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Background

Electromechanical Wave Imaging (EWI) is an entirely non-invasive, ultrasound-based
imaging method capable of mapping the electromechanical wave (EW) in vivo, i.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-periodic arrhythmias such as fibrillation.

Summary

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 materials, for example, muscle tissue and
blood. In embodiments, the disclosed subject matter, outgoing ultrasound energy is directed
according to non-sequential patterns that permit different 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
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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.

A temporally-unequispaced acquisition sequence (TUAS) is 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 performing
single-heartbeat EWI during ventricular fibrillation is then demonstrated. These results
indicate that EWI can be performed optimally, within a single heartbeat, and implemented in
real time for periodic and non-periodic cardiac events. Other applications for high speed
imaging, motion estimation, high frame rate imaging, and property determination exist with
different emphases on the combination of a need for speed and spatial resolution exist.
Spatially unequispaced embodiments are also described.

Objects and advantages of embodiments of the disclosed subject matter will become
apparent from the following 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

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

Fig. 1A shows a conventional imaging sequence according to the prior art.

Fig. 1B shows a temporally unequispaced sequence according to an embodiment of
the disclosed subject matter in which a displacement estimation is done between two R lines
separated by a first time interval and displacement estimations by a second interval that is
greater than, and independent of, the first interval.

Fig. 2 shows a comparison of a high strain, high rate interval of an EWI scan for
comparing motion estimate at different frame and motion estimation parameters.

Fig. 3 shows a class of TUAS schemes in which a scan is performed sector by sector
at intervals chosen responsively to the predicted motion (e.g. strain) rate of change in a target

tissue.



WO 2012/149489 PCT/US2012/035685

Fig. 4 shows a graph of strain distribution as a function of the motion-estimation rate
during activation.

Figs. 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.

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.

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.

Figs. 6A, 6B, and 6C illustrate embodiments employing, flash or plane wave imaging,
which may increase the temporal resolution of displacement estimates in ultrasound scans.

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

Fig. 8 illustrates embodiments in which multiple focused beams are simultaneously
transmitted.

Figs. 9A, 9B, and 9C are for describing apodization function features.

Fig. 10 illustrates axis conventions for describing experiments.

Figs. 11A and 11B describe embodiments for imaging and motion estimation in 1D,
2D, and 3D with features for non-axial motion estimation.

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

Fig. 13 illustrates processes for setting up and generating output for TUAS systems.

Fig. 14 figuratively illustrates a TUAS system.

Figs. 15A through 15C illustrate features of output display embodiments where
signals received for motion estimation of body structures and fluid flows are combined as
enabled by the time resolution of TUAS.

Figs. 16A and 16B illustrate spatially unequispaced and temporally unequispaced
beam embodiments.

Figs. 17A, 17B, and 17C shows alternative variations of the beam layouts of Figs.
11A, 11B, and 12A, 12B for lateral strain estimation in 3D.

Figs. 17D and 17E illustrate a 2D arrangement for lateral strain estimation that was

validated by experiment.

Detailed Description of the Embodiments
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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 modality for the characterization of arrhythmias. EWI
is a target application for the disclosed technology, but it can be used for other purposes as
well. For purposes of describing the technology, EWI will be emphasized, however.

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 resolution to prevent
decorrelation from compromising the motion estimation. Short intervals covering a short
interval may lie below the sensitivity of the motion estimator.

The present application describes validated methods, 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 embodiments, the capture is effective for evaluation of electromechanical
wave propagation and distinguishing anomalies therein, particularly for the purpose of
diagnosis and responsive medical treatment. The non-reliance on cyclical repetition allows
the characterization of anomalies like arrhythmia and/or avoiding the need for patients to
hold their breath during multiple cardiac cycles.

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
depolarization of myocardial regions triggers the electromechanical activation, i.e., the first
time, at which the muscle transitions 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.

In embodiments, temporally-unequispaced acquisition 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
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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 accomplished, in embodiments, by maintaining the sampling rate above a threshold
selected for the target motion information.

In the TUAS embodiments, a wide range of frame rates can be achieved, including
very high frame rates, independently of other imaging parameters. By maintaining a set of
imaging parameters (e.g., field of view, imaging depth), the frame rate is selected
responsively to the elastographic signal-to-noise ratio (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 EWTI at the
optimal frame rate was used to study the electromechanical activity of fibrillation, a non-
periodic arrhythmia.

In the study, which was approved by the Institutional Animal Care and Use
Committee of Columbia University, a male mongrel dog, 18 kg in weight, was anesthetized
with an intravenous injection of Diazepam 0.5- 1.0mg/kg IV as premedication, and
Methohexital 4-11mg/kg IV as induction 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, epidural) was administered before surgery, and lidocaine (50
micrograms/kg/h, intravenous) was used during the entire procedure.

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) monitoring.
Oxygen saturation of the blood and peripheral blood pressure were monitored throughout the
experiment. The chest was opened by lateral thoracotomy using electrocautery. 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. RIF ablation of the
left bundle branch was performed under fluoroscopy and a basket catheter (Boston Scientific,
Natick, MA) was introduced in the left ventricle for the purpose of another study.

The motion-estimation rate rp, is defined as the inverse of the time, i.e., Ty, lapsing

between the two RF frames used to estimate motion. The motion-sampling rate ry,s is defined
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as the inverse of the time, i.e., Ty, 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. Commonly 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 ('Ty,) 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 Tye = Tiys.

In some TUAS embodiments, the motion-estimation rate and the motion-sampling
rate are different so that T, # Ths. In TUAS, the motion-estimation rate is selected
independently of the sampling rate. As shown in Fiig. 1B, 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 estimation, 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 Fig. 1B, the number of angles per sector can be varied to
generate different ratios of Ty, to Tys.

An acquisition performed at a 12-cm-depth with 64 beams with a conventional
sequence may correspond 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, to reach a higher 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 a motion-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
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the motion-sampling rate. However, the motion-sampling rate has little effect on the motion
estimation accuracy. If this rate remains above the Nyquist rate of the estimated cardiac
motion, this will have no effect.

To estimate the effects of the motion-sampling rate on the accuracy of the motion
estimation, RIF data acquired over multiple heartbeats at 480 Hz from a previous study was
decimated to vary the motion-estimation and motion-sampling 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 a 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.

In a conventional imaging sequence, two consecutive 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 c 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¢(2dN I

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 containing k beams, and then repeated. In Fig. 3 the k 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 estimates
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 Ty,.. The time interval between frames of the entire regular frame is
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indicated as Ty. 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.

Axial motion is estimated between two beams acquired consecutively at the same
location, which results in a motion estimation rate of ¢( de)'l. 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 c(2d ) {(diV(N))'1 }. The highest motion estimation rate occurs at k= 1, i.e., ¢(2d ),
and the lowest motion estimation rate occurs at k = N, and is equal to that of a conventional
imaging sequence, i.e., c(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
addition to motion being estimated between beams separated by Ty, lower motion-
estimation rates can also be achieved by estimating motion between beams separated by T ps-
The (See Figs. 1A, 1B, and Fig. 3 and attending discussion) , corresponding to a motion-
estimation rate of ¢(2d(N-k) )'1, in which case the motion-sampling rate would be c(2dN, )'1.

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 RI signals
sampled at 20 MHz. The window size used was 4.60 mm and the overlap 90%. The heart was
segmented using an automated 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-sampling rates {163, 163,163,163,211,132,128,119,119} at a 10-
cm depth.

To assess the accuracy of a strain measurement, the SNR. was used, which is defined

as:

SNR =£. (1)
‘o

where u is the local average of strains ¢ at a given time, and ¢ the corresponding standard
deviation. In experiments, the SNR, at different motion-estimation rates was computed by
averaging and calculating the standard deviation of the incremental strains within an axial
window of 4.85 mm for individual pixels over multiple frames, corresponding to up to 5 heart
cycles, after segmenting the heart. This provides the SNR, as a function of space and time,
SNR.(x,y,t) where x and y are the lateral and axial directions, respectively and ¢ 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 theoretical
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framework allows the construction of an upper limit on the SNR, as a function of the strain
amplitude (a.k.a., the strain-filter). The strain filter corresponds, in this case, to the Ziv-Zakai
Lower Bound (ZZLB) on the variance. The ZZLB 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 information 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.

The motion-estimation rate is directly linked to the strain distribution in the heart.
Consider the cumulative strain function at a given point Xo,yo), €(Xo,¥o,t) = €(t). Then, the

strain at a time ty can be defined as

et =elt,+T,)—et,) (2

When expanding e(¢) in Taylor series around fy, the result is
£(ty) = e(ty) + €' (t, )T, +1, —t,) =[e(t,) +e'(t, )2, — 1) ]+ O(T)
=e'(t, T, )+O(T})

L8l ()
r 9

me

where e'(f) is the strain rate, and is independent of the motion-estimation rate ry,. Let
consider the same heart with two strain distributions acquired at a rate rye; and rye» comprised

in g1+Ag; and g*A &. Then,

r r r
g tAe, =2 (gt Ag) = (2l e £ Ag) (4)

me2 me2 me2

Therefore, if rmer = 2mel, E22A € = £1/2+ Agy/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.
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To perform this optimization, the probability of obtaining a SNR. value is determined within
a given interval, e.g., [s1,82], for a given strain gy, i.e., in a probabilistic framework, P(s;
<SNR. < sp | € = & ). SNRe and ¢ are simultaneously measured. As a result, their two-
dimensional histogram can be constructed and used to determine their joint probability
density function (pdf), i.e., f{(SNR., € ). The individual pdf of SNRe and & can also be
obtained from 1-D histograms. Finally, the conditional pdf f(SNR. | €) can be obtained
through the following relationship:

o= LONR.E) —(5)

e
Note that f(SNR.), f(SNR,, &) and f(SNR. | &) also depend on the motion-estimation rate, Iy,

J(SNR,

and on the temporal portion of the heart cycle of interest, At,, i.e.,
_ f(SNR,.&:r1,,,,AL)

&r, At)= ne”
e fler,, At

The analysis below is based on assumptions a and b:

a) f(SNR. | € ; v, Ate ) = f(SNR. | € ; r\mp), i.€., the relationship linking SNR, and ¢

J(SNR,

(6)

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.

b) f(SNRe | ¢ ; rvp) = f(SNRe | €), i.e., the relationship linking SNRe and & 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 .

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

E{SNR ;7 er f(er, At )de, (7)

e

A t= [E{SNR,
0
where the conditional expected value is given by

E{SNR,

&7, 1= [ SNR.f(SNR,|&;7,,,)ASNR,, (&)
0

under assumption (a).

10
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This expected value of SNRe varies during the cardiac cycle, i.e. as a function of At,,
as indicated in eq. (7). Two strain distributions were constructed: f(g; rme , Aty) and f(g; rvp
At,) where Atcand At, correspond to five cardiac cycles (approx. 3000 ms) and the 20 frames
following the R-wave (approx. 100-170 ms), respectively. f(g; rve , At) was used to
construct a robust conditional pdf, i.e., f(SNR.| &; rvp ), based on a large enough number of
samples (approx. 300,000) under assumption a). By averaging f(SNR.| &; rve ) over all the
motion-estimation rates, f(SNR. | €) was obtained under assumption b).

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 indicates that at high motion-
estimation rates, a bimodal distribution 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 (rme)'l. These observations may be seen in
Fig. 4.

Highly variable strain distributions as a function of time were observed, during the
cardiac cycle both during pacing and during sinus thythm (for the sinus rhythm case only,
data was acquired in a different canine using the automatic 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).

The probability of measuring a SNR. value simultaneously 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 pdf is concentrated in lower strain values and
lower SNR. values are more probable. These joint pdfs directly depend on the probability 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
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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 pdf
remained 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 €'(ty) in eq. (3). The average value of e'(ty) over five cardiac cycles, i.e., e'(At.),
and during activation only, i.e., €'(At,), was 155.5 s and 389.1 s'l, 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.

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 figure 4, the expected value encompasses
an entire strain distribution. 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 motion-estimation rate. A similar behavior is
observed in the variance of the SNR, (I'ig. 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.

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 irn 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 of the myocardium;
therefore, activation appears as a transition from thinning to thickening. The EW first appears

in the basal region of the lateral wall, approximately 30 ms after pacing. The EW was
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initiated at the epicardium and traveled towards the endocardium of the lateral wall. Its
average velocity over a region of 5 cm can be estimated 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.

In embodiments, the time interval for estimating motion is selected responsively to
the error sources captured by the foregoing analysis. In embodiments, the motion capture
frequency is optimized to ensure a low random signal component and a low risk of distortion
of the motion estimation resulting from strain (motion other than pure displacement).

Using TUAS, it is possible to image cardiac abnormalities that are not periodic, such
as fibrillation and this was demonstrated. This was proved experimentally. After prolonged
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 pacing origin.

In the experiments, a TUAS-based imaging sequence was developed and
implemented ir 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 resolution 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.

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.. 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 conditional 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 decorrelation at high strain values prevented high SNRe's in these ranges. The ZZ1.B
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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.. It was confirmed that the
combined conditional pdf is comprised 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. It 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 Hz in 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. Therefore, there is a trade-off
between the expected value of the SNRe and the likelihood of obtaining this value.

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 imaging, the signal-to-
noise ratio of the RI signals themselves are expected to be lower, shifting the ZZI.B 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 Z71.B may be expanded towards lower strains, thus improving the SNR. associated with
higher motion-estimation rates. Because of the wide range of motion-estimation range
available when using TUAS, an optimization process similar to the one developed here could
be adjusted on an individual basis.

The effect of reducing the motion-sampling rate was also investigated. At motion-
sampling rates of 120Hz, 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
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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 may thus be a solution to
improving the precision of the axial estimation without sacrificing the lateral resolution.

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.

Various focusing patterns designed may be used to improve the motion
estimation/spatial resolution trade-off. The following discusses embodiments which may be
implemented in combination with composite imaging (combining samples from multiple
repeating cycles) or TUAS.

A focused beam may be used as in a standard acquisition sequence in which the frame
rate is increased by sending only a limited number of transmits and creating multiple lines per
transmit as has been described with reference to Figs. 1B and 3.

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=c/2d
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 distributed
over the field of view making this technique more sensitive 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 an image. The process is repeated to create an image sequence from
which motion can be estimated.

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 acquisition pairs 240A, 240B and 242A, 242B are
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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. Fig. 6C shows that the temporal separation between the flash
acquisitions and the conventional focused beam acquisitions 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
The and Ty intervals to be substantially independently selected. The additional flash
acquisitions may be combined with focused frame acquisitions to generate or improve the
quality of interpolation frames as well as provide more frequent displacement estimations.

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 defocusing 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.

In another embodiment, an imaging technique consists 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 acquisition of multiple beams 206A
and206B. It can be implemented different ways and is easily understood with an example;
assuming three foci are desired. Firstly, it is 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
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approximation, shows that the pressure field is the Fourier transform of the pressure at the

aperture.

SR X
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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.

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, 270J; 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.

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.

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 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(n/4), where d is the size of the aperture.

For the partial defocusing example, the beam was focused following the conventional
method, but an apodization window narrowing the aperture was used to increase the size of
the focus. Several windows were implemented (rect, Hanning, Tukey, Blackman).

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 transforms in a row results in inverting the
input function and scaling it by a factor 2s.

£ = Flw) (10)

= 2xff w) (11)
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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.

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.

The image reconstruction is completely independent 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 computed by summing the data of each element
over time. The pixel-based reconstruction computes the value of each pixel by summing only
the RI data contributing to image the specific 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

iy Y = Frle #ik v =Y dE
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where {x, z} are the coordinates of the pixel wanted and £{k, x,z} is the time needed for a
sound wave to travel back and forth from the point {x,z} to the element & 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.
Displacements were estimated using a fast cross-correlation technique . 2D motion
(axial and lateral) was estimated using a 1D kernel (5.0 mm) in each direction. There was a
80% overlap in the axial direction. In the lateral direction, the RF signals are interpolated
along the lateral direction of the ultrasound beam to perform sub-beam lateral displacement
estimation. Displacement maps were obtained after a two-steps process: firstly, displacements
were estimated between sub-frames { and { + &, for [ = 1,23, .., ¥ — 1], where ¥ is the
number of transmits used to image the complete field of view. The indexes { and ¥ +{

correspond to the sub-frames reconstructed with the same transmit angle. Secondly, the
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displacement maps between two frames were computed as the sum of the & —1 maps
previously obtained. Strains were computed as the spatial derivative of the displacements.

Laboratory tests showed that the partial defocusing and multi-foci methods could be
used to estimate displacements. Both techniques created artifacts on the B-mode, but did not
lead to any significant consequences on the displacements. 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 profiles 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 coherent strain maps of a moving phantom.

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-registered with cardiac mapping for comparison.

A pixel-based reconstruction was performed followed by displacement and strain
estimation. The latter allowed the computation of isochronal maps of the electromechanical
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.

A strong correlation was found between the isochrones of both techniques. This result
demonstrates that the imaging technique implemented was suitable for EWI allowing an
isochronal map to be obtained that was highly correlated 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 composite imaging which requires multiple cycles
and repeating motion.

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-correlation 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 incremental 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 following the flash sequence. Finally, isochrones were constructed as

in previous studies.
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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, activation results mostly in thickening of the tissue (since the
ultrasound beam is 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 right-
ventricular wall and finally by the septum. Corresponding EWI 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.

EWTI at 2000 fps was then performed in a standard apical four-chamber view in a
normal, conscious canine during 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.

The same animal was then imaged during pacing from the right ventricle after the
ablation of the atrio-ventricular 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 ventricles. 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 the

right ventricle. Therefore, the EW was expected to propagate from the right ventricle near
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the apex towards the other regions of the heart. EWI displayed such a pattern: the EW
originated near the right ventricular apex and propagated towards the septum and the lateral
wall.

The feasibility of flash- and wide-beam acquisition types for EWI 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 electrical mapping using a basket
catheter and confirming that a high correlation between EWI and cardiac mapping is
maintained when using new transmit sequences. Then, experiments 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 originating 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.

Fig. 11A shows an example of a temporally unequispaced 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 technique 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 displacement is to be detected the reference and comparison beams can be
arranged collinearly. In addition there may be different numbers of reference and comparison
beams.

Referring to Fig. 12A, a larger region may be scanned by illuminating and acquiring
multiple sets of reference 420 and comparison 422 regions rather than illuminating the entire

global region 430 at once using the same TUAS technique as described above with reference
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to axial displacement 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 Ilig. 12B. The bars 430, 431, and 432 bracket complementary 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.

With regard to the scanning of reference and comparison regions, it may be desirable
for motion estimation interval Ty, to be constant and as close as possible to an optimum (See
Figs. 5A-5C and discussion) because a small Ty, will generate a noisy motion estimation and
a large Ty, will result in poor inter-frame correlation as a result of the deformation of
structures. Assuming this and also the requirement 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 simultaneously.

In the 1D, 2D, and 3D embodiments and embodiments 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 Tys. It is assumed that the members of the blocks will be transmitted 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, i2, i3, and i4.

In the case of 12 lines (il to i112) consisting of three blocks and three PLs, the lines
can be arranged in 12! possible sequences. The possible arrangement will be reduced to
satisfy two constraints mentioned above and restated here:

e (Constraint 1 : i4, 15, i6 must be consecutive, as well as 17,18 and i9 together and 110,
i1l and 112 together.
¢ Constraint 2 : The second constraint is that the time between il and i4, 12 and i7 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 corresponding to a beam transmit time. Below, each underscore represents a possible

space where there can be a PL.. Between two blocks there can be 0, 1, 2 PLs, because
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constraint 2 eliminates 3 PLs being together so the problem is locating the PLs into the spaces

indicated by numbered spaces below.

block block block
1| 2l 3] 4 5| e 7 8 9o 10l 1] 12| 13| 14| 15 16] 17

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, 9 and 10} and {13, 14 and 15}. The first index of each block is: 3, 8, and 13.
The method 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 : 1 5 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 follows.

1 \5 |9 \13 |17

234 678 |101112 \141516 1819 20

Divide the motion estimation rate by 10-1 = 9. For an 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},
{6,7,81, {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.

1 5 9 16 \ 20 24

234 \678 |101112 \131415 \171819 |212223

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
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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
motion). Since the beams in a block are not temporally coincident, 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.

In other embodiments, at a first time, the system transmits a reference beam and
subsequently transmits 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 responsive to a predicted rate of
displacement and the time interval Ty, (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 Ty, 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 embodiments, the comparison beams corresponding to the reference beam are
temporally adjacent (i.e., they are transmitted together without any other beams being
transmitted temporally between them). So essentially what this is saying is that sometimes
the reference beam of a reference beam-comparison beam block pair will be transmitted in
that order and sometimes they will be transmitted in reverse order.

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 software. 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 ultrasound 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 reference
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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.

Fig. 13 shows a process 280 for generating a display 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 displayed 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 independently on a per session or per profile basis may include the
following or equivalents.

e Type of scan (TUAS narrow beam, TUAS broad beam, Flash with B-mode,
etc.)
e T, the temporal spacing of ultrasound image frames.
¢ Ty the temporal spacing of motion/strain estimation frames.
® g the spacing of comparison region lines from corresponding reference region
lines.
e Number of beams.
e 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.

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 elipses 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 a result, real time or near real time display of
anatomy and motion data may be provided.

In all 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
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transducers in an array (2D or 3D) of the ultrasound probe from a wide or flash beam
transmit using known signal processing techniques under the general category of receive
beam forming. Thus additional embodiments can be generated from the above disclosure by
making this change in the structures and methods.

Figs. 17A, 17B, and 17C shows alternative variations 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.

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 illustration. The beamforming can be done using
stored data and was done that way in the validation experiment. The frequency of flash
transmits was 2000Hz. 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.

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 electrocardiogram (ECG) was
acquired simultaneously. RI signals were reconstructed from the element data in a pixel-
wise fashion. As mentioned, lateral displacements were estimated at a 500 Hz motion-
estimation rate and at a 2000 motion-sampling rate.

The incremental 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 displacement depicted the motion in the same myocardium region. The
cumulative lateral strains were estimated from the cumulative 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.
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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.

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. 15A, displacement 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.

Fig. 16A illustrates a spatially unequispaced transmit beams, which may be focused or
unfocused. The embodiment 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
indicated 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.

In all of the foregoing embodiments, various methods devices and systems are
described at least for addressing the problems of EWI. In EWI, inter-frame motion (or,
displacement) is estimated axially via cross-correlation of consecutive R frames. From the

displacements, one can then obtain the inter-frame strains (or, strains) depicting the EW by
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applying gradient operators on the displacement field. However, 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 degradation of the motion and deformation
estimation accuracy. Increasing the imaging frame rate reduces these effects. However,
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.

In any of the foregoing embodiments, the data handling burden may be limited by
scanning at a specific point in a cyclical 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.

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

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. However, it will be
clear that this is not a requirement in that beams that are 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 foregoing 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 Fig. 7C may be shifted spatially (angle-wise) relative to
each other, within limits.

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 greater than T, where
Ty 18 much smaller than T,;. The system has a controller configured to control the ultrasound
imaging device to image the target structure at a frequency 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.
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The controller may be configured to acquire multiple 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.

According to embodiments, the disclosed subject matter includes method for estimating
properties of motion of a body structure. The method includes directing at least a first ultrasonic
beam into a first angular sector of the body structure. The method further includes directing at least a
second ultrasonic beam into a second angular sector of the body 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 structure 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.

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.

According to embodiments, the disclosed subject matter includes a method for estimating
properties of motion of a body structure. The method includes generating a reference 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 distributed 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 a 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.

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 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 first 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 first angular

range and directed at respective second angles. The method further includes generating a second
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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.

The first 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.

According to embodiments, the disclosed subject matter includes a method for estimating
properties of motion of a body structure including directing, into the body structure, 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 occurr during a single motion event of said
body structure.

The single motion event may be induced by an electromechanical 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 first and second sets of transmit events may have substantially the
same spatial scope. The method may also include generating 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 responsively to
the first and second ultrasound scans and overlaying motion data resulting from the step of generating
motion information.

According to embodiments, the disclosed subject matter includes a high frame rate ultrasound
image acquisition 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
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of spatially separated beam lines are acquired multiple times in succession before acquiring the
second plurality of spatially separated beam lines.

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 multiple 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 displacement 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 estimating at least the relative positions of anatomical portions of said body
structure from echoes of said second beams over time to generate images of said body structure. and
combining the images and first motion estimates to form a display indicating motion within the body
structure.

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.

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 generating and receiving while
aiming the first and 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 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.

The output signal may represents a video sequence. The combining may include
compensating gross motion information represented in the successive image frames.

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 estimates. The method further includes combining

the motion estimates and the successive image frames to generate an output signal indicating tissue
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deformation in said body structure as well as the movement of anatomical features of said body
structure.

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 foregoing
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.

According to embodiments, the disclosed subject matter includes a method for estimating
properties of motion 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 combining with the composite image.

The method may further include repeating the imaging and reconstructing to form a
composite image sequence.

In any of the disclosed methods, the motion estimates 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 generated by comparing phase information of the reflected
ultrasound.

According to embodiments, the disclosed subject matter includes an ultrasound method for
acquiring sequential 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.

The varying 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.

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
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density (i.e., temporally-unequispaced acquisition sequences (TUAS)). The varying the acquisition
order may include 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-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-unequispaced
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 transmitting all available beam lines at the same time across the target sample thereby
generating a single transmit event distributed 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 focus may include generating multiple
focus points for each beam line transmit (i.e., multi-foci sequences).

According to embodiments, the disclosed subject matter includes a method of identifying an
optimal sequence acquisition method for electromechanical wave imaging (EWI) of a target sample.
The method includes (a) performing an image sequence acquisition on a target sample to reconstruct
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
displacements. The previously generated axial, lateral, and/or elevational displacements may be
generated at an optimal frame rate.

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 activation map.

The system may further include a device for filtering and amplifying the data signals prior to
generating the electrical 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.
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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 corresponding to the each of the first and second
subsections from a comparison of the each of the at least two successive frames.

The capturing may include imaging with ultrasound.

According to embodiments, the disclosed subject matter includes a method of imaging
biological tissue including using ultrasound to acquire image sequence data representing 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.

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 a second subsection twice, then returning to the first subsection
and repeating. The biological tissue may be a myocardium.

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 representing 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.

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.

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
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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.

According to embodiments, the disclosed subject matter includes a method of generating
ultrasound motion information that includes the two foregoing methods in combination.

According to embodiments, the disclosed subject matter includes an ultrasound method for
acquiring sequential 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.

According to embodiments, the disclosed subject matter includes an ultrasound method for
acquiring sequential 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 consecutive lines.

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.

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

Note that the mentioned non-periodic events may include arrthythmias, such as fibrillation.

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
deformations.

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.

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
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adjacent group is transmitted twice a predetermined interval apart before another spatially adjacent
group is transmitted.

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 estimation data may be selected responsively to an estimate of image cross-correlation
or noise.

In any of the disclosed methods, the time difference between the successive transmits used to
capture motion estimation data may be selected responsively to a probabilistic estimate of signal to
noise ratio.

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 corresponding 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 one of its 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.

The predefined distance may be selected responsively 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 blocks may be transmitted before its
corresponding principal beam. The at least one of the principal beams may be transmitted before its
corresponding block. The predefined distance 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.

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 transmitting corresponding comparison beams where each

comparison beam is spatially separated from the reference beam within a range of displacements
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around the reference beam, the range of displacement being selected responsively to a predicted rate
of displacement and a time interval T, 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 separated 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 T,. after the second time. The method including
transmitting the another reference beam the time interval T, later, the reference beam being located
spatially adjacent, the corresponding comparison beams. The comparison beams may correspond to a
given reference beam are mutually temporally adjacent, i.e., they are transmitted together without any
other beams is transmitted temporally between them. The the another reference beam may be
spatially between the corresponding reference beams.

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 scanning including capturing displacements of portions of the body structure at intervals
less than an inverse of the sampling rate.

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 indicating a sampling rate. The method includes receiving a
second 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 scanning may include capturing displacements
of portions 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 as a video
sequence with motion data responsive to the displacements superposed thereon. The time difference
between the successive 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 capture 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
successive 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 estimation resulting from strain, i.e., motion other than pure

displacement.
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According to embodiments, the disclosed subject matter includes a system for estimating
properties of motion of a body structure using ultrasound, comprising: an ultrasound probe connected
to a driver and data acquisition element 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 acquisition element in order to execute the method of any of the foregoing
claims.

According to embodiments, the disclosed subject matter includes 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 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 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 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.

The controller may beconfigured 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. Ty, may be selected
responsively to a predicted or measured maximum of a cross-correlation time scale between said
image samples.

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.

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, microcontroller device, or is comprised of control logic including integrated
circuits such as, for example, an Application Specific 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
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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 computer 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 (EEPROM), random-access memory (RAM), flash memory, disk drive and the like.

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 various 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 embodiment alternatives
suitable for implementing the modules, sections, systems, means, or processes described
herein are provided below.

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 computer-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.

Embodiments of the method and system (or their sub-components or modules), may
be implemented on a general-purpose computer, a special-purpose computer, a programmed
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), programmable logic array (PLA), field-programmable gate array (FPGA),
programmable array logic (PAL) device, or the like. In general, any process capable of
implementing the functions 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 computer readable medium).

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
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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 depending on the
speed and/or efficiency requirements of the systems, 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 ultrasonography and/or computer
programming arts.

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

It is, thus, apparent that there is provided, in accordance with the present disclosure,
imaging methods devices and systems. Many alternatives, modifications, and variations are
enabled by the present disclosure. Features of the disclosed 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.
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Claims
What is claimed is:

1. An ultrasound system for imaging a target structure that moves or deforms
with time, comprising:

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 being 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 Ty,e;

the target structure being one where relative displacements propagate over time scales
many times greater than T,,. where Ty, is much smaller than Th,g;

a controller configured to control the ultrasound imaging device to image the target
structure at a frequency of 1/ Ty, and to capture relative displacement data responsive
thereto;

the controller being further configured to generate an image sequence representing the
field of view in which the relative displacement data is shown on the image sequence.

2. The system of claim 1, wherein the controller is configured to acquire multiple
first image frames consecutively in time which first image frames are smaller than the field of
view.

3. The system of claim 2, wherein the controller is configured to assemble first
image frames to form second image frames spanning the field of view.

4. A method for estimating properties of motion of a body structure, comprising:

directing at least a first ultrasonic beam into a first angular sector of the body
structure;

directing at least a second ultrasonic beam into a second angular sector of the body
structure;

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;

detecting motion of the body structure 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.

5. A method for estimating properties of motion of a body structure, comprising:
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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;

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

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

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.

6. A method for estimating properties of motion of a body structure, comprising:

generating a reference 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; and

generating a 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 first
angular range and directed at respective second angles;

the first angles and the second angles being non-collinear.

7. The method of claim 6, wherein the first angles are distributed over a solid
angular ranges.

8. The method of claim 6, wherein the first and second angles are distributed
over solid angular ranges.

0. The method of claim 6 or 8, wherein the first angles lie between respective
ones of the second angles.

10. A method for estimating properties of motion of a body structure, comprising:

generating a first reference ultrasound scan of a 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; and

generating a first 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 first
angular range and directed at respective second angles;

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; and
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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 being non-collinear.

11. The method of claim 6, wherein the first angular range is a solid angular
range.

12. The method of claim 6, wherein the first and second angular range is a solid
angular range.

13. The method of claim 6 or 8, wherein the first angles lie between respective
ones of the second angles.

14. A method for estimating properties of motion of a body structure, comprising:

directing, into the body structure, first and second broad ultrasound beams in
respective first and second transmit events;

for each of the transmit events, forming multiple receive beams to form first images
of said body structure at first and second times;

generating motion information by comparing the first images;

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
occurring during a single motion event of said body structure.

15. The method of claim 14, wherein the single motion event is induced by an
electromechanical wave in a heart muscle.

16. The method of claim 14, wherein the first set of transmit events occurs at a
time between the first and second transmit events.

17. The method of claim 14 or 16, wherein the first and second transmit events
and the first and second sets of transmit events have substantially the same spatial scope.

18. The method of claim 14 or 16, further comprising generating a B-mode image
responsively to the first and second ultrasound scans and overlaying motion data resulting
from the step of generating motion information.

19. The method of claim 14 or 16, further comprising generating a B-mode image
sequence responsively to the first and second ultrasound scans and overlaying motion data
resulting from the step of generating motion information.

20. A high frame rate ultrasound image acquisition method, comprising:
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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, 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;

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,

wherein the first plurality of spatially separated beam lines are acquired multiple
times in succession before acquiring the second plurality of spatially separated beam lines.

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

a) directing a first beam into the body structure;

b) directing multiple 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 being the
same or different from other sequences;

from multiple a) events, estimating the displacement of anatomical portions of said
body structure to generate at least first motion estimates from echoes of the first beams;

from multiple b) events, estimating at least the relative positions of anatomical
portions of said body structure from echoes of said second beams over time to generate
images of said body structure; and

combining the images and first motion estimates to form a display indicating motion

within the body structure.

22. The method of claim 21, wherein the first beams are wider than the second
beams.

23. The method of claim 21, wherein the first beams are parallel beams.

24. The method of claim 21, wherein the first beams single pulses spanning a field

of view of the body structure.
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25. 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;

receiving multiple beams from a received echo to generate a first image frame;

generating a second beam aimed the first fraction of the field of view of the body
structure;

receiving multiple beams from a received echo to generate a second image frame;

comparing the first and second frames and generating motion estimates from a result
of the comparing;

repeating the foregoing generating and receiving while aiming the first and second
beams at a second fraction of the field of view to generate successive image frames covering
the entire field of view;

combining the motion estimates and 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.

26. The method of claim 25, wherein the output signal represents a video
sequence.
27. The method of claim 25, wherein the combining includes compensating gross

motion information represented in the successive image frames.

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

generating a first beam aimed at the body structure;

receiving multiple beams from a received echo to generate an image frame;

repeating the foregoing generating and receiving to generate successive image frames
covering the entire field of view;

cross-correlating the image frames to generate motion estimates;

combining the motion estimates 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.

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

generating a first and second beams simultaneously from a first ultrasound

transmission and focused at first respective regions of the body structure;
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generating a third and fourth beams simultaneously from a second ultrasound
transmission and focused at second respective regions of the body structure;

receiving echos to generate an image frame from the foregoing generating;

repeating the foregoing generating and receiving to generate successive image frames
covering the entire field of view;

cross-correlating the image frames to generate motion estimates;

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.

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

imaging a field of view in multiple sectors, the images for each sector being taken
sequentially at first frame rate;

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 combining with the composite image.

31. The method of claim 30, further comprising repeating the imaging and
reconstructing to form a composite image sequence.

32. The method of any of the above claims, wherein the motion estimates include
axial displacement magnitude.

33. The method of any of the above claims, wherein image frames include phase
information and the motion estimation is generated by comparing phase information of the
reflected ultrasound.

34. An ultrasound method for acquiring sequential 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 being spatially separated from each other, the method comprising: 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.

35. The method as claimed in claim 34, wherein the varying the acquisition order

includes: dividing an image frame into a plurality of image frame sectors; sequentially
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imaging the image frame sectors over multiple frames; and combining the acquired image
frame sectors to obtain a complete image of the target sample (i.e., composite imaging).

36. The method as claimed in claim 34, wherein the varying the acquisition order
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 (i.e., temporally-
unequispaced acquisition sequences (TUAS)).

37. The method of claim 34, wherein the varying the acquisition order includes
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-unequispaced acquisition
sequences (TUAS)).

38. The method of claim 34, wherein the varying the acquisition order 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 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-unequispaced acquisition sequences (TUAS)).

39. The method of claim 34, wherein varying the size and/or shape of the beam
focus includes 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).

40. The method of claim 34, wherein varying the size and/or shape of the beam
focus includes transmitting all available beam lines at the same time across the target sample
thereby generating a single transmit event distributed over a field of view (i.e., plane-wave or
flash sequences).

41. The method of claim 34, wherein varying the size and/or shape of the beam
focus includes 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).

42. The method of claim 34, wherein varying the size and/or shape of the beam
focus includes generating multiple focus points for each beam line transmit (i.e., multi-foci
sequences).

43. A method of identifying an optimal sequence acquisition method for
electromechanical wave imaging (EWI) of a target sample, the method comprising:

(a) performing an image sequence acquisition method as claimed in any of the

foregoing method claims on a target sample to reconstruct an image of the target sample;
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(b) estimating axial and lateral and/or elevational displacements based on the image
obtained from (a); and

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

44. The method as claimed in claim 20, wherein the previously generated axial,
lateral, and/or elevational displacements were generated at an optimal frame rate.

45. A system to generate a cardiac activity map of a target sample, the system
comprising:

a plurality of electrodes positioned along a portion of the target sample to detect
electrical activity at respective locations;

a measuring device connected to the plurality of electrodes and configured to measure
potential differences between adjacent electrodes and generate corresponding data signals;

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 activation map.

46. The system as claimed in claim 22, further comprising a device for filtering
and amplifying the data signals prior to generating the electrical activation map.

47. The system as claimed in claim 23, wherein the device is a printed circuit
board.

48. The system as claimed in claim 22, further comprising a controlling device to
control the pacing of the target sample.

49. A method of imaging a biological tissue, comprising:

capturing at least two successive frames of a first subsection of the biological tissue;

subsequently capturing at least two successive frames of a second subsection of the
biological tissue;

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
corresponding to the each of the first and second subsections from a comparison of the each

of the at least two successive frames.

50. The method of claim 49. wherein the capturing includes imaging with
ultrasound.
51. A method of imaging biological tissue, comprising: using ultrasound to

acquire image sequence data representing motion of the biological tissue at a first frame rate
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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.

52. The method of claim 51, further comprising superposing the motion
estimation or data derived therefrom onto an image sequence captured at the first frame rate.

53. The method of claim 51, further comprising scanning a first subsection twice
and scanning a second subsection twice, then returning to the first subsection and repeating.

54. The method of claim 51 or 53, wherein the biological tissue is a myocardium.

55. A method of imaging an electromechanical wave, comprising: 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 representing 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.

56. A method of generating ultrasound motion information, comprising:

scanning multiple A or RF beam lines to obtain spatial information of a target
medium, the scanning including 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.

57. A method of generating ultrasound motion information, comprising:

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.

58. A method of generating ultrasound motion information, comprising combining
the method as claimed in claim 1 with the method as claimed in claim 57.

59. An ultrasound method for acquiring sequential images of a target sample for

reconstructing an image frame from a plurality of beam lines, the lines being spatially
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separated from each other, the method comprising 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.

60. An ultrasound method for acquiring sequential 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 comprising acquiring the same line in a target region
before the end of the frame acquisition, thereby reducing the time between two consecutive
lines.

61. 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 claimed in any one of claims 56-60.

62. A system for detecting and characterizing periodic and non-periodic cardiac
events using electromechanical wave imaging within a single heartbeat using the method as
claimed in any one of claims 56-60.

63. The system of claim 61 or 62 wherein the non-periodic events may include
arrhythmias, such as fibrillation.

64. 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 deformations.

65. A method for identifying an optimal frame rate for electromechanical imaging
of the target sample, comprising:

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.

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

scanning the body structure using multiple focused beams from a phased ultrasound
array of transducer elements according to a predefined sequence, the beams forming spatially
adjacent groups;

the sequence defining the temporal order in which the beams are transmitted;

the sequence being such that each of the spatially adjacent groups are transmitted
twice a predetermined interval apart before another spatially adjacent group is transmitted.

67. The method of claim 66, wherein the scanning is performed using a phased
array of transducer elements.

68. The method of claim 66 or 67 wherein the body structure is a myocardium.
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69. The method of claim 66 or 67 wherein the body structure is a myocardium and
no external source of motion other than the natural motion of the myocardium and the
ultrasound used for scanning is present.

70. The method of any of the foregoing claims wherein the time difference
between the successive transmits used to capture motion estimation data is selected
responsively to an estimate of image cross-correlation or noise.

71. The method of any of the foregoing claims wherein the time difference
between the successive transmits used to capture motion estimation data is selected
responsively to a probabilistic estimate of signal to noise ratio.

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

generating single temporal sequence of spatially separated ultrasound transmission
beams ordered in time;

a fraction of the beams being principal beams and the remaining being divided among
the principal beams, with multiple beams corresponding 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 being taken as the time difference between one of its members and the
principal beam;

the beams of each block being mutually temporally adjacent (i.e., generated one right
after the other without any other intervening beams);

each principal beam being separated from the members of its corresponding block by
a predefined distance.

73. The method of claim 72, wherein the predefined distance is selected
responsively to the rate and variability of 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.

74. The method of claim 72 or 73, wherein at least one of the blocks is transmitted
before its corresponding principal beam.

75. The method of claim 71 or 74, wherein at least one of the principal beams is

transmitted before its corresponding block.
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76. The method of any of claims 71 to 75, wherein the predefined distance may
vary by region of the target structure or time depending on a predicted rate of motion of the
region of the target structure.

7. The method of any of claims 71 to 75, wherein the predefined distance varies
by region of the target structure or time responsively to a predicted rate of motion of the
region of the target structure.

78. The method of any of claims 71 to 77, wherein the members of each block are
arrayed in two dimensions around its corresponding principal beam.

79. The method of any of claims 71 to 77, wherein the members of each block are
three in number.

80. The method of any of claims 71 to 77, wherein the members of each block
vary in number and average between 2 and four in number.

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

at a first time, transmitting a reference beam and subsequently 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 displacement and a time
interval Ty, 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 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 Ti,g;

after the second time, transmitting the another reference beam the time interval Ty,
later, the reference beam is located spatially adjacent, the corresponding comparison 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
without any other beams being transmitted temporally between them.

83. The method of claim 81 or 82, 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:
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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 scanning including capturing displacements of portions 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 representing 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 ultrasound scanner;

the scanning including capturing displacements of portions 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 as a video sequence with motion data responsive to the
displacements superposed thereon.

86. The method of any of the foregoing claims wherein the time difference
between the successive transmits used to capture motion estimation data is selected
responsively to a predicted quality of the motion estimates based on strain in the body
structure.

87. The method of any of the foregoing claims wherein the time difference
between the successive transmits used to capture motion estimation 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 any of the foregoing claims wherein the time difference
between the successive 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 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:
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an ultrasound probe connected to a driver and data acquisition element and a
programmable processor with a user interface having a display and a data storage element;

software instructions recorded on the data storage element, the software instructions
defining a procedure for operating at least the ultrasound probe, driver and data acquisition
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 ultrasound probe to transmit
ultrasonic beams into the structure 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 frequently 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.

91. The system of claim 90, wherein the controller is configured to accept data
representing a magnitude Ty, of said fractions of the sample frequency.

92. The system of claim 92 wherein Ty, 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 Ty, is selected responsively to a predicted or
measured maximum of a cross-correlation time scale between said image samples.

94. The system of any of claims 91 through 94, wherein the controller transmits
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 acquisition method for
electromechanical wave imaging (EWI) of a target sample, the method comprising:

(a) performing an image volume sequence acquisition method as claimed in any one
of claims 1-14 on a target sample to reconstruct an image volume of the target sample;

(b) estimating axial, lateral and elevational displacements based on the image

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

96. A method as in any of the above method claims 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. In any of the above claims, wherein motion is detected in all three or any two

of axial, lateral and elevational directions.
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