translate
and narrow the strain distribution, one can find the optimal
value by studying the link between the strains and the SNR,.
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By constructing first the joint pdf of the SNR, and the strains,
the conditional pdf was obtained for every motion-estimation
rate. By averaging these conditional pdf’s, a combined con-
ditional pdf spanning a large range of strains values was
obtained. This combined pdf was in agreement with the
strain-filter theory, which provides a higher bound on the
SNR,. Electronic noise at low strains values and decorrela-
tion at high strain values prevented high SNRe’s in these
ranges. The ZZ1.B predicts a sharp transition between the
CRLB and BB when decorrelation becomes important to the
point that the phase of the signal does not contain information
about motion. Using a model of correlation that takes into
account only strains, this transition was expected to occur at
40% strains. However, the findings suggest that this transition
occurs in the vicinity of 4% strains instead, indicating that
other causes resulting in decorrelation such as out-of-beam
motion have large consequences on the value of the SNR,. Tt
was confirmed that the combined conditional pdf is com-
prised within the CRLB up to approximately 4% before it
becomes comprised within the BB. A sharp decrease in the
expected value of the SNRe is also observed at 4% strain,
underlying the importance of using the phase information of
the RF signal for accurate strain measurements. [t was also
observed that the strain distribution lacked values around this
transition. A distortion in the strain distribution may indicate
that while a high SNR, can be maintained, the accuracy of the
strain estimator is impaired at low motion-estimation rates,
i.e., less than 350 Hzin this case. Four measures were used to
determine the optimal motion-estimation rate: the expected
value of the SNR, and the probability of obtaining a SNR,
value larger than 3, 5 and 10. For all these measures, the
optimal motion-estimation rate was found to be 350 Hz.
However, 350 Hz also corresponded to the highest variance in
the SNR,. In other words, a motion-estimation rate of 350 Hz
provides the highest SNRe but is also riskier, in the sense that
the SNRe will not be homogeneous within one image. By
increasing the motion-estimation rate further, the expected
value of the SNR, decreases but so does the variance. There-
fore, there is a trade-off between the expected value of the
SNRe and the likelihood of obtaining this value.

[0087] These results are, however, tied to the context of this
study. This validation was performed in an open-chest setting,
which provides very good image quality with the ultrasound
system used. In a more clinically-relevant transthoracic imag-
ing, the signal-to-noise ratio of the RF signals themselves are
expected to be lower, shifting the ZZIB towards higher strain
values and thus modifying the optimal motion-estimation rate
value. Inversely, in a context of higher RF signal-to-noise
ratio such as in trans-esophageal echocardiography, the
771.B may be expanded towards lower strains, thus improv-
ing the SNR, associated with higher motion-estimation rates.
Because of the wide range of motion-estimation range avail-
able whenusing TUAS, an optimization process similar to the
one developed here could be adjusted on an individual basis.

[0088] Theeffect of reducing the motion-sampling rate was
also investigated. At motion-sampling rates of 120 Hz, it was
found possible to depict the EW. This indicates that the
motion-sampling rate can be reduced at very little cost in
terms of motion estimation performance. The location of the
activation was detected because of the high precision
achieved for the motion estimation. This shows that the trade-
off of TUAS, i.e., halving the sampling rate compared to a
conventional sequence with the same beam density, does not
jeopardize the EW depiction. Decoupling the two frame rates
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may thus be a solution to improving the precision of the axial
estimation without sacrificing the lateral resolution.

[0089] It was shown that TUAS is capable of accurately
depicting non-periodic events at high temporal resolution.
Effectively, the ability to image the displacements and strains
in a fibrillating canine heart, in a full-view and with high beam
density, was demonstrated. Strain patterns expected during
such a phenomenon were depicted, such as a disorganized
contraction, leading to little-to-no large scale motion of the
heart. Regions of the myocardium were oscillating rapidly
from thinning to thickening and thickening to thinning over
time. Studying the frequencies of these oscillations could be
useful in understanding the mechanisms of fibrillation.
[0090] Various focusing patterns designed may be used to
improve the motion estimation/spatial resolution trade-off.
The following discusses embodiments which may be imple-
mented in combination with composite imaging (combining
samples from multiple repeating cycles) or TUAS.

[0091] A focused beam may be used as in a standard acqui-
sition sequence in which the frame rate is increased by send-
ing only a limited number of transmits and creating multiple
lines per transmit as has been described with reference to
FIGS. 1B and 3.

[0092] Flash or plane wave mode (FIG. 6A) consists of
sending non focused transmit waves 201. In this case, all the
elements of the probe fire at the same time resulting in a
wavefront parallel to the probe. An image is created from a
single transmit event so that

FR=c2d

The flash (could also be plane wave—will use “flash” hereon
for convenience) sequence may produce lower image quality
since no focus is present. Also, the energy emitted is distrib-
uted over the field of view making this technique more sen-
sitive to reflections from high-impedance tissues such as
bones. A single flash pulse 201 may be emitted and receive
beam forming used to generate receive beams 200. As is
understood in the art, the receive beams may be used to create
animage. The process is repeated to create an image sequence
from which motion can be estimated.

[0093] FIG. 6B illustrates a combination of flash mode
image acquisition and conventional frame scanning
(B-mode) image acquisition. The flash mode produces less
resolution but fast motion estimation. So flash mode acquisi-
tion pairs 240A, 240B and 242A, 242B are used for high
frequency motion estimation and further image frames are
generated on a longer time base by conventional focused
beams 241, 243. The pattern repeats for the duration of the
scan. F1G. 6C shows that the temporal separation between the
flash acquisitions and the conventional focused beam acqui-
sitions is flexible in that the flash acquisitions 250A, 2508,
250C, 250D, 250F etc. can be temporally interspersed among
the lines of the focused beams 251A, 251B, 251C 251D etc.
The time gap T, between pairs of flash acquisitions may be
varied independently. The focused beams 251A, 251B, 251C
form a single image frame. The image frames provided by the
focused beam image frames provide the detailed anatomical
information and gross motion while the flash modes can
provide motion estimation and these can be overlaid on an
output display. It will be evident that a user may select the
temporal spacing of the flash and focused beam acquisitions
to permit the T,,, and T,,, intervals to be substantially inde-
pendently selected. The additional flash acquisitions may be
combined with focused frame acquisitions to generate or
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improve the quality of interpolation frames as well as provide
more frequent displacement estimations.

[0094] Partial defocusing or “Explososcan” lies between
the standard and flash sequences. The size of the focus is
increased making the formation of more than one line per
transmit more efficient as illustrated in FIG. 7A. This may be
done by appropriate beam forming or by using a Hanning
window. Receive beam forming is used as indicated by the
multiple return arrows 202 for each transmit event 204., i.e.
less transmits are necessary to illuminate a given area. The
size of the focus and the number of lines consequently formed
can be varied as much as wanted. The size of the focus can be
easily chosen by varying the size of the aperture. In this case,
the drawback is also a reduced image quality since resolution
becomes smaller as focus size increases. In the partial defo-
cusing imaging sequence the beam is focused at the desired
focal length and steered across the field of view. The partial
defocusing sequence is similar to the standard sequence, but
the size of the focus is bigger, thus decreasing the number of
transmits required to illuminate a given area.

[0095] In another embodiment, an imaging technique con-
sists of creating multiple foci for each transmit as shown in
FIG. 8. The beam is focused at multiple angles, thus creating
multiple beam lines in parallel to permit simultaneous acqui-
sition of multiple beams 206A and 206B. It can be imple-
mented different ways and is easily understood with an
example; assuming three foci are desired. Firstly, itis possible
to create three foci by sending three pulses on each element.
The pulses have to be delayed by the amount of time needed
to reach the different foci spots. This may be implemented on
a scanner configured to transmit multiple pulses per element.
In addition, equation 9, the well-known Fraunhofer approxi-
mation, shows that the pressure field is the Fourier transform

of the pressure at the aperture.

P ™ & {Pogerue} ©
[0096] Another embodiment creates multiple foci through
the application of an appropriate apodization function. FIG.
7B illustrates a variation of the embodiment of FIG. 8§ in
which multiple partially defocused transmit beams 208, 210
are emitted in parallel.

[0097] FIG. 7C shows another embodiment in which pairs
of broad (defocused) transmit beams are used to acquire
motion data as pairs 270A, 270B; 270C, 270D; 270E, 270F,;
270G, 270H; 2701, 270]; and 270K, 270K. The pairs are
interspersed among focused beam trains 271A, 271B, 271C,
271D, and 271E which in combination form a single image
frame.

[0098] In evaluation experiments, four transmit patterns
(focused, flash, partial defocusing and multi-foci) were
implemented in combination with TUAS on an ultrasound
scanner as follows for purposes of experimental evaluation:
the embodiment of FIG. 7C may, as described with reference
to FIG. 6C be used to provide arbitrary number of motion
estimates per image frame using partially defocused transmit
beams. The motion estimates may be used to increase the time
resolution of motion estimation changes as well as to improve
interpolation of image data acquired using the focused beams.
[0099] For the focused pattern, a conventional focusing
method was used using suitable delays as in conventional
beamforming. For the flash pattern, the delays in transmit
were not set to zero. For the experiment, using a phased array,
the field of view would have been too small if the wavefront
was parallel to the probe. A diverging beam was used instead
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of the conventional approach with a larger probe. In the
present approach, the focus was located behind the probe at a
distance z=(d/2)/tan(r/4), where d is the size of the aperture.
[0100] For the partial defocusing example, the beam was
focused following the conventional method, but an apodiza-
tion window narrowing the aperture was used to increase the
size of the focus. Several windows were implemented (rect,
Hanning, Tukey, Blackman).

[0101] For the multiple focus example, in the same way as
for the partial defocusing method, the beam was focused
while applying an apodization window. The duality property
of the Fourier transform shows that taking two Fourier trans-
forms in a row results in inverting the input function and
scaling it by a factor 2.

10 Fo) (10)
F(5) S 2af-0) (11)

To obtain three foci, a function whose Fourier transform has
three distinct peaks was used, a Battle wavelet (FIGS. 9A to
9B). The Battle wavelet is shown in FIG. 9A, its Fourier
transform which serves as the apodization function in FIG.
9B, and the Fourier transform of the apodization function
predicts the pressure field at the focal distance in FIG. 9C.
[0102] The example embodiments were tested using an
ultrasound system that could store signals for each transducer
in the array separately. For a 64 element phased array, this is
64 times the data compared to a conventional ultrasound
system. Image depth for sampling was set to 12 cm. A tissue
mimicking phantom was used which produced strain and
motion using a pulsatile flow of water. The phantom was
placed in a water tank which was filled to provide coupling. A
2.5 MHz phased array was used.

[0103] The image reconstruction is completely indepen-
dent of the apodization function, so the same method was
applied for each sequence. A pixel-based method was used
instead of a conventional reconstruction where a line is com-
puted by summing the data of each element over time. The
pixel-based reconstruction computes the value of each pixel
by summing only the RF data contributing to image the spe-
cific location. Contrarily to a conventional method where
each line is computed by applying one set of delays to the RF,
the pixel-based reconstruction applies different sets of delays
for each pixel. Assuming the axis convention shown in FIG.
10 (A set of time delays is computed for each pixel based on
the time needed for a wave to travel back and forth) and a
constant speed of sound through the medium, the value of the
pixels are given by

2 e RE (K10, 5,2))dk

where (x, z) are the coordinates of the pixel wanted and
t(k,x,z) is the time needed for a sound wave to travel back and
forth from the point (x,z) to the element k on the probe. This
reconstruction technique has been described for a flash
sequence and adapted for our specific cases. A reconstruction
was done for each transmit resulting in one sub-frame per
transmit.

[0104] Displacements were estimated using a fast cross-
correlation technique. 2D motion (axial and lateral) was esti-
mated using a 1D kernel (5.0 mm) in each direction. There
was a 80% overlap in the axial direction. In the lateral direc-
tion, the RF signals are interpolated along the lateral direction
of the ultrasound beam to perform sub-beam lateral displace-
ment estimation. Displacement maps were obtained after a
two-steps process: firstly, displacements were estimated
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between sub-framesiand i+N, for [i=1, 2,3, ..., N-1], where
N is the number of transmits used to image the complete field
of view. The indexes and N+i correspond to the sub-frames
reconstructed with the same transmit angle. Secondly, the
displacement maps between two frames were computed as
the sum of the N-1 maps previously obtained. Strains were
computed as the spatial derivative of the displacements.
[0105] Laboratory tests showed that the partial defocusing
and multi-foci methods could be used to estimate displace-
ments. Both techniques created artifacts on the B-mode, but
did not lead to any significant consequences on the displace-
ments. The focused, partial defocusing, multi-foci and flash
methods were implemented on the ultrasound scanner. Raster
scans were performed in order to characterize the beam pro-
files and to assess a safety limit specific for each method. All
the imaging techniques were tested in a phantom study and
have shown to be capable of providing promising and coher-
ent strain maps of a moving phantom.

[0106] In experiments with a canine heart, imaging
sequences used a global frame rate of 131 Hz, a local frame
rate of 418 Hz and 12 transmits per frames. The flash
sequence was as described above. RF data were acquired as
described above. The partial defocusing method was co-reg-
istered with cardiac mapping for comparison.

[0107] A pixel-based reconstruction was performed fol-
lowed by displacement and strain estimation. The latter
allowed the computation of isochronal maps of the electro-
mechanical wave. On both isochrones, a wave propagating
from the earliest activation point to the base and to the apex is
clearly visible. Also, the last segment to be activated was the
basal septum. The electrical activation times were compared
with the onset of the EW at the approximate location of the
electrodes.

[0108] A strong correlation was found between the isoch-
rones of both techniques. This result demonstrates that the
imaging technique implemented was suitable for EWI allow-
ing an isochronal map to be obtained that was highly corre-
lated with the measurements made with the cardiac mapping.
The experiment was performed over a single heart cycle
showing that the new imaging technique could replace com-
posite imaging which requires multiple cycles and repeating
motion.

[0109] In further experiments, axial displacements were
estimated at a 500-Hz motion-estimation rate in both cases
and at a 2000-Hz and 137-Hz motion-sampling rates in flash
and wide beams sequences, respectively. A 1D cross-correla-
tion algorithm of RF signals reconstructed at 20 MHz in a
phased array configuration was used. The window size was
4.60 mm and the overlap 90%. The heart was segmented
using an automated contour tracking technique. The incre-
mental axial strains were estimated with a least-squares
method and a kernel size of 10.7 mm. The strains were then
overlaid onto the B-mode image acquired immediately fol-
lowing the flash sequence. Finally, isochrones were con-
structed as in previous studies.

[0110] The wide beam sequence was used in an open-chest
animal and correlated with the electrical activation sequence
during pacing from the apical region of the lateral wall. The
heart was imaged in the four-chamber view, but with the
ultrasound probe positioned parasternally. In that view, acti-
vation results mostly in thickening of the tissue (since the
ultrasound beam 1s aligned with the radial direction of the
heart). EWI shows activation originating from the apical
region of the lateral wall, followed by the activation of the
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right-ventricular wall and finally by the septum. Correspond-
ing EWT isochrones reflected this behavior. The EW and the
electrical activation mapped using the basket catheter were
highly correlated. A slope of 1.31 (R2=0.99) was obtained
between the electrical activation and the EW onset.

[0111] EWTI at 2000 fps was then performed in a standard
apical four-chamber view in a normal, conscious canine dut-
ing sinus rhythm using the flash sequence. In that view, the
EW is expected to mostly result in shortening (negative
strains) of the tissue, since the ultrasound beam is aligned
with the longitudinal direction of the heart. During sinus
rhythm, the natural pacemaker is the sinus node, located in the
right atrium. Signals are generated spontaneously at the node,
travel through the atrium (during the P-wave), to the atrio-
ventricular node, the bundle of His and finally the Purkinje
fiber network and the ventricular myocardium (during the
QRS complex). Complex activation patterns are expected
when imaging the ventricles, since activation will originate
from multiple locations following the Purkinje fiber network.
It was confirmed that the EW follows such a pattern. The EW
originated from the right atrium and propagated towards the
left atrium. Between the P- and the Q-wave on the ECG, little
or no propagation is observed. During the QRS complex,
activation originating from multiple sources, located for
example at the mid-level of the septum, high on the lateral
wall and near the right apex are observed. These results are in
accordance with previous studies of the normal electrical
activation of the heart and with previous studies using EWI
with ACT.

[0112] The same animal was then imaged during pacing
from the right ventricle after the ablation of the atrio-ventricu-
lar node. In that case, the electrical activation of the atria and
the ventricles are dissociated, i.e., the activation of the sinus
node do not necessarily results in the activation of the ven-
tricles. This phenomenon was observed on an ECG trace,
where multiple P-waves without a following QRS complex
were observed. During the P-wave, the EW was initiated from
the right atrium and propagated in the left atrium. This was
expected, since the atria are still driven by the sino-atrial node
as during sinus rhythm. During the QRS complex however,
activation was triggered by the pacemaker located near the
apex of theright ventricle. Therefore, the EW was expected to
propagate from the right ventricle near the apex towards the
other regions of the heart. EWT displayed such a pattern: the
EW originated near the right ventricular apex and propagated
towards the septum and the lateral wall.

[0113] The feasibility of flash- and wide-beam acquisition
types for EWT in a full view of the heart were experimentally
evaluated and confirmed. Experiments were first conducted
in open-chest canines to allow for simultaneous cardiac elec-
trical mapping using a basket catheter and confirming that a
high correlation between EWT and cardiac mapping is main-
tained when using new transmit sequences. Then, experi-
ments were conducted in a closed-chest setting In these
canines, EWI was performed both during sinus rhythm and
during right-ventricular pacing following atrioventricular
dissociation, i.e., a non-periodic rhythm. EWI performed in a
closed-chest setting while respecting the Food and Drug
Administration standards is more prone to artifacts originat-
ing from reflections, e.g., from the rib cage, and thus similar
to the clinical setting. Therefore, this study indicates that
flash- and wide-beam EWI can be applied in humans and
permits the study of irregular arrhythmias in patients.
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[0114] FIG. 11A shows an example of a temporally uneg-
uispaced acquisition in 3D. The principles are applicable to
estimation of motion in 1D and 2D along any axis of set of
axes. A reference region 401 is first illuminated, in this case,
by four beams 402 and echoes acquired to form a reference
frame. Subsequently, a short time later, a comparison region
403 in the same plane is illuminated by, in this case, nine
beams and the echoes acquired to form a comparison frame.
The projection of beams 402 and 404 are shown at 406 and
408 respectively. The beams in the reference and comparison
regions are recorded at the same axial depth, though are
separated in the axial direction in figure for the sake of clarity.
The time of transmit and acquisition of echoes of each beam
is shown in FIG. 11B with each line numbered 1-4 and 1-9
indicating a corresponding beam as in FIG. 11A. This tech-
nique can be applied in either 1-D, 2-D, or 3-D estimations.
The comparison beams 404 are arrayed around a respective
one of reference beams 402 a spacing (s,) and number such
that an expected magnitude of displacement in the lateral and
azimuthal directions may be detected. If only axial displace-
ment is to be detected the reference and comparison beams
canbe arranged collinearly. In addition there may be different
numbers of reference and comparison beams.
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consecutively so that the time between them is minimal and
therefore they can best approximate transmission at a single
instant of time. Using an index, a single principal line and a
block of three lines could be designated i1, 12, i3, and i4.

[0118] Inthe case of 12 lines (i1 to 112) consisting of three
blocks and three PLs, the lines can be arranged in 12! possible
sequences. The possible arrangement will be reduced to sat-
isfy two constraints mentioned above and restated here:

[0119] Constraint 1: 14, 15, 16 must be consecutive, as
well as i7, i8 and 19 together and 110, 111 and 112
together.

[0120] Constraint 2: The second constraint is that the
time between il and 14, 12 and 17 and i3 and 110 must be
equal to ensure same motion estimation rate in each
sector. The sequencing problem can be described as one
of placing 3 PLs into 12 possible spaces each corre-
sponding to a beam transmit time. Below, each under-
score represents a possible space where there can be a
PL. Between two blocks there canbe 0, 1,2 PLs, because
constraint 2 eliminates 3 PLs being together so the prob-
lem is locating the PLs into the spaces indicated by
numbered spaces below.

block block block

4 5 6 7 8 9 10 11 12 13 14 15 16 17

[0115] Referring to FIG. 12A, a larger region may be
scanned by illuminating and acquiring multiple sets of refer-
ence 420 and comparison 422 regions rather than illuminat-
ing the entire global region 430 at once using the same TUAS
technique as described above with reference to axial displace-
ment estimation. The example TUAS sequence is depicted for
three regions. Note that the reference and comparison regions
are at the same axial depth, though are separated in this figure
for clarity. The amount of time between the acquisition of a
reference region and its corresponding comparison region
may remain constant. A time graph of the sequence is shown
in FIG. 12B. The bars 430, 431, and 432 bracket complemen-
tary pairs of regions 420 and 422. It is evident that a region
may be scanned in interleaving steps. FIG. 12B shows the
time is constant between the three separate regions. This
technique can be applied in 1-D, 2-D, or 3-D estimations.
[0116] With regard to the scanning of reference and com-
parison regions, it may be desirable for motion estimation
interval T,,, to be constant and as close as possible to an
optimum (See FIGS. 5A-5C and discussion) because a small
T,,. will generate a noisy motion estimation and a large T,
will result in poor inter-frame correlation as a result of the
deformation of structures. Assuming this and also the require-
ment that any group of beams must be acquired sequentially,
which is the case for most ultrasound scanning systems in
which the ultrasound signals are not multiplexed, though this
is not an absolute requirement and the following may be
adjusted for systems where beams can be transmitted simul-
taneously.

[0117] In the 1D, 2D, and 3D embodiments and embodi-
ments where lateral (or non-axial) motion estimation is to be
done, each reference beam (which will be called a principal
line or PL) uses a group of beams (which will be called
blocks) that are transmitted after an interval of T, .. It is
assumed that the members of the blocks will be transmitted

The potential positions for the PLs are: 1, 2, 6,7, 11, 12, 16
and 17 since the blocks occupy {3,4 and 5}, {8, 9and 10} and
{13, 14 and 15}. The first index of each block is: 3, 8, and 13.
[0121] Themethod now described is a constructive method
that provides at least one sequence of the given number of
sectors. The method may not be the only solution. For an odd
number of PLs the PLs are placed every 4 positions starting
from 1 (example: 15 9 and 13, which leaves {2, 3, 4}, {6, 7,
8},{10,11,12}, {14,15, 16} for the blocks). To maximize the
distance between one PL and the block of its sector while
fulfilling the requirement of constraint 2, the process is as
shown in FIG. 37.

[0122] Divide the motion estimation rate by 10-1=9. Foran
even number of PLs place the PLs every 4 positions starting
from 1 until half of the total number of positions are reached
and then place PLs every 4 positions starting from the last
possible index until half of the total number of positions is
reached. For example: 1, 5, 9, 24, 20, and 16, leaves {2, 3,4},
16,7,8},{10,11,12},{13,14,15},{17,18,19},and {21,22,
23} for the blocks. Then maximize the distance between one
PL and the block of its sector while fulfilling the requirement
of constraint 2. Here the motion estimation rate is divided by
13-1=1. (See FIG. 38.)

[0123] So in a class of embodiments, a single temporal
sequence of spatially separated ultrasound transmission
beams is ordered in time in the following manner. A fraction
of the beams are principal beams and the remaining are
divided among the principal beams, two, three, four or more
to each principal beam, each of these being called a “block.”
Each principal beam is separated in time from its respective
block by a fixed time interval. All the beams of a given block
are temporally adjacent one another. Each principal beam is
separated from the members of its corresponding block by a
predefined distance (or the distance may vary by region of the
target structure or time depending on an expected rate of
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motion). Since the beams in a block are not temporally coin-
cident, the time difference between a principal beam and its
corresponding block is the time difference between one of its
members and the principal beam. The predefined distance is
selected responsively to the rate of movement of the target
structure and the fixed time interval such that an axial pattern
imaged by the reference beam will be identifiable the fixed
time interval later (or prior) in an image from at least one of
the members of the corresponding block.

[0124] In other embodiments, at a first time, the system
transmits a reference beam and subsequently transmits cor-
responding comparison beams where each comparison beam
is spatially separated from the reference beam within a range
of displacements around the reference beam, the range of
displacement being responsive to a predicted rate of displace-
ment and the time interval T, (a predefined interval) between
the reference and one of the comparison beams. At a second
time, multiple reference beams are transmitted which are
spatially separated from another reference beam (the another
reference beam not yet being transmitted at the second time)
within a range displacements which are also responsive to the
predicted rate of displacement and the time interval T,
between one of the comparison beams and the reference
beam. After the second time, the corresponding reference
beam is transmitted, which is located spatially in the middle
of, or at least adjacent, the comparison beams. In embodi-
ments, the comparison beams corresponding to the reference
beam are temporally adjacent (i.e., they are transmitted
together without any other beams being transmitted tempo-
rally between them). So essentially what this is saying is that
sometimes the reference beam of a reference beam-compari-
son beam block pair will be transmitted in that order and
sometimes they will be transmitted in reverse order.

[0125] FIG. 14 shows an ultrasound system 301 including
one or more ultrasound probes 310, a driver/data acquisition
element 312, a processor 314, and a user interface and display
element 316. The driver/data acquisition element 312 and a
processor 314 communicate with a data store 318 for raw
ultrasound signal data, reduced data such as images, image
sequences, and motion estimation data, and sofiware. The
ultrasound probe 310 may include multiple probes that are
used simultaneously (frequency encoded, for example) or a
kit of probes that are used at different times. Also the ultra-
sound probe 310 may be a combined probe with multiple
heads that are automatically driven at different times such as
flash sequence probe and a phased array probe combined as a
unit that can generate both flash pulses and focused beams for
combined scans, for example as discussed above with refer-
ence to FIGS. 6B and 6C. The system 301 is figurative and it
should be clear based on the state of the art in digital data
acquisition and control systems that any of the elements of the
system 301 may include one or more components for each
function or the functions combined into combined elements.

[0126] FIG. 13 shows a process 280 for generating a dis-
play which runs in parallel with a process 282 for acquiring
sample data which is passed by a data store or transfer channel
to the process 280. At S10, parameters of the scan are dis-
played on the user interface and selected. For example, the
parameters may be displayed on a touch screen and selected
by touch. Alternatively names profiles may be stored and
provide grouped selections. The parameters that may inde-
pendently on a per session or per profile basis may include the
following or equivalents.
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[0127] Type of scan (TUAS narrow beam, TUAS broad
beam, Flash with B-mode, etc.)

[0128] T, —the temporal spacing of ultrasound image
frames.
[0129] T, —the temporal spacing of motion/strain esti-

mation frames.
[0130] s,—the spacing of comparison region lines from
corresponding reference region lines.
[0131] Number of beams.
[0132] Virtual origin of diffuse beam approximation of
flash (if phased array used to generate).
In addition, conventional parameters of ultrasound may also
be chosen as well as any other parameters of the embodiments
described herein.
[0133] At S12, a first subframe or flash acquisition is made
and at S14 a second subframe or flash acquisition is made.
One or more focused beam acquisition may occur between
the flash acquisitions if flash mode embodiments are being
performed. The steps are repeated as indicated by the ellipses
S19 and S22, S24 while in the contemporaneous process 280,
the acquired data is processed into images and motion data in
S16, S18 and displayed S20. The processing of process 280
may take advantage of delays in process 282 or may employ
hardware and I/O and data storage subsystems and techniques
to permit completely independent execution of S280 and 282.
As aresult, real time or near real time display of anatomy and
motion data may be provided.
[0134] Inall of the disclosed embodiments where transmit
focused or partially focused beams are used, the ultrasound
images can be generated from stored data received at all
transducers in an array (2D or 3D) of the ultrasound probe
from a wide or flash beam transmit using known signal pro-
cessing techniques under the general category of receive
beam forming. Thus additional embodiments can be gener-
ated from the above disclosure by making this change in the
structures and methods.
[0135] FIGS. 17A, 17B, and 17C show alternative varia-
tions of the beam layouts of FIGS. 11A, 11B, and 12A, 12B
for lateral strain estimation in 3D. In FIG. 17A, the principal
beam 502 has a block 504 of 9 beams with one beam collinear
with it. The plan view is shown at 492. In FIG. 17B, the
principal beam 502 has a block 506 of 5 beams with one beam
collinear with it. The plan view is shown at 494. In FIG. 17B,
the principal beam 502 has a block 508 of 5 beams with one
beam collinear with it. The plan view is shown at 494. These
three layouts can be modified by the removal of the collinear
beam to form new embodiments. These figures are included
to highlight that various beam layouts are possible.
[0136] FIGS. 17D and 17E illustrate a 2D arrangement for
lateral strain estimation that was validated by experiment.
The acquisition was of a canine heart using flash 528
sequences with the receive beams 630 indicated for illustra-
tion. The beamforming can be done using stored data and was
done that way in the validation experiment. The frequency of
flash transmits was 2000 Hz. Four flash transmits are shown
but 4000 were generated over the 2 sec. cycle of the data
acquisition. Each flash is used to generate a principal beam
which is compared to block of beam formed from a flash
1/500 sec. removed and this is repeated for the nearly 4000
flash pulses for which it is possible.
[0137] In the experiment, images were acquired using a
phased array probe with 64 elements. Images were acquired
at 2000 fps during 2 sec. interval followed immediately by the
acquisition of a 128 line, 30 fps, B-mode image over 1.5 s. An
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electrocardiogram (ECG) was acquired simultaneously. RF
signals were reconstructed from the element data in a pixel-
wise fashion. As mentioned, lateral displacements were esti-
mated at a 500 Hz motion-estimation rate and at a 2000
motion-sampling rate.

[0138] Theincremental lateral displacements that occurred
from end-diastole to end-systole were integrated to obtain the
cumulative lateral displacement. For each pixel, appropriate
registration between consecutive displacement images was
performed in order to ensure that the cumulative displace-
ment depicted the motion in the same myocardium region.
The cumulative lateral strains were estimated from the cumu-
lative lateral displacements with a least-squares method and a
kernel size of 10.7 mm. The strains were then overlaid onto
the B-mode image acquired immediately following the flash
sequence to generate a display sequence which was reviewed
with the following observations.

[0139] The cumulative lateral strain showed that during
systole, the left and right segments of the myocardium exhibit
lateral lengthening, while the top and bottom segments show
slight lateral shortening. These results show the feasibility of
lateral tracking in a canine myocardium.

[0140] In all of the foregoing embodiments, the motion
capture and estimation is not limited to tissue structures such
as muscle. The velocity of fluid such as blood can be captured
using the higher rate data. The flow of blood in the ventricles
may be simultaneously captured along with motion such as
the electromechanical wave. The user interface may allow a
selective display of the fluid (e.g. Blood) data and other tissue
as illustrated in FIGS. 15A through 15C. In FIG. 154, dis-
placement contour or color maps (regions indicated by 330,
332, 334) for non-fluid tissue structure (such as myocardium)
are shown in an image sequence. One or more controls may be
actuated to switch to motion data display of fluid near or
within the tissue stricter 354 in a further display of FIG. 15B
(showing, for example, velocity contour map regions 340,
342) or combined in FIG. 15C.

[0141] FIG. 16A illustrates a spatially unequispaced trans-
mit beams, which may be focused or unfocused. The embodi-
ment increases the local beam density. This may be used to
spend the line density budget where it can provide the most
benefit. For example, it may be known a priori or through a
prior registration imaging cycle, that the motion to be imaged
occurs at particular regions. These regions can be imaged
with high beam density and surrounding regions may be
imaged with lower line density. For example, the progress of
EW in myocardium may be known or determined from prior
imaging and used to change the beam density during a cardiac
cycle so as to improve the relevant image. Also this may
permit high temporal resolution by permitting a smaller line
count to be used. An another alternative, the beams are
expanded and focused variably over a single scan in a manner
similar to FIG. 7C embodiments, but responsively to the
locations where spatial resolution is needed. For example,
low resolution requirement regions are scanned with broad
transmit beams and high resolution requirement regions with
narrow beams. In FIGS. 16A and 16B, the beams are indi-
cated by number indicating the timing of the beam in a
sequence. FIG. 16B shows a special case of the embodiment
of FIG. 3 in which the beams are scanned twice in a row to be
used for motion estimation.

[0142] Inall of the foregoing embodiments, various meth-
ods devices and systems are described at least for addressing
the problems of EWI. In EWI, inter-frame motion (or, dis-
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placement) is estimated axially via cross-correlation of con-
secutive RF frames. From the displacements, one can then
obtain the inter-frame strains (or, strains) depicting the EW by
applying gradient operators on the displacement field. How-
ever, the heart is an organ that undergoes significant three-
dimensional motion and large deformations, which both lead
to the decorrelation of the RF signals and thus to the degra-
dation of the motion and deformation estimation accuracy.
Increasing the imaging frame rate reduces these effects. How-
ever, imaging at high frame rates over a large field of view and
at high resolution constitutes a technical challenge which is
addressed by the present technology.

[0143] Inany of the foregoing embodiments, the data han-
dling burden may be limited by scanning at a specific point in
acyclical event, such as a cardiac cycle. This may be done by
scanning for a few cycles and then predicting the next cycle
start and end times and controlling the ultrasound acquisition
to begin and end within those times.

[0144] In many of the foregoing embodiments, the
sequence of the transmit beams is such that spatially adjacent
beams are transmitted consecutively.

[0145] In many of the foregoing embodiments, the
sequence of the transmit beams is such that scanned beams
(beams other than flash) are repeated for each frame. How-
ever, it will be clear that this is not a requirement in that beams
thatare close to, but not coincident with, prior beams, can still
be used to generate images that can be compared to generate
motion estimates and image sequences. Thus, all of the fore-
going embodiments may be modified such that beams making
up mini-frames and partly defocused beams may be aimed
differently even for those forming a pair to be compared for
motion estimation. For example, transmit beam 270A and
270B in F1G. 7C may be shifted spatially (angle-wise) rela-
tive to each other, within limits.

[0146] According to embodiments, the disclosed subject
matter includes an ultrasound system for imaging a target
structure that moves or deforms with time. The system
includes an ultrasound imaging device configured to image at
a spatial resolution and sample a predefined field of view no
faster than a frequency 1/T,,,. The target structure is one
which moves or deforms such that relative displacement of
portions of the target structure of a size equal to the inverse of
the spatial resolution are substantially uncorrelated at time
intervals greater than a time interval T .. The target structure
is also one where relative displacements propagate over time
scales many times greaterthanT,,_  where T, is much smaller
than Tms. The system has a controller configured to control
the ultrasound imaging device to image the target structure at
afrequency of 1/T,,, and to capture relative displacement data
responsive thereto. The controller is further configured to
generate an image sequence representing the field of view in
which the relative displacement data is shown on the image
sequence.

[0147] The controller may be configured to acquire mul-
tiple first image frames consecutively in time which first
image frames are smaller than the field of view. The controller
may further be configured to assemble first image frames to
form second image frames spanning the field of view.
[0148] According to embodiments, the disclosed subject
matter includes method for estimating properties of motion of
abody structure. The method includes directing at least a first
ultrasonic beam into a first angular sector of the body struc-
ture. The method further includes directing at least a second
ultrasonic beam into a second angular sector of the body
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structure. The method further includes directing at least a
third ultrasonic beam into the first angular sector of the body
structure prior to the directing at least a second ultrasonic
beam into the second angular sector of the body structure. The
method further includes detecting motion of the body struc-
ture in the first angular sector by detecting a magnitude of a
displacement of a portion of the body structure occurring
between return echoes from the at least a first ultrasonic beam
and the at least a third ultrasonic beam.

[0149] According to embodiments, the disclosed subject
matter includes a method for estimating properties of motion
of a body structure. The method includes directing a first at
least three ultrasonic beams into respective angular sectors of
the body structure, the angular sectors combining to span a
field of view of an ultrasonic transducer, wherein the beams
are separated by at least first and second angular intervals so
that the angular beam density varies over the field of view.
The method further includes repeating said directing for a
second at least three ultrasonic beams and receiving return
echoes from the first and second at least three ultrasonic
beams. The method further includes detecting motion of the
body structure by detecting a magnitude of a displacement of
a portion of the body structure occurring between the return
echoes from the at least three ultrasonic beams.

[0150] According to embodiments, the disclosed subject
matter includes a method for estimating properties of motion
of a body structure. The method includes generating a refer-
ence ultrasound scan of region of the body structure at a
selected axial depth using a pattern of first beams distributed
over a first angular range and directed at respective first
angles. The method further includes generating a comparison
ultrasound scan of the region of the body structure at the
selected axial depth using a second pattern of beams distrib-
uted over substantially the first angular range and directed at
respective second angles. The first angles and the second
angles are non-collinear. The first angles may be distributed
over solid angular ranges. The first and second angles may be
distributed over solid angular ranges. The first angles may lie
between respective ones of the second angles.

[0151] According to embodiments, the disclosed subject
matter includes a method for estimating properties of motion
of a body structure. The method includes generating a first
reference ultrasound scan of a region of the body structure at
aselected axial depth using a pattern of first beams distributed
over a first angular range and directed at respective first
angles. The method further includes generating a first com-
parison ultrasound scan of the region of the body structure at
the selected axial depth using a second pattern of beams
distributed over substantially the first angular range and
directed at respective second angles. The method further
includes generating a second reference ultrasound scan of
region of the body structure at a selected axial depth using a
pattern of first beams distributed over a second angular range
and directed at respective third angles. The method further
includes generating a second comparison ultrasound scan of
the region of the body structure at the selected axial depth
using a second pattern of beams distributed over substantially
the second angular range and directed at respective fourth
angles. The first, second, third, and fourth angles are non-
collinear.

[0152] Thefirst angular range may be a solid angular range.
The first and second angular range may be a solid angular
range. The first angles may lie between respective ones of the
second angles.
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[0153] According to embodiments, the disclosed subject
matter includes a method for estimating properties of motion
of a body structure including directing, into the body struc-
ture, first and second broad ultrasound beams in respective
first and second transmit events. For each of the transmit
events, the multiple receive beams may be formed to form
first images of said body structure at first and second times.
The method further includes generating motion information
by comparing the first images. The method further includes
generating first and second ultrasound image scans using
focused beams generated by first and second sets of transmit
events. The first and second transmit events and the first and
second sets of transmit events all occur during a single motion
event of said body structure.

[0154] The single motion event may be induced by an elec-
tromechanical wave in a heart muscle. The first set of transmit
events may occur at a time between the first and second
transmit events. The first and second transmit events and the
firstand second sets of transmit events may have substantially
the same spatial scope. The method may also include gener-
ating a B-mode image responsively to the first and second
ultrasound scans and overlaying motion data resulting from
the step of generating motion information. The method may
further include generating a B-mode image sequence respon-
sively to the first and second ultrasound scans and overlaying
motion data resulting from the step of generating motion
information.

[0155] According to embodiments, the disclosed subject
matter includes a high frame rate ultrasound image acquisi-
tion method. The method includes generating waveforms
with respective time delays and respective apodization
weightings determined to cause selected transducer elements
of a transducer array to transmit respective transmit beams
along corresponding transmit beam paths toward a body
structure to be imaged during a first transmit event such that
the first transmit event is distributed over a first portion of a
field of view. This is followed by transmission of respective
transmit beams along corresponding transmit beam paths
during a second transmit event distributed over a second
portion of the field of view. The method includes acquiring a
first plurality of spatially separated beam lines at selected
transducer elements during a first receive event subsequent to
said first transmit event along corresponding receive beam
paths, and acquiring a second plurality of spatially separated
beam lines at selected transducer elements during a second
receive event subsequent to said second transmit event along
corresponding receive beam paths. The first plurality of spa-
tially separated beam lines are acquired multiple times in
succession before acquiring the second plurality of spatially
separated beam lines.

[0156] According to embodiments, the disclosed subject
matter includes a method for estimating properties of motion
of a body structure using ultrasound. The method includes
directing a first beam into the body structure, directing mul-
tiple second beams into the body structure, where a and b are
repeated in the sequence: at least two a) events followed by at
least one b) event which sub-sequence is repeated multiple
times with each sequence is the same or different from other
sequences, from multiple a) events, estimating the displace-
ment of anatomical portions of'said body structure to generate
at least first motion estimates from echoes of the first beams.
from multiple b) events. The method further includes estimat-
ing at least the relative positions of anatomical portions of
said body structure from echoes of said second beams over
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time to generate images of said body structure, and combin-
ing the images and first motion estimates to form a display
indicating motion within the body structure.

[0157] The first beams may be wider than the second
beams. The first beams may be parallel beams. The first
beams may be single pulses spanning a field of view of the
body structure.

[0158] According to embodiments, the disclosed subject
matter includes a method for estimating properties of motion
of a body structure using ultrasound, comprising: generating
a first beam aimed a first fraction of a field of view of the body
structure. The method includes receiving multiple beams
from a received echo to generate a first image frame. The
method further includes generating a second beam aimed the
first fraction of the field of view of the body structure. The
method further includes receiving multiple beams from a
received echo to generate a second image frame. The method
further includes comparing the first and second frames and
generating motion estimates from a result of the comparing.
The method further includes repeating the foregoing gener-
ating and receiving while aiming the firstand second beams at
a second fraction of the field of view to generate successive
image frames covering the entire field of view. The method
further includes combining the motion estimates and succes-
sive image frames to generate an output signal indicating
tissue deformation in said body structure as well as the move-
ment of anatomical features of said body structure.

[0159] The output signal may represents a video sequence.
The combining may include compensating gross motion
information represented in the successive image frames.
[0160] According to embodiments, the disclosed subject
matter includes a method for estimating properties of motion
of a body structure using ultrasound, comprising: generating
a first beam aimed at the body structure. The method includes
receiving multiple beams from a received echo to generate an
image frame. The method includes repeating the foregoing
generating and receiving to generate successive image frames
covering the entire field of view. The method further includes
cross-correlating the image frames to generate motion esti-
mates. The method further includes combining the motion
estimates and the successive image frames to generate an
output signal indicating tissue deformation in said body struc-
ture as well as the movement of anatomical features of said
body structure.

[0161] According to embodiments, the disclosed subject
matter includes a method for estimating properties of motion
of a body structure using ultrasound. The method includes
generating a first and second beams simultaneously from a
first ultrasound transmission and focused at first respective
regions of the body structure. The method further includes
generating a third and fourth beams simultaneously from a
second ultrasound transmission and focused at second
respective regions of the body structure. The method includes
receiving echos to generate an image frame from the forego-
ing generating. The method further includes repeating the
foregoing generating and receiving to generate successive
image frames covering the entire field of view and cross-
correlating the image frames to generate motion estimates.
The method further includes combining the motion esimates
and the successive image frames to generate an output signal
indicating tissue deformation in said body structure as well as
the movement of anatomical features of said body structure.
[0162] According to embodiments, the disclosed subject
matter includes a method for estimating properties of motion
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of a body structure using ultrasound. The method includes
imaging a field of view in multiple sectors, the images for
each sector being taken sequentially at first frame rate. The
method further includes reconstructing a composite image of
the entire field of view by appending the images for each
sector together, estimating motion corresponding to the first
frame rate from the images for respective sectors and com-
bining with the composite image.

[0163] Themethod may further include repeating the imag-
ing and reconstructing to form a composite image sequence.

[0164] In any of the disclosed methods, the motion esti-
mates may include axial displacement magnitude. Also, in
any of the disclosed methods, the image frames may include
phase information and the motion estimation may be gener-
ated by comparing phase information of the reflected ultra-
sound.

[0165] According to embodiments, the disclosed subject
matter includes an ultrasound method for acquiring sequen-
tial images of a target sample that moves in a unique pattern
over an interval of a single movement cycle, the method being
for constructing an image sequence of fractional image
frames from a plurality of beam lines. The beam lines are
spatially separated from each other. The method includes
varying an acquisition order of multiple beam lines, a beam
line size, and/or a shape of a beam focus over the interval of
the single movement cycle to acquire successive fractions of
the movement cycle during the single movement cycle.

[0166] The varving the acquisition order may include:
dividing an image frame into a plurality of image frame
sectors, sequentially imaging the image frame sectors over
multiple frames, and combining the acquired image frame
sectors to obtain a complete image of the target sample.

[0167] The varying the acquisition order may include
acquiring a plurality of lines in a first region of the target
sample before acquiring lines from an adjacent region
thereby increasing locally the line density (i.e., temporally-
unequispaced acquisition sequences (TUAS)). The varying
the acquisition order may include acquiring the same linein a
target region before the end of a frame acquisition, thereby
reducing the time between consecutive lines (i.e., temporally-
unequispaced acquisition sequences (TUAS)). The varying
the acquisition order may include acquiring a plurality of
lines in a first region of the target sample before acquiring
lines from an adjacent region thereby increasing locally the
line density and acquiring the same line in a target region
before the end of a frame acquisition, thereby reducing the
time between consecutive lines (i.e., temporally-unequis-
paced acquisition sequences (TUAS)). The varying the size
and/or shape of the beam focus may include transmitting a
limited number of the available beam lines over the target
sample, each transmission including multiple beam lines,
thereby generating multiple focused transmit events scanned
across a field of view (i.e., focused sequences). The varying
the size and/or shape of the beam focus may include trans-
mitting all available beam lines at the same time across the
target sample thereby generating a single transmit event dis-
tributed over a field of view (i.e., plane-wave or flash
sequences). The varying the size and/or shape of the beam
focus may include sequentially scanning spatially separated
beam lines across the target sample while varying the size of
the focus thereby controlling the size of the focus and the
number of lines per transmit (i.e., partially-defocused
sequences). The varying the size and/or shape of the beam
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focus may include generating multiple focus points for each
beam line transmit (i.e., multi-foci sequences).

[0168] According to embodiments, the disclosed subject
matter includes a method of identifying an optimal sequence
acquisition method for electromechanical wave imaging
(EWT) of atarget sample. The method includes (a) performing
an image sequence acquisition on a target sample to recon-
struct an image of the target sample according to any of the
describe methods. The method further includes (b) estimating
axial, lateral, and/or elevational displacements based on the
image obtained from (a), and comparing the results in (b) with
previously generated axial, lateral, and/or elevational dis-
placements. The previously generated axial, lateral, and/or
elevational displacements may be generated at an optimal
frame rate.

[0169] According to embodiments, the disclosed subject
matter includes a system to generate a cardiac activity map of
a target sample. The system has a plurality of electrodes
positioned along a portion of the target sample to detect
electrical activity at respective locations and a measuring
device connected to the plurality of electrodes and configured
to measure potential differences between adjacent electrodes
and generate corresponding data signals. The system further
includes a processing device adapted to process the data
signals received from the measuring device and to generate a
3D electrical activation map based on the processed signals
and a display device to display the generated electrical acti-
vation map.

[0170] Thesystemmay furtherinclude a device for filtering
and amplifying the data signals prior to generating the elec-
trical activation map. The device may include a printed circuit
board. The system may further include a controlling device to
control the pacing of the target sample.

[0171] According to embodiments, the disclosed subject
matter includes a method of imaging a biological tissue. The
method includes capturing at least two successive frames of a
first subsection of the biological tissue. The method further
includes subsequently capturing at least two successive
frames of a second subsection of the biological tissue. The
method further includes generating a still or moving image of
the combined first and second subsections from both the at
least two successive frames and generating motion estimation
data respective to each of the first and second subsections
from the respective at least two successive frames corre-
sponding to the each of the first and second subsections from
acomparisonofthe each of the atleast two successive frames.

[0172] The capturing may include imaging with ultra-
sound.
[0173] According to embodiments, the disclosed subject

matter includes a method of imaging biological tissue includ-
ing using ultrasound to acquire image sequence data repre-
senting motion of the biological tissue at a first frame rate and
also motion information at a second frame rate that is faster
than the second frame rate by scanning each of the respective
subsections of the biological tissue at the second frame rate at
least enough times to produce motion estimation data for the
respective subsection, and scanning multiple subsections in
the aggregate at least enough times for form the image
sequence.

[0174] The method may further include superposing the
motion estimation or data derived therefrom onto an image
sequence captured at the first frame rate. The method may
further include scanning a first subsection twice and scanning
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a second subsection twice, then returning to the first subsec-
tion and repeating. The biological tissue may be a myocar-
dium.

[0175] According to embodiments, the disclosed subject
matter includes a method of imaging a electromechanical
wave by using ultrasound to capture a moving image of a
myocardium at a first frame rate over a single cardiac cycle,
the capturing including scanning to permit the acquisition of
motion estimates from motion estimation frames represent-
ing images of a fraction of the myocardium where a time
difference between the motion estimation frames is shorter
than the inverse of the first frame rate.

[0176] According to embodiments, the disclosed subject
matter includes a method of generating ultrasound motion
information. The method includes scanning multiple A or RF
beam lines to obtain spatial information of a target medium.
The scanning includes scanning beam lines separated by a
first spatial separation over a first spatial scanning range and
separated by a second spatial separation over a second spatial
scanning range to capture a first frame and repeating for
multiple frames to obtain locally higher line density in a first
region of the target medium and lower line density in a second
region of the target medium to capture a first frame and
repeating for multiple frames to obtain locally higher line
density in a first region of the target medium and lower line
density in a second region of the target medium.

[0177] According to embodiments, the disclosed subject
matter includes a method of generating ultrasound motion
information including scanning multiple A or RF beam lines
to obtain spatial information of a target medium, the scanning
including scanning a first beam line a selected number of
times, at least twice in succession, to obtain a higher motion
estimation rate along the first beam line than a frame rate, and
repeating for multiple frames.

[0178] According to embodiments, the disclosed subject
matter includes a method of generating ultrasound motion
information that includes the two foregoing methods in com-
bination.

[0179] According to embodiments, the disclosed subject
matter includes an ultrasound method for acquiring sequen-
tial images of a target sample for reconstructing an image
frame from a plurality of beam lines, the lines is spatially
separated from each other. The method includes acquiring a
plurality of lines in a first region of the target sample before
acquiring lines from an adjacent region thereby increasing
locally the line density.

[0180] According to embodiments, the disclosed subject
matter includes an ultrasound method for acquiring sequen-
tial images of a target sample for reconstructing an image
frame from a plurality of beam lines, the lines being spatially
separated from each other. The method includes acquiring the
same line in a target region before the end of the frame
acquisition, thereby reducing the time between two consecu-
tive lines.

[0181] According to embodiments, the disclosed subject
matter includes a system for mapping transient deformations
of a myocardium resulting from electrical activation (i.e.,
electromechanical wave imaging) within a single heartbeat
using an ultrasound method as in any of the described
method.

[0182] According to embodiments, the disclosed subject
matter includes a system for detecting and characterizing
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periodic and non-periodic cardiac events using electrome-
chanical wave imaging within a single heartbeat using any of
the methods described herein.

[0183] Note that the mentioned non-periodic events may
include arrhythmias, such as fibrillation.

[0184] According to embodiments, the disclosed subject
matter includes a method for mapping transient deformations
of the myocardium within a single heartbeat at an optimal
frame rate, wherein the optimal frame rate includes a frame
rate which is adapted to accurately estimate cardiac deforma-
tions.

[0185] According to embodiments, the disclosed subject
matter includes a method for identifying an optimal frame
rate for electromechanical imaging of the target sample. The
method includes varying a frame rate while maintaining a set
of imaging parameters constant and determining the optimal
frame rate based on an elastographic signal-to-noise ratio.
[0186] According to embodiments, the disclosed subject
matter includes a method for estimating properties of motion
of a body structure using ultrasound. The method includes
scanning the body structure using multiple focused beams
from a phased ultrasound array of transducer elements
according to a predefined sequence. The beams form spatially
adjacent groups. The sequence defines the temporal order in
which the beams are transmitted. The sequence is such that
each spatially adjacent group is transmitted twice a predeter-
mined interval apart before another spatially adjacent group is
transmitted.

[0187] The scanning may be performed using a phased
array of transducer elements. The body structure may be a
myocardium. The method may be applied for body structures
that are myocardium and with no external source of motion
other than the natural motion of the myocardium and the
ultrasound used for scanning is present. The time difference
between the successive transmits used to capture motion esti-
mation data may be selected responsively to an estimate of
image cross-correlation or noise.

[0188] Inany of the disclosed methods, the time difference
between the successive transmits used to capture motion esti-
mation data may be selected responsively to a probabilistic
estimate of signal to noise ratio.

[0189] According to embodiments, the disclosed subject
matter includes a method for estimating properties of motion
of a body structure using ultrasound. The method includes
generating single temporal sequence of spatially separated
ultrasound transmission beams ordered in time. A fraction of
the beams are principal beams and the remaining are divided
among the principal beams, with multiple beams correspond-
ing to each principal beam forming a corresponding block.
Each principal beam is separated in time from its respective
block by a predetermined motion estimation time interval,
wherein the time difference between a principal beam and its
corresponding block is taken as the time difference between
oneofits members and the principal beam. The beams of each
block are mutually temporally adjacent (i.e., generated one
right after the other without any other intervening beams).
Each principal beam is separated from the members of its
corresponding block by a predefined distance.

[0190] The predefined distance may be selected respon-
sively to the rate and variability of the movement of the target
structure and the fixed time interval such that an axial pattern
imaged by the reference beam is identifiable the fixed time
interval later (or prior) in an image from at least one of the
members of the corresponding block. The at least one of the
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blocks may be transmitted before its corresponding principal
beam. The at least one of the principal beams may be trans-
mitted before its corresponding block. The predefined dis-
tance may vary by region of the target structure or time
depending on a predicted rate of motion of the region of the
target structure. The predefined distance may vary by region
of the target structure or time responsively to a predicted rate
of motion of the region of the target structure. The members
of each block may be arrayed in two dimensions around its
corresponding principal beam. The members of each block
may be three in number. The members of each block may vary
in number and average between 2 and four in number.

[0191] According to embodiments, the disclosed subject
matter includes a method for estimating properties of motion
of a body structure using ultrasound, comprising: at a first
time, transmitting a reference beam and subsequently trans-
mitting corresponding comparison beams where each com-
parison beam is spatially separated from the reference beam
within a range of displacements around the reference beam,
the range of displacement being selected responsively to a
predicted rate of displacement and a time interval Tms
between the reference and one of the comparison beams. The
method including, at a second time, transmitting multiple
comparison beams, the comparison beams is spatially sepa-
rated from another reference beam, the another reference
beam not yet being transmitted at the second time, located
within a range displacements which are also responsive to the
predicted rate of displacement and the time interval Tms. after
the second time. The method including transmitting the
another reference beam the time interval Tms later, the refer-
ence beam being located spatially adjacent, the correspond-
ing comparison beams. The comparison beams may corre-
spond to a given reference beam are mutually temporally
adjacent, 1.e., they are transmitted together without any other
beams is transmitted temporally between them. The another
reference beam may be spatially between the corresponding
reference beams.

[0192] According to embodiments, the disclosed subject
matter includes a method for estimating properties of motion
of a body structure using ultrasound, comprising: scanning
the body structure using ultrasound to generate a series of
image frames at an sampling rate, each image representing
the configuration of the body structure at a point in time and
spanning a field of view of an ultrasound scanner, the scan-
ning including capturing displacements of portions of the
body structure at intervals less than an inverse of the sampling
rate.

[0193] According to embodiments, the disclosed subject
matter includes a method for estimating properties of motion
of a body structure using ultrasound, comprising: receiving a
first input signal from a user interface representing data indi-
cating a sampling rate. The method includes receiving a sec-
ond input signal from a user interface data indicating a motion
estimation frequency. The method includes scanning the
body structure using ultrasound to generate a series of image
frames at the sampling rate, each image representing the
configuration of the body structure at a point in time and
spanning a field of view of an ultrasound scanner. The scan-
ning may include capturing displacements of portions of the
body structure at the motion estimation frequency and out-
putting a result of said scanning in the form of an image
sequence showing representations of the image frames as a
video sequence with motion data responsive to the displace-
ments superposed thereon. The time difference between the
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suiccessive transmits used to capture motion estimation data
may be selected responsively to a predicted quality of the
motion estimates based on strain in the body structure. The
time difference between the successive transmits used to cap-
ture motion estimation data may be selected responsively to a
predicted quality of the motion estimates based on strain in
the body structure and random error. The method of any of the
foregoing claims wherein the time difference between the
suiccessive transmits used to capture motion estimation data is
selected responsively to a predicted quality of the motion
estimates based on an optimum responsive to a random signal
component and a competing distortion of the motion estima-
tion resulting from strain, i.e., motion other than pure dis-
placement.

[0194] According to embodiments, the disclosed subject
matter includes a system for estimating properties of motion
of a body structure using ultrasound, comprising: an ultra-
sound probe connected to a driver and data acquisition ele-
ment and a programmable processor with a user interface
having a display and a data storage element. The system
includes software instructions recorded on the data storage
element, the software instructions defining a procedure for
operating at least the ultrasound probe, driver and data acqui-
sition element in order to execute the method of any of the
foregoing claims.

[0195] According to embodiments, the disclosed subject
matter includes a system for estimating properties of motion
of a structure using ultrasound, comprising: at least one ultra-
sound probe configured to scan a structure using ultrasound.
a controller configured to control the at least one ultrasound
probe to transmit ultrasonic beams into the structure and
receive echoes thereof. The controller is further configured to
transmit multiple beams repeatedly over an inspection inter-
val such that the echoes may be used to form a representation
ofthe structure over the entire spatial scope of detection of the
ultrasound probe which can be updated no more frequently
than a sample frequency. The controller is further configured
such that the echoes may be used to determine displacements
of portions of the structure occurring within fractions of the
spatial scope of detection and within fractions of the sample
frequency.

[0196] The controller may be configured to accept data
representing a magnitude T, , of said fractions of the sample
frequency. T,,, may represent the time separation between
image samples of said portions of the structure generated by
said controller responsively to said echoes. T,,, may be
selected responsively to a predicted or measured maximum of
a cross-correlation time scale between said image samples.
[0197] The controller may transmit beams in pairs at a
frequency that is greater than the sample frequency, where
each pair covers less than the spatial scope of detection.
[0198] It will be appreciated that the modules, processes,
systems, and sections described above can be implemented in
hardware, hardware programmed by software, software
instruction stored on a non-transitory computer readable
medium or a combination of the above. For example, a
method for imaging can be implemented using a processor
configured to execute a sequence of programmed instructions
stored on a non-transitory computer readable medium. For
example, the processor can include, but not be limited to, a
personal computer or workstation or other such computing
system that includes a processor, microprocessor, microcon-
troller device, or is comprised of control logic including inte-
grated circuits such as, for example, an Application Specific

May 15,2014

Integrated Circuit (ASIC). The instructions can be compiled
from source code instructions provided in accordance with a
programming language such as Java, C++, C#.net or the like.
The instructions can also comprise code and data objects
provided in accordance with, for example, the Visual Basic™
language, LabVIEW, or another structured or object-oriented
programming language. The sequence of programmed
instructions and data associated therewith can be stored in a
non-transitory computer-readable medium such as a com-
puter memory or storage device which may be any suitable
memory apparatus, such as, but not limited to read-only
memory (ROM), programmable read-only memory (PROM),
electrically erasable programmable read-only memory (EE-
PROM), random-access memory (RAM), flash memory, disk
drive and the like.

[0199] Furthermore, the modules, processes, systems, and
sections can be implemented as a single processor or as a
distributed processor. Further, it should be appreciated that
the steps mentioned above may be performed on a single or
distributed processor (single and/or multi-core). Also, the
processes, modules, and sub-modules described in the vari-
ous figures of and for embodiments above may be distributed
across multiple computers or systems or may be co-located in
a single processor or system. Exemplary structural embodi-
ment alternatives suitable for implementing the modules, sec-
tions, systems, means, or processes described herein are pro-
vided below.

[0200] The modules, processors or systems described
above can be implemented as a programmed general purpose
computer, an electronic device programmed with microcode,
a hard-wired analog logic circuit, software stored on a com-
puter-readable medium or signal, an optical computing
device, a networked system of electronic and/or optical
devices, a special purpose computing device, an integrated
circuit device, a semiconductor chip, and a software module
or object stored on a computer-readable medium or signal, for
example.

[0201] Embodiments of the method and system (or their
sub-components or modules), may be implemented on a gen-
eral-purpose computer, a special-purpose computer, a pro-
grammed microprocessor or microcontroller and peripheral
integrated circuit element, an ASIC or other integrated circuit,
a digital signal processor, a hardwired electronic or logic
circuit such as a discrete element circuit, a programmed logic
circuit such as a programmable logic device (PLD), program-
mable logic array (PLA), field-programmable gate array
(FPGA), programmable array logic (PAL) device, or the like.
In general, any process capable of implementing the func-
tions or steps described herein can be used to implement
embodiments of the method, system, or a computer program
product (software program stored on a non-transitory com-
puter readable medium).

[0202] Furthermore, embodiments of the disclosed
method, system, and computer program product may be
readily implemented, fully or partially, in software using, for
example, object or object-oriented software development
environments that provide portable source code that can be
used on a variety of computer platforms. Alternatively,
embodiments of the disclosed method, system, and computer
program product can be implemented partially or fully in
hardware using, for example, standard logic circuits or a
very-large-scale integration (VLSI) design. Other hardware
or software can be used to implement embodiments depend-
ing on the speed and/or efficiency requirements of the sys-
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tems, the particular function, and/or particular software or
hardware system, microprocessor, or microcomputer being
utilized. Embodiments of the method, system, and computer
program product can be implemented in hardware and/or
software using any known or later developed systems or
structures, devices and/or software by those of ordinary skill
in the applicable art from the function description provided
herein and with a general basic knowledge of ultrasonogra-
phy and/or computer programming arts.

[0203] Moreover, embodiments of the disclosed method,
system, and computer program product can be implemented
in software executed on a programmed general purpose com-
puter, a special purpose computer, a microprocessor, or the
like.

[0204] Itis, thus, apparent that there is provided, in accor-
dance with the present disclosure, imaging methods devices
and systems. Many alternatives, modifications, and variations
are enabled by the present disclosure. Features of the dis-
closed embodiments can be combined, rearranged, omitted,
etc., within the scope of the invention to produce additional
embodiments. Furthermore, certain features may sometimes
be used to advantage without a corresponding use of other
features. Accordingly, Applicants intend to embrace all such
alternatives, modifications, equivalents, and variations that
are within the spirit and scope of the present invention.
[0205] The following example illustrates the implementa-
tion of two different ultrasound sequences used to obtain high
frame rate 2-D cardiac strain estimation in vivo over a single
heart cycle. Qualitative results in a standard clinical imaging
setting indicate that each method can be used to obtain physi-
ologic strains. An evaluation framework based on the
expected value of the SNRe was explained and used to study
the influence of frame-rate, or more specifically MER, on
both axial and lateral strains. The results indicate a strong
relationship with the concept of the strain filter. Strain esti-
mation quality was found to increase with MER, at least for
the axial direction, and MER should be at least =500 Hz to
avoid the suboptimal motion estimation governed by the
Barankin bound. Results in the lateral direction indicate that
lateral strain estimation is less tied to MER. This study also
finds little difference in strain estimation quality using a con-
ventionally focused beam compared to a diverging beam.

Example 1

A. Experimental Set-Up

[0206] Using a protocol approved by the Institutional
Review Board of Columbia University, three, healthy male
volunteers aged 23-28 were scanned in the lateral decubitus
position by a trained cardiac sonographer. All patients were
scanned with a 2.5 MHz phased-array probe connected to a
Verasonics scanner using two custom imaging sequences
described in the next section. For each sequence, acquisition
lasted for 2 seconds to ensure the capture of an entire cardiac
cycle. The same view was taken in all patients; namely, the
parasternal short-axis view at the papillary muscle (mid-)
level. Because the objective was to analyze and compare both
axial and lateral strain estimations, the short-axis view was
chosen so that the magnitudes of the strains would be similar
in each direction.

B. Imaging Sequences

[0207] Two custom imaging sequences were used in this
study in order to achieve high frame-rate imaging in a single
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heartbeat without compromising field of view, depth, or num-
ber of lines. The first sequence is referred to as temporally
unequispaced acquisition sequence (TUAS), and relies on the
modification of the transmission order of focused beams to
achieve high frame rate motion estimation. The second imag-
ing sequence, referred to as the unfocused sequence, uses a
single, diverging beam to interrogate the tissue instead of
multiple focused beams. Traditional echocardiography is pet-
formed by emitting and receiving focused acoustic waves in a
sequential fashion. Equation 12

C
Fi R =—
rame Rare g, NG

describes the fundamental relationship between frame rate,
beam density (N=number of lines), imaging depth (d), and
speed of sound (c) using a traditional acquisition sequence. A
single image frame in time consists of N consecutive lines
that form a circular sector field of view; typically, at least 64
lines that cover a 90° field of view are used. Displacement
estimation is performed between lines of two frames acquired
consecutively in time. FIG. 18B illustrates the temporal pro-
file of displacement estimation using a traditional sequence.
Each of the displacement estimations (u,, and u,,, ;) is made
using the same line, which corresponds to “3” on the graph.
The time elapsed between two consecutive acquisitions of the
same line 1s denoted by t,,. This time represents the time
over which motion estimation occurs. Similarly, the time
elapsed between two motion estimation measurements is
denoted as t,,. The inverses of these two time intervals are
referred to as the motion estimation rate (MER) and motion
sampling rate (MSR) respectively. In practical terms, the
MER influences the quality of the motion estimation, while
the MSR represents the sampling frequency of that motion
estimation. In conventional ultrasound imaging, the MER is
equal to the MSR (FIG. 18B

[0208] The utility of TUAS is derived from the fact that by
decreasing the MSR, a higher MER is able to be achieved.
The increase of MER in TUAS is achieved by the repeated
acquisition of smaller sectors of the heart (FIG. 18C). These
repeated acquisitions allow for a few lines to be imaged twice
in the very short period of time—increasing the MER—
although those same lines are not imaged again for an
extended period of time—decreasing the MSR. Since motion
estimation relies on the repeated acquisition of the same line,
the MER for each sequence will depend on the number of
lines per repeated sector. In this sense, Equation 12 could be
used to compute the MER for each TUAS, with N being the
number of lines per sector. FIG. 36 (Table 1) lists the sector
sizes used in this report and the corresponding MERs. Note
that the MERs are slightly lower than those predicted by
Equation 12 due to data transfer times inherent to the scanner.
The 1-sector sequence at 272 Hz can be considered the con-
ventional sequence; however, to achieve the even lower MER
of 65 Hz, motion estimation was also performed over the
large, MSR interval (i.e. t,,, in FIG. 18) instead of the smaller
MER interval.

[0209] The unfocused sequence differs more drastically
from the conventional sequence than does TUAS. Instead of
multiple, focused beams being transmitted per frame, the
unfocused sequence uses a diverging wave that interrogates
the entire view only once per frame (FIGS. 18A through
18D). The reconstruction of the entire field of view is made
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possible by the acquisition of individual-element radiofre-
quency (RF) data, permitting synthetic focusing in post-pro-
cessing to create multiple image lines. This synthetic focus-
ing procedure is performed for both the TUAS and unfocused
sequence, and is explained in further detail in the next section.
Because each frame is formed using only a single transmit,
motion estimation can be performed on a given frame using
both the previous and the next frame in the sequence.

[0210] Therefore, similarly to a conventional sequence, the
MER and MSR for the unfocused sequence are equivalent,
although greatly increased due to the fact that only a single
transmit per frame is required. Individual frames were
acquired at a MER of 2000 Hz, and were also downsampled
in time to 250,500, and 1000 Hz by using every eighth, fourth,
and second frame respectively for motion estimation.

C. Data Acquisition

[0211] For each sequence, pre-beamformed radiofre-
quency (RF) data was sampled at 10 MHz and recorded for
each of the 64 individual traducer elements. The data were
fairly large, approximately 1 GB for 2 seconds, and were
transferred to an on-board CPU and stored. For beamforming,
a standard delay-and-sum algorithm was used to reconstruct
128 lines of post-beamformed RF data per frame. For the
TUAS, this corresponds to the construction of approximately
11 RF lines per transmit beam; while in the unfocused
sequence, all 128 lines were constructed from a single trans-
mit. A 90° field of view at a depth 0f 20 cm was used to mimic
standard clinical settings. ECG measurements were also
acquired in parallel with the ultrasound measurements.

D. Strain Estimation

[0212] A fast, normalized cross-correlation function was
used on RF lines from adjacent frames to compute two-
dimensional motion. The cross-correlation function used a
1-D kernel (length=8.0 mm, overlap=90%) in a 2-D search to
estimate both axial and lateral displacements. When search-
ing in the lateral direction, RF data was interpolated by a
factor of 10 in order to improve lateral displacement resolu-
tion. A least-squares kernel (9.2x9.5 mm) was then used to
compute the 2-D strains. The calculated displacements were
taken from a reference point of the first frame in each estima-
tion pair yielding incremental (inter-frame) displacements
and strains, as opposed to performing accumulation over the
entire cardiac cycle. Therefore, the strain values at each point
in time reflect the behavior of the tissue at that specific time
point, without being influenced by any previous behavior. A
standard B-mode image was reconstructed from the RF data,
allowing for the segmentation of the myocardial border.
These contours were automatically tracked through time
using a previously described technique.

E. Performance Evaluation

[0213] A probabilistic framework has been used here in
order to compare the strain estimation quality of the various
sequences used in this study. First, the elastographic signal-
to-noise-ratio (SNR ) was calculated for each sequence over
the entirety of the heart cycle. SNR_ is computed for every
point in an image using Equation 13.
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[0214] In(3),pand o refer to the mean and standard devia-
tion of the strain magnitudes within a small 2-dimensional
window. Since both strain and SNR_ are computed for each
myocardial point during systole, a large number (>600,000)
of strain-SNR_, pairs were generated for each sequence. This
paired data can be used to generate a two-dimensional histo-
gram (f(SNR_,€)) that displays the probability density func-
tion (pdf) of SNR, for a set of discrete strain values. However,
since the strain distribution measured in the heart is non-
uniform, the 2-D pdf will be biased towards strain values that
occur more frequently. To remove this bias, the conditional
pdf was calculated according to

SBNR,. &) (14
fle

SSNR.| &)=

where f{(SNR _€) is the 2-D pdf and f(e) is the 1-D strain
distribution. It is important to keep in mind that f{SNR_le),
f(SNR_,e), and f(e) will be affected by the quality of strain
estimation and thus be dependent on the MER.

[0215] To simplify the information obtained from the 2-D
conditional pdf, which manifests as a 3-D plot, the condi-
tional expected value of SNR,, for each strain was calculated
as

E(SNR_le)=[,"SNR_flSNR_|e)dSNR,, (15)

E(SNRele) curves are generated for each sequence, which
allows for a relatively easy comparison to be performed
between different sequences for a wide range of strain values.

[0216] However, since incremental strains arebeing used, it
is important to keep in mind that the same deformation will be
measured differently by sequences with different MERs. For
instance, a 1% strain measured at 1000 Hz would be mea-
sured as a 2% strain at 500 Hz. Therefore, in order to compare
strain magnitudes between sequences, strains have been mul-
tiplied by MER for normalization. Final magnitudes of nor-
malized strain are presented in decibels, with the reference of
0 dB being a 1% strain measured at 100 Hz.

Results

A. Qualitative Results

[0217] FIG. 19 depicts single frames of axial and lateral
incremental strain estimation using TUAS at MERs of 65 Hz
and 815 Hz. All images were taken at the first incremental step
following end-diastole, defined as the time of QRS peak
amplitude on the ECG. No filtering was performed on the
displacements or strains in these images. Note that strain
magnitudes are presented in percent, instead of the normal-
ized strain used for the quantitative analysis. Because these
strains are incremental instead of cumulative, their magnitude
will be dependent on the MER used, since the estimation
interval is longer for lower MERs. FIG. 20 presents qualita-
tiveresults for the unfocused sequence at an MER of 1000 Hz,
also taken immediately following end-diastole.
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B. Axial Strain

[0218] E(SNRele) curves are shown in FIGS. 21 and 22 for
both sequences at various MERs. For the axial case, the
curves exhibit a two-peaked, bimodal distribution. The loca-
tions of both peaks shift towards larger values of strains for
higher MERs. This shift becomes less apparent at MERs 500
Hz, in which case the locations of the first peak are clustered
atapproximately 10dB. This phenomenon occurs for both the
TUAS and unfocused sequence, although the shifting behav-
ior is more apparent using TUAS since the MERs tested are
lower. The amplitudes of the first peaks also increase with
MER while the amplitudes of the second peaks decrease,
causing the shape to approach unimodal at higher MERs. The
maximum value of E(SNRele) for any sequence is 5.8, occur-
ring for the unfocused sequence at an MER of 2000 Hz at a
strain of approximately 10 dB. This magnitude corresponds
to an incremental strain magnitude of 0.16% at 2000 Hz. The
curves for the two sequences at similar MERs (272 and 544
Hz for TUAS; 250 and 500 Hz for unfocused) have approxi-
mately the same shape and magnitude of the first peak,
although the magnitude of the second peak is slightly
decreased in the unfocused sequence.

C. Lateral Strain

[0219] Incontrast to the bimodal distributions observed for
the axial direction at low MERs, all E(SNRel€) curves appear
unimodal for the lateral direction, regardless of MER. How-
ever, similar to the axial direction, the curve peaks shift to the
right with increasing MER in the TUAS case, although this
phenomenon is less clear above 272 Hz. For higher MERs,
the locations of the peaks do not change significantly and are
clustered around 40 dB. Unlike the axial direction, the mag-
nitudes of the peaks of the curves do not seem to change
significantly with MER; the maximum magnitude of each
curve is approximately 4.7. Again, at similar MERs, the
TUAS and unfocused sequence curves appear similar in mag-
nitude and shape.

Discussion

[0220] The qualitative results presented in FIGS. 19 and 20
show the feasibility of measuring in vivo cardiac strain using
each sequence, provided the MER is sufficiently high. It can
be seen from FIG. 19 that the estimated strain at 65 Hz is
much less uniform compared to 815 Hz, as well as being
much less reflective of the underlying pathology. At end-
diastole, the left ventricle is just beginning to contract, lead-
ing to positive radial strain (thickening) in the short axis view.
This phenomenon would manifest as positive axial strain at
the anterior/posterior walls, as well as negative axial strain at
the septal and lateral walls. FIG. 19C clearly shows thicken-
ing in the anterior/posterior walls, as well as axial thinning in
the septum. However, strains in FIG. 19A do not seem to be
isolated to a particular wall segment in a way that makes
pathological sense. Conversely, lateral strain should manifest
as negative strain in the anterior/posterior walls and positive
strain in the septal and lateral walls. This distribution can be
seen in FIG. 19A, but is less apparent in FIG. 19C. It is
important to note that since the two MERs were obtained with
two separate sequences and acquisitions, it is difficult to
capture the exact same time point, especially since the incre-
mental strain distribution changes so rapidly. However, ECG
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recordings synchronized with the ultrasound measurements
were used to identify approximately the same point in the
cardiac cycle.

[0221] The qualitative results for the unfocused sequence
depicted in F1G. 20 were taken at the same pointin the cardiac
cycle as the images from FIG. 19, immediately following
end-diastole. Therefore, the physiological deformations
occurring should be similar to those described above. Again,
it was difficult to ensure the selection of the exact same time
point due to the separate acquisitions. Indeed, the axial and
lateral strain distributions in FIG. 20 are not exactly the same
as in FIG. 19, although they do show similarly reasonable
results. Axial thickening and lateral shortening is observed in
the posterior wall, as well as axial shortening and lateral
thickening in the septal and lateral walls.

[0222] The transition zone occurs at high strains when
decorrelation becomes too great and motion must be tracked
on the basis of signal amplitude only, i.e. the signal envelope,
instead of using both the amplitude and the phase information
inherent to any RF signal. Smaller strains below the transition
zone are tracked using both amplitude and phase information,
with estimation quality being governed by a modified version
of the Cramer-Rao lower bound (CRLB) for time-delay esti-
mators. For larger strains above the transition zone, phase
information is lost due to significant signal decorrelation, and
the estimation quality is instead governed by the Bararkin
bound (BB). For strains near the transition zone, the method
of motion estimation is ambiguous and inconsistent, causing
a local minimum of SNRe. In this work using E(SNRele),
similar, two-peaked results are reported, with the disappear-
ance of the second peak above an MER of 544. The disap-
pearance of the second peak is due to the fact that smaller
incremental strains will be measured at high MERs. If MER
is sufficiently high, the majority of strain values will be below
the transition zone, leading to a disappearance of the second
peak.

[0223] Motion estimation using RF signal envelope has
consistently been shown to be less accurate than using both
phase and amplitude; thus, any axial motion estimation tech-
nique should aim to minimize the amount of strains estimated
using only the envelope. Sequences with a single-peaked
distribution of E(SNRele) should be preferred over a
sequence with a two-peaked distribution.

[0224] TheE(SNRele) distribution of the lateral strain esti-
mation is single-peaked for all MERs. A single-peaked dis-
tribution is expected for the lateral direction due to the differ-
ence method of motion estimation compared to the axial
direction. Although axial phase information is used to
increase the accuracy of the lateral motion estimation, there is
no lateral phase information inherent in a collection of IDRF
lines. Therefore, the lateral cross-correlation function is only
sensitive to variations in the lateral envelope. There is also a
discernible rightward shift of all E(SNRele) curve peaks for
both directions as MER increases. This trend is much more
noticeable at the lower MERs of TUAS, and is fairly insig-
nificant at the high MERs of both sequences. To explain this
shift, recall that strain magnitudes were normalized by the
multiplication of MER. For the 815 Hz sequence, a maximum
occurs at an axial normalized strain of 10 dB, which corre-
sponds to a strain of 0.4% estimated at 815 Hz. This strain
magnitude reflects the optimal deformation amount for
motion estimation at 815 Hz. However, for the same value of
normalized strain, estimation with a 65 Hz MER will expe-
rience significantly more decorrelation compared to an MER
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of 815 Hz, since the estimation interval is longer. Therefore,
the peaks corresponding to optimal motion estimation for the
65 Hz sequence must exist at a lower normalized strain value,
where there will be less decorrelation. This explanation can
be applied to the lateral E(SNRele) curves as well. At high
MERs, decorrelation is significantly decreased, causing the
locations of the curve maxima to settle at one particular value,
which is 10 dB and 40 dB for axial and lateral strains respec-
tively.

[0225] Thehigh MERSs used in this study were achieved by
the use of two different sequences, TUAS and the unfocused
sequence. The differing nature of the beam used by each
sequence was thought to potentially have an impact on the
quality of strain estimation, especially in the lateral direction.
Indeed, previous studies using simulations and ex vivo phan-
toms have explicitly shown the effect of beam width, among
other parameters, on the quality of lateral motion estimation.
A comparison between the two sequences can be performed
at similar MERs, since the parameters of depth, field of view,
and beam density are held constant in the data processing
phase (FIG. 23). In comparing the TUAS at 272 and 544 Hz
with the unfocused sequence at 250 and 500 Hz, it is clear that
each sequence produces fairly similar curves for both axial
and lateral strains. The similarities in the curves extend to
both magnitude and shape. A slight difference is noted for
axial strains, as the amplitude of the second peak is increased
in the TUAS compared to the unfocused sequence, although
the relative amplitude of the first peak is still larger in both
sequences. This observation suggests that, in terms of evalu-
ation metric and study design, the 2-D strains estimated by
each sequence are equivalently reliable, assuming that imag-
ing and strain estimation parameters are held constant.
Microbubbles may be employed in agent delivery devices,
methods, and systems. They may allow on-demand ultra-
sound-triggered release of agents, enzymes, and other factors
that are useful in tissue engineering. Methods and systems for
controlling the release of drugs in a patient using encapsu-
lated drug depots as described in International Patent Publi-
cation W0O/2011/075557 to Kohane, et al., which is hereby
incorporated herein by reference as if set forth in its entirety
herein. This publication describes injectable or implantable
drug delivery vehicles that permit the release of drugs by
ultrasound in a patient. The described systems employ a drug
depot and a drug-encapsulated in an encapsulating material.
The present embodiments may employ similar depot struc-
tures and systems to release bioactive agents into tissue scaf-
folds.

[0226] Referring to FIG. 24, presently disclosed are agent
depots, one of which is shown at 1. It contains an agent 104
(depicted as a separate structure 104 but may be a single
structure combining the encapsulating material and agent as
well) that influences the growth or behavior of cells in an
engineered tissue or precursor thereof. The agent 104 may
include a hydrogel or other material, including polymers that
form non-hydrogel matrices following crosslinking. The
agent 104 may contain one or more agents, enzymes, nutri-
ents, or other biologically active agents. An encapsulating
shell 102 may be of similar or identical material as combined
with the agent to form the core 104, but which further incor-
porates microbubbles 106 such as liposomes. The
microbubbles may contain any biocompatible gas or mixture
of gases. The microparticles enhance the release of agent
from the core 104 when ultrasound is applied to the shell and
the energy absorbed by the microbubbles causing them to
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disrupt the shell or fill the microbubbles thereby permitting or
enhancing diffusion or convection of the core matetials into
the surrounding material.

[0227] Referring to FIG. 25, agent depots 100 may be
formed and incorporated in a tissue scaffold 112 such as by
combining with a hydrogel precursor prior to forming of the
tissue scaffold. The tissue scaffold may be seeded with cells.
Referring to FI1G. 26A, a tissue scaffold 130 contains agent
depots 100 and cells 1. Referring also to FIGS. 26B and 26C,
an ultrasound transducer 128 directs focused sound energy
into the tissue scaffold causing the encapsulated agent in
agent depots 100 to be released into the tissue scaffold 130 at
the parts of the tissue scaffold where the ultrasound energy is
focused. A disrupted agent depot is indicated at 1. The ultra-
sound transducer 128 may employ electronic focusing or may
use a reflector or other device to mechanically focus the
ultrasound energy.

[0228] Thedepot may be a hydrogel. However, other mate-
rials, including polymers that form non-hydrogel matrices
following crosslinking, may be used. The depot contains one
or more agents or biologics to be delivered encapsulated in an
encapsulating material. In a preferred embodiment the agent
is encapsulated in liposomes. However, other encapsulating
materials, such as nanoparticles, microparticles, or particles
greater than 500 microns in size may be used. Ina particularly
preferred embodiment, the depot also contains microbubbles.
The microbubbles may contain any biocompatible gas or
mixture of gases. The microparticles enhance agent release
from the encapsulating material in response to ultrasound by
increasing the difference between baseline and peak release
rates compared to the release from the same agent depot in the
absence of the microparticles.

[0229] Agents incorporated in the depots 100 may include
hormones, nutrients, growth factors, angiogenesis factors, or
any biological agent that may influence cell growth, move-
ment, or other behaviors. Scaffolds may include any suitable
hydrogels or other water soluble polymers or other cross-
linking materials with water. Agent depots may be formed by
any of the mechanisms and using any of the materials
described in International Patent Publication WO/2011/0755
Formed agent depots may be combined with tissue scaffold
precursor prior to formation of a tissue scaffold which may
include molding three-dimensional structures. Agent depots
can be substantially larger than the drug depot described in
the foregoing publication. This may permit the use of further
casting and assembly techniques. For example, depots may be
a millimeter or more in size.

[0230] Referring to FIGS. 27A and 27B, agent depots may
be macro-sized substructures adjacent to, or included in, a
tissue scaffold structure such as one based on a hydrogel. A
tissue scaffold 204 with cells 202 is adjacent to, or incorpo-
rates, a barrier structure 206 filled with air filled microbubbles
207 which isolates from target cells 202 an agent containing
structure 208 which may be of the material used for storing
agents in the foregoing agent depot embodiments. The struc-
tures 204, 206, and 208 may be of any arbitrary form and
variegated dimensionally along any and all of three orthogo-
nal axes to form arbitrary three-dimensional shapes. At an
outer boundary, an ultrasound transducer may be contacted to
one of the structures 204, 206, and 208, through a coupling
medium such as a liquid if desired, and ultrasound energy
focused onto selected parts of the barrier structure 2. The
dissipation of ultrasound energy in the microbubbles 207 may
disrupt the material of the barrier structure 206 (e.g., same
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material as described above such as hydrogel) forming chan-
nels therein. The channels may permit the convection or dif-
fusion of agent from the agent-containing structure 208 as
indicated by arrows 212 in FIG. 27B. Ultrasound energy may
be directed to focus narrowly on the barrier structure to form
one or more channels by disrupting the microbubbles and/or
surrounding regions of the barrier structure. Note that barrier
structures may be part of one or more macrosized (e.g., mul-
tiple millimeter or centimeter sized) castings 226 embedded
in tissue scaffold 222 as indicated in FIG. 27C. The barrier
structure may include microbubbles.

[0231] FIGS. 29A through 29C illustrate one method of
forming the tissue scaffold, barrier structure, and agent-con-
taining structures described above. A tissue scaffold 306
structure may be formed such as by casting in a mold 302, 3.
A flowing precursor 308 of the barrier layer with incorporated
gas-filled microbubbles may be added and molded using the
formed tissue scaffold to shape an adjacent surface thereof as
shown in FIG. 29B. After forming the barrier structure 309,
the mold 302 can be removed. Then the agent-containing
precursor 310 can be flowed into an adjacent volume and
formed as illustrated in FIG. 29C.

[0232] Referring now to FIGS. 28A and 28B, a cell (114)-
containing tissue scaffold 132 includes microbubbles 1. A
focusing ultrasound emitter 128 is in direct contact with the
scaffold 132 or contacts the scaffold 132 through a coupling
material such as a perfusate bath. The ultrasound emitter 128
(shown 1in part at 129 in the zoomed in illustration of FIGS.
28B and 28C) direct energy to specific internal regions of the
tissue scaffold 132 to disrupt the microbubbles as indicated in
139 causing them to fill with fluid from the surrounding
scaffold. The diffusion or convection of fluid through the
now-filled microbubbles is enhanced. Multiple microbubbles
may be disrupted along a path to form channels 140 in the
tissue scaffold 1. The same ultrasound emitter 128 or a dif-
ferent one may, upon forming the channels by so disrupting
the microbubbles, induce convective motion of fluid through
the channels or more porous medium using acoustic stream-
ing by applying a constant or slowly changing acoustic radia-
tion force to the scaffold where the channels are defined. Cell
seeded hydrogel tissue scaffolds with microbubbles accord-
ing to the present disclosure may be as formed and described
in International Patent Publication W02011/028690 to Mark
Borden, et al., filed 31 Aug. 2010. This publication also
describes using ultrasound to cause the microbubbles to be
disrupted using ultrasound and to enhance diffusive transport.

[0233] Inpreferred embodiments, the agent depot contains
microbubbles that encapsulate a gas. The microbubbles
enhance the agent release when ultrasound is applied com-
pared to the same system in the absence of microbubbles. In
a preferred embodiment, the agent delivery system contains
an encapsulating material, preferably liposomes, an agent to
be delivered, microbubbles, and at least two hydrogel-form-
ing precursor components. In embodiments, the agent depot
also contains microbubbles that encapsulate one or more
gases. The microbubbles enhance the agent release when
ultrasound is applied compared to the same system in the
absence of microbubbles. As used herein, microbubbles refer
to micron range-sized spherical gas-filled particles, which
can be stabilized by an organic coating, such as a lipid shell,
at the gas-liquid interface. Microbubbles having a diameter of
10 microns or less can be generated and used as contrast
agents. Depending on controlled ultrasound parameters, the
microbubbles may be destroyed by externally applied ultra-
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sound of sufficient intensity so as to release shell material as
well as any gas contained by the microbubble shell.

[0234] In further embodiments, in vivo, implanted, and ex
vivo engineered tissues or tissue scaffolds are mechanically
stimulated using ultrasound. Apparatus and methods that are
suitable for this are described in United States Patent Appli-
cation 20070276242 to Flisa Konofagou et al., filed 6 Apr.
2007, hereby incorporated by reference herein. Therein
acoustic radiation force is applied to tissue structure and
modulated athigh frequency for purposes of measuring tissue
properties. In the present subject matter, engineered tissue
constructs or scaffolds with growing cells are loaded
mechanically using the same force but modulated at power
levels and frequencies suitable for the mechanical stimulation
of the growing cells. Referring to FIG. 30, a tissue scaffold
338 with cells is stimulated mechanically by an oscillating
acoustic radiation force from an ultrasonic emitter 3. The
acoustic energy may be coupled to the tissue scaffold 338 via
amedium or applied directly. The coupling may be through a
living host tissue 337 where the tissue scaffold or engineered
tissue 338 is implanted in a living host. The ultrasonic emitter
may be pressed against the skin 362 or to the wall of a body
lumen. FIG. 34 shows a tissue construct 404 (scaffold or
engineered tissue) to which acoustic radiation force is applied
by an emitter having a transducer 400 and focusing reflector
4. As illustrated in FIG. 35, a tissue scaffold or engineered
tissue is attached to or resting on a membrane 430 and held in
a liquid medium 4. An ultrasound emitter applies regular
patterns of acoustic radiation force to the tissue scaffold 424
to stimulate growth, migration, differentiation, signaling or
any other biological activity. The acoustic radiation force may
also be used to enhance movement of perfusate through the
tissue construct, for example, the coupling medium 428 may
be a perfusate bath. Focusing by the emitter 422 may be
electronic or mechanical.

[0235] FIG. 31 shows a tissue scaffold or tissue construct
338 supported by a permeable support 348 in a bath of cou-
pling material 340 which may also provide nutrients and or
signaling to cells in the construct 3. The bath, in a container
336, may be replenished by flow throughinlet and outlet ports
334 and 3. A focused acoustic radiation force may provide
acoustic streaming within the construct 338 or channels
molded therein (not shown separately). This streaming may
enhance the movement of fresh perfusate into the interior of
the construct 3. FIG. 32 shows a similar arrangement, with the
identical element labeled identically, wherein an ultrasound
emitter, which may employ a reflector 356, scans the acoustic
radiation force over arange of angles indicated figuratively by
arrows 352, 353, and 3. A single or multiple lobes may be
scanned electronically across a tissue construct 338 to induce
a continuously varying strain in the construct. Multiple emit-
ters or patterns may be combined to induce different strain
spatial and temporal strain patterns in the tissue construct 3.
The oscillatory force-inducing local oscillatory motion may
be a single amplitude modulated ultrasound beam. The mag-
nitude of the acoustic wave emitted by the source depends on
the radiation force and the mechanical frequency response of
the target construct. A system may be configured to include a
transducer for inducing localized oscillatory motion of tissue
through the application of the oscillatory radiation force. The
mechanical stimulation can also be generated by varying the
phase of two ultrasonic emitters to modulate the interference
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pattern. A variety of interference modes are possible to pro-
duce mechanical strain or forcing as would be apparent to
those skilled in the art.

[0236] FIG. 33 a tissue scaffold or tissue construct 338,
which may be supported by a support (not shown) in a bath of
coupling material 340 which may also provide nutrients and
or signaling to cells in the construct 3. The bath, in a container
336, may be replenished by flow throughinletand outlet ports
334 and 3. The tissue construct 338 incorporates
microbubbles. An ultrasonic emitter generates a focused
ultrasound beam 370 that may be controlled to create one or
more flow channels such as 371, 372, and 373 in the construct
3. Then the same, or a different, emitter produces acoustic
streaming. The vltrasound emitter may include a reflector 356
and transducer 3.

[0237] In further embodiments, hydrogels containing
microbubbles and cells which have been homogeneously
mixed in hydrogel scaffold are subjected to acoustic forces to
cause dissolution of gas-filled microbubbles, creating fluid-
filled pores that enhance nutrient diffusion by creating a
microporosity in the hydrogel scaffold (which has a nanopo-
rosity). Timing of microbubble dissolution can be controlled
by microbubble design (size, lipid composition) that dictates
microbubble stability in culture, or “on-demand” using
applied hydrostatic pressure or ultrasound. Example:
microbubbles (2-4 micron diameter); agarose hydrogel (~0.2
micron or 200 nm pores). The context and suitable mecha-
nisms of the latter set of embodiments are set forth in PCT/
US2010/047263.

[0238] In further embodiments, ultrasound is used to cause
“on-demand” oscillation of gas-filled microbubbles encapsu-
lated in hydrogel scaffold. This can cause local tissue defor-
mations that a) enhance convection of nutrients from the
surrounding, bathing culture media into the engineered tissue
construct; b) help to distribute cell synthesized products
within the scaffold; ¢) provide a mechanobiological signal to
cells encapsulated in the gel.

[0239] Ultrasound may be applied to whole regions of the
engineered construct, or on small selected subvolumes using
High Intensity Focused Ultrasound (HIFU) or Harmonic
Motion Imaging Focused Ultrasound (HMIFU) as described
in United States Patent Application Publication No. US 2007/
0276242 A1 (U.S. Ser. No. 11/697,579), incorporated herein
by reference in its entirety. Here, ultrasound can be targeted at
specific spatial regions and tissue depths only for localized
effects. This technique may also be extended to rasterize the
targeted subvolume or move the targeted subvolume in a time
sequence.

[0240] Ina further embodiment, a steady acoustic radiation
force is applied to a tissue scaffold to induce movement of
perfusate therein. This may be combined with the other tech-
niques, systems, and methods described herein.

[0241] The foregoing descriptions apply, in some cases, to
examples generated in a laboratory, but these examples can be
extended to production techniques. For example, where quan-
tities and techniques apply to the laboratory examples, they
should not be understood as limiting.

[0242] Features of the disclosed embodiments may be com-
bined, rearranged, omitted, etc., within the scope of the inven-
tion to produce additional embodiments. Furthermore, cer-
tain features may sometimes be used to advantage without a
corresponding use of other features. It is, thus, apparent that
there is provided, in accordance with the present disclosure,
mechanisms for use in tissue engineering. Many alternatives,
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modifications, and variations are enabled by the present dis-
closure. While specific embodiments have been shown and
described in detail to illustrate the application of the prin-
ciples of the invention, it will be understood that the invention
may be embodied otherwise without departing from such
principles. Accordingly, Applicants intend to embrace all
such alternatives, modifications, equivalents, and variations
that are within the spirit and scope of the present invention.

1-80. (canceled)
81. A method for estimating properties of motion of a body
structure using ultrasound, comprising:
at a first time, transmitting a reference beam and subse-
quently transmitting corresponding comparison beams
where each comparison beam is spatially separated from
the reference beam within a range of displacements
around the reference beam, the range of displacement
being selected responsively to a predicted rate of dis-
placement and a time interval T, between the reference
and one of the comparison beams;
at a second time, transmitting multiple comparison beams,
the comparison beams being spatially separated from
another reference beam, the another reference beam not
vet being transmitted at the second time, located within
a range displacements which are also responsive to the
predicted rate of displacement and the time interval T, ;

after the second time, transmitting the another reference
beam the time interval T, later, the reference beam is
located spatially adjacent, the corresponding compari-
son beams.

82. The method of claim 81, wherein the comparison
beams corresponding to a given reference beam are mutually
temporally adjacent, i.e., they are transmitted together with-
out any other beams being transmitted temporally between
them.

83. The method of claim 81, wherein the another reference
beam is spatially between the corresponding reference
beams.

84. A method for estimating properties of motion of a body
structure using ultrasound, comprising:

scanning the body structure using ultrasound to generate a

series of image frames at an sampling rate, each image
representing the configuration of the body structure at a
point in time and spanning a field of view of an ultra-
sound scanner;

the scanning including capturing displacements of por-

tions of the body structure at intervals less than an
inverse of the sampling rate.

85. A method for estimating properties of motion of'a body
structure using ultrasound, comprising:

receiving a first input signal from a user interface repre-

senting data indicating a sampling rate;

receiving a second input signal from a user interface data

indicating a motion estimation frequency;

scanning the body structure using ultrasound to generate a

series of image frames at the sampling rate, each image
representing the configuration of the body structure at a
point in time and spanning a field of view of an ultra-
sound scanner;

the scanning including capturing displacements of por-

tions of the body structure at the motion estimation
frequency;

outputting a result of said scanning in the form of an image

sequence showing representations of the image frames
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as a video sequence with motion data responsive to the
displacements superposed thereon.

86. The method of claim 85 wherein the time difference
between the successive transmits used to capture motion esti-
mation data is selected responsively to a predicted quality of
the motion estimates based on strain in the body structure.

87. The method of claim 85 wherein the time difference
between the successive transmits used to capture motion esti-
mation data is selected responsively to a predicted quality of
the motion estimates based on strain in the body structure and
random error.

88. The method of claim 85 wherein the time difference
between the successive transmits used to capture motion esti-
mation data is selected responsively to a predicted quality of
the motion estimates based on an optimum responsive to a
random signal component and a competing distortion of the
motion estimation resulting from strain, i.e., motion other
than pure displacement.

89. A system for estimating properties of motion of a body
structure using ultrasound, comprising:

an ultrasound probe connected to a driver and data acqui-
sition element and a programmable processor with a
user interface having a display and a data storage ele-
ment;

software instructions recorded on the data storage element,
the software instructions defining a procedure for oper-
ating at least the ultrasound probe, driver and data acqui-
sition element in order to execute the method of any of
the foregoing claims.

90. A system for estimating properties of motion of a

structure using ultrasound, comprising:

at least one ultrasound probe configured to scan a structure
using ultrasound;

a controller configured to control the at least one ultra-
sound probe 1o transmit ultrasonic beams into the struc-
ture and receive echoes thereof;

the controller being further configured to transmit multiple
beams repeatedly over an inspection interval such that
the echoes may be used to form a representation of the
structure over the entire spatial scope of detection of the
ultrasound probe which can be updated no more fre-
quently than a sample frequency;

the controller being further configured such that the echoes
may be used to determine displacements of portions of
the structure occurring within fractions of the spatial
scope of detection and within fractions of the sample
frequency.
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91. The system of claim 90, wherein the controller is con-
figured to accept data representing a magnitude T, of said
fractions of the sample frequency.

92. The system of claim 91 wherein T, represents the time
separation between image samples of said portions of the
structure generated by said controller responsively to said
echoes.

93. The system of claim 92 wherein T,,, is selected respon-
sively to a predicted or measured maximum of a cross-corre-
lation time scale between said image samples.

94. The system of claim 90, wherein the controller trans-
mits beams in pairs at a frequency that is greater than the
sample frequency, where each pair covers less than the spatial
scope of detection.

95. A method of identifying an optimal sequence acquisi-
tion method for electromechanical wave imaging (EWI) of a
target sample, the method comprising:

(a) performing an image volume sequence acquisition on a
target sample to reconstruct an image volume of the
target sample by
(i) directing a first at least three ultrasonic beams into

respective angular sectors of the body structure, the
angular sectors combining to span afield of view of an
ultrasonic transducer, wherein the beams are sepa-
rated by at least first and second angular intervals so
that the angular beam density varies over the field of
view;

(i1) repeating said directing for a second at least three
ultrasonic beams;

(ii1) receiving return echoes from the first and second at
least three ultrasonic beams;

(iv) detecting motion of the body structure by detecting
amagnitude ofa displacement ofa portion of the body
structure occurring between the return echoes from
the at least three ultrasonic beams;

(b) estimating axial, lateral and elevational displacements
based on the image obtained from (a); and

(c) comparing the results in (b) with previously generated
axial, lateral and elevational displacements.

96. A method as in claim 95 wherein the body structure is

a heart muscle and the motion is a result of a deformation of
the heart muscle.

97. The method of claim 96 wherein the single motion is
induced by a deformation in a heart muscle.

98. A method as in claim 95, wherein motion is detected in
all three or any two of axial, lateral and elevational directions.

99-118. (canceled)
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