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SYSTEMS AND METHODS FOR
ULTRASOUND MOTION DISPLAY AND
ANALYSIS

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of priority of
U.S. provisional patent application No. 62/079,024 titled
“Systems and Methods for Ultrasound Motion Display and
Analysis,” filed on Nov. 13, 2014 which is incorporated
herein in its entirety by this reference.

TECHNICAL FIELD

[0002] The present disclosure relates to ultrasound imag-
ing. More particularly, the present disclosure relates to ultra-
sound imaging with high acquisition rates for clinical medical
use.

BACKGROUND

[0003] Since its inception in the mid-1970s, real-time
echocardiography employing phased array principles has had
asignificant impact on the practice of medicine particularly in
cardiology. The real-time or live nature of image formation is
one of the principal advantages of echocardiography next to
its portability to the patient bedside and relatively low cost as
compared with MRI and CT. Currently, live 2-D image scan
rates of typical echocardiograms of 80° to 90° fields of view
are 30 to 60 per second. These scan rates are adequate for
many cardiac anatomical and functional diagnoses but are
inadequate for studies of electromechanical coupling events
in the heart. Electrical activity as measured by EKG should be
sampled at rates of 500 Hz or greater for diagnostic purposes.
To study the interaction of electrical and contractile events
with comparable temporal resolution, imaging at 500 Hz (i.e.,
500 frames per second) would be required.

[0004] There have been several studies in the recent past to
increase ultrasound acquisition speeds As cardiac ultrasound
is a pulse-echo imaging technique, the maximum frame rate
(FR) achievable is ultimately limited by the speed of sound in
tissue. For 1-D imaging techniques, such as A-mode or
M-mode, the temporal sampling is determined by the maxi-
mum range being imaged. When extended to 2-D imaging,
the field of view, or number of image lines acquired, must also
be factored into the FR. For traditional pulse-echo B-mode
imaging, the maximum achievable FR, and thus the maxi-
mum temporal sampling rate, is the inverse of the product of
the time of flight for one transmit-receive operation and the
total number of transmit-receive operations to generate one
image. In conventional echocardiography, FR can only be
increased by decreasing the resolution, the range, or field of
view of the image. Scanning a volume further reduces the
achievable imaging rates, in terms of volumes per second,
since more look directions are needed to insonify and fully
sample the volume. The volume can be thought of as consist-
ing of a number of conventional B mode planes stacked one
above the other. This stack defines the volume scanned and is
the 3D field of view. Since multiple planes must be scanned
3D ultrasound scanning in adult echocardiography has been
limited to about 20 volumes per second or less.

[0005] Three independent methods have been used to
increase temporal sampling without significantly reducing
image resolution and without a reduction of image size. The
first method used to increase FR is parallel receive process-
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ing, known as exploso scanning. In exploso scanning, the
transmit beam is broadened to insonify a larger area and
multiple image lines are received from a single transmitted
beam. This approach was first applied to echocardiography in
1984. Methods have been explored to broaden the transmit
beam, including using a reduced transmit aperture, transmit-
ting an unfocused beam, and defocused transmit beams. The
acoustic pressure in the broadened beam may lower the echo
levels and reduces the resolution in transmit. However, the
overall resolution of the image may not be greatly affected if
resolution in receive is maintained.

[0006] A second method uses multiple transmit beams,
either at the same time or in quick succession. While this
method provides an additional increase in FR, cross-talk
between the simultaneous beams may lead to increased noise
and potential artifacts in the resulting image. Recent work has
described methods for reducing crosstalk between beams by
various methods, including spatial separation, spectral sepa-
ration or frequency multiplexing, and various apodization
schemes. Crosstalk between beams may exist depending
upon the shape (apodization) and separation of the beam.
Such crosstalk may lead to image artifacts, such as bright
targets appearing in multiple locations in the image. For a
typical sector scanned image used in echocardiography
acquired using a rectangular aperture array that maintains
adequate sampling (i.e., sampled at least twice per diffraction
limited resolution cell), the FR is given by:

N7y - Npy (Equation 1)
FR= d
Ruax i 2FoV
(2— +h+0 +1p
Crissue A A
sin =
D

where A is the wavelength of sound in tissue, D is width of the
rectangular aperture in the scanning plane, R, 1s the maxi-
mum range, and FOV is the desired sector field of view in
degrees with the arcsine operation also in degrees. N, is the
number of parallel transmit beams, and Ny, is the number of
received image lines for each transmitted beam. Additional
delays t, and t, represent the machine dependent turn-around
time between sequential transmit-receive operations and
between sequential frames, respectively. The third delay, t;, is
an additional delay added if multiple sequential transmit
beams are temporally serialized. For conventional scanning,
both N, and N, are 1, and t, is O seconds. For 3D scanning
multiple planes separated from each other in the third dimen-
sion must be scanned so that the volume scan rate, VR,
becomes VR=FR/P volumes per sec, where P is the number of
planes scanned to provide the 3D field of view.

[0007] The third technique is gated image acquisition. In a
gated system, the overall image sector is divided into M
smaller sectors. Each small sector is imaged for one cardiac
cycle at a higher rate using the patient’s EKG signal as a
timing reference. The overall image is then created by imag-
ing over M cardiac cycles. This method provides an increase
in temporal sampling by a factor of M, but not an increase in
overall FR. This technique is sensitive to operator motion and
patient motion, which lead to artifacts among the partial sec-
tors. Due to the unpredictable nature of many arrhythmias,
gated acquisition is not suited for hearts with arrhythmic
events or irregular rhythm.
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[0008] Using one or a combination of these methods, other
investigators have recently studied high-acquisition-rate
ultrasound imaging with post-acquisition image formation
and display. These developments have not resulted in an
instrument capable of live image formation; rather, image
formation is off line, which is unsuitable for cardiac clinical
imaging.

SUMMARY

[0009] This summary is provided to introduce in a simpli-
fied form concepts that are further described in the following
detailed descriptions. This summary is not intended to iden-
tify key features or essential features of the claimed subject
matter, nor is it to be construed as limiting the scope of the
claimed subject matter.

[0010] In atleast one embodiment, a method of generating
an image includes: emitting, by multiple ultrasonic elements
of an array, multiple respective ultrasonic signals into a sub-
ject, the multiple respective ultrasonic signals defining at
least two beam portions traveling in different directions;
receiving, by the multiple ultrasonic elements, multiple
respective ultrasonic echo signals; and generating at least one
image of a portion of the subject from the received multiple
ultrasonic echo signals.

[0011] In at least one example, wherein emitting, by mul-
tiple ultrasonic elements of an array, multiple respective ultra-
sonic signals into the subject includes emitting a negatively
focused wavefront including the at least two beam portions
traveling in the different directions.

[0012] In atleast one example, emitting, by multiple ultra-
sonic elements of an array, multiple respective ultrasonic
signals into the subject includes emitting a negatively focused
wavefront having the at least two beam portions traveling in
the different directions.

[0013] In atleast one example, emitting, by multiple ultra-
sonic elements of an array, multiple respective ultrasonic
signals into the subject includes emitting at least two nega-
tively focused wavefronts, each including at least one of the at
least two beam portions traveling in the different directions.
[0014] In at least one example, emitting at least two nega-
tively focused wavefronts includes: sending a first negatively
focused wavefront from a first subgroup of multiple ultra-
sonic elements of the array; and sending a second negatively
focused wavefront from a first subgroup of multiple ultra-
sonic elements of the array.

[0015] In at least one example: the array defines an array
aperture in which the multiple ultrasonic elements of the
array are positioned; the first subgroup defines a first sub-
aperture in which the multiple ultrasonic elements of the first
subgroup are positioned; the second subgroup defines a sec-
ond sub-aperture in which the multiple ultrasonic elements of
the second subgroup are positioned; and the first sub-aperture
and second sub-aperture as smaller than the array aperture.
[0016] In at least one example, the first and second sub-
apertures overlap.

[0017] In at least one example, generating at least one
image includes generating a video image in real time.
[0018] In atleast one example, the method includes saving
data including information about the multiple respective
ultrasonic echo signals, and generating at least one image
includes generating a video image using the saved data.
[0019] In at least one example, generating at least one
image includes generating a selectable view-rate video image
using the saved data.
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[0020] 1In atleast one embodiment, a system for generating
an image includes: an array of multiple ultrasonic elements
configured to emit multiple respective ultrasonic signals into
a subject, the multiple respective ultrasonic signals defining
at least two beam portions traveling in different directions,
and to receive multiple respective ultrasonic echo signals; and
adevice configured to generate at least one image of a portion
of the subject from the received multiple ultrasonic echo
signals.

[0021] In at least one example, the array of multiple ultra-
sonic elements is configured to emit a negatively focused
wavefront including the at least two beam portions traveling
in the different directions.

[0022] In at least one example, the array of multiple ultra-
sonic elements is configured to emit a negatively focused
wavefront having the at least two beam portions traveling in
the different directions.

[0023] In at least one example, the array of multiple ultra-
sonic elements is configured to emit at least two negatively
focused wavefronts, each including at least one of the at least
two beam portions traveling in the different directions.
[0024] In at least one example, the at least two negatively
focused wavefronts include: a first negatively focused wave-
front from a first subgroup of multiple ultrasonic elements of
the array; and a second negatively focused wavefront from a
second subgroup of multiple ultrasonic elements of the array.
[0025] In at least one example: the array defines an array
aperture in which the multiple ultrasonic elements of the
array are positioned; the first subgroup defines a first sub-
aperture in which the multiple ultrasonic elements of the first
subgroup are positioned; the second subgroup defines a sec-
ond sub-aperture in which the multiple ultrasonic elements of
the second subgroup are positioned; and the first sub-aperture
and second sub-aperture are smaller than the array aperture.
[0026] In at least one example, the first and second sub-
apertures overlap.

[0027] In at least one example, the at least one image
includes a video image in real time.

[0028] In atleast one example, the system is configured to
save data including information about the multiple respective
ultrasonic echo signals, and wherein the at least one image
includes generating a video image using the saved data.
[0029] In at least one example, the at least one image
includes a selectable view-rate video image generated using
the saved data.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] The previous summary and the following detailed
descriptions are to be read in view of the drawings, which
illustrate particular exemplary embodiments and features as
briefly described below. The summary and detailed descrip-
tions, however, are not limited to only those embodiments and
features explicitly illustrated.

[0031] FIG. 1isadiagrammatic representation of a system,
according to at least one embodiment, by which ultrasonic
beams are directed from an ultrasonic beam array.

[0032] FIG. 2is a plan view of a planar array of ultrasonic
elements arranged, according to at least one embodiment, in
a rectangular grid pattern within a circular periphery

[0033] FIG. 3 is a plan view of a planar array of ultrasonic
elements arranged, according to at least one other embodi-
ment, in a pattern of concentric circles within a circular

periphery.
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[0034] FIG. 4 is a perspective view representation of an
ultrasonic signal propagating into a scan volume from a single
transducer element in an array of multiple elements.

[0035] FIG. 5 is a side view representation of an ultrasonic
signal propagating as a planar wavefront into a scan volume
from multiple transducer elements in an array of multiple
elements.

[0036] FIG. 6 is a side view representation of an ultrasonic
signal propagating as a concave or converging spherical
wavefront defining a focused beam.

[0037] FIG. 7 is a side view representation of an ultrasonic
signal propagating as a convex or diverging spherical wave-
front defining a negatively focused beam.

[0038] FIG.8isadiagrammatic representation of a system,
according to at least one embodiment, by which an array of
ultrasonic elements is effectively divided into subsections.
[0039] FIG.9isaplanview of the array of FIG. 8, showing
an array slice corresponding to elements in FIG. 10.

[0040] FIG.101saside view representation of an ultrasonic
signal propagating as two negatively focused beams moving
simultaneously in different directions.

[0041] FIG. 11 is a measured beam plot for an unfocused
transmit beam.
[0042] FIG.12is ameasured beam plot for a transmit beam

with -30 cm focus.

[0043] FIG.13is ameasured beam plot for a transmit beam
focused at 7 cm.

[0044] FIG. 14A is a speckle target image demonstrating
the relative beam width for an unfocused transmit beam.
[0045] FIG. 14B is a speckle target image demonstrating
the relative beam width for a transmit beam with -30 cm
focus.

[0046] FIG. 14C is a speckle target image demonstrating
the relative beam width for a transmit beam focused at 7 cm.
[0047] FIG. 15A is an image of a resolution target with
focused transmit.

[0048] FIG.15B is animage of the resolution target of FIG.
15A with unfocused transmit.

[0049] FIG.15C is an image of the resolution target of FIG.
15A with defocused transmit.

[0050] FIG.15D is an image of the resolution target of FIG.
15A acquired at 1000 frames per second.

[0051] FIG. 16A is an image of a tissue-mimicking phan-
tom acquired with focused transmit.

[0052] FIG.16B is an image of the tissue-mimicking phan-
tom of FIG. 16A acquired with unfocused transmit.

[0053] FIG.16C is an image of the tissue-mimicking phan-
tom of FIG. 16A acquired with defocused transmit.

[0054] FIG. 16D is an image of the tissue-mimicking phan-
tom of FIG. 16 A acquired at 1000 frames per second.
[0055] FIG.17A is an image in the PLAX view acquired in
a 59-year-old female subject during late diastole with an
acquisition rate of 60 Hz.

[0056] FIG.17B is an image in the PLAX view acquired in
the subject of FIG. 17A during late diastole with an acquisi-
tion rate of 240 Hz.

[0057] FIG.17C is an image in the PLAX view acquired in
the subject of FIG. 17A with an acquisition rate of 500 Hz.
[0058] FIG.17D is an image in the PLAX view acquired in
the subject of FIG. 17A with an acquisition rate of 1000 Hz.
[0059] FIG.18A is an image inthe AP4 view acquired in an
81-year-old female subject during late systole with an acqui-
sition rate of 60 Hz.

May 19, 2016

[0060] FIG.18Bisanimageinthe AP4 view acquired inthe
subject of FIG. 18A during late diastole with an acquisition
rate of 240 Hz.

[0061] FIG.18Cisanimageinthe AP4 view acquired inthe
subject of FIG. 18A with an acquisition rate of 500 Hz.
[0062] FIG. 18D is an image in the AP4 view acquired in
the subject of FIG. 18A with an acquisition rate of 1000 Hz.

DETAILED DESCRIPTIONS

[0063] These descriptions are presented with sufficient
details to provide an understanding of one or more particular
embodiments of broader inventive subject matters. These
descriptions expound upon and exemplify particular features
of those particular embodiments without limiting the inven-
tive subject matters to the explicitly described embodiments
and features. Considerations in view of these descriptions
will likely give rise to additional and similar embodiments
and features without departing from the scope of the inventive
subject matters. Although the term “step” may be expressly
used or implied relating to features of processes or methods,
no implication is made of any particular order or sequence
among such expressed or implied steps unless an order or
sequence is explicitly stated.

[0064] Any dimensions expressed or implied in the draw-
ings and these descriptions are provided for exemplary pur-
poses. Thus, not all embodiments within the scope of the
drawings and these descriptions are made according to such
exemplary dimensions. The drawings are not made necessat-
ily to scale. Thus, not all embodiments within the scope of the
drawings and these descriptions are made according to the
apparent scale of the drawings with regard to relative dimen-
sions in the drawings. However, for each drawing, at least one
embodiment is made according to the apparent relative scale
of the drawing.

[0065] Inthe following descriptions, parallel processing is
increased relative to previous approaches to facilitate the
scanning rate of a volume by a factor of five or more as made
possible by formation of a transmit beam that insonifies a
larger volume by having a thousand or more look directions
from each signal transmission or burst. In at least one embodi-
ment, this is accomplished by emitting a negatively focused
beam using the full available aperture space of an ultrasonic
array and making the beam broad enough to include a high
number of look directions. In at least one other embodiment,
this is accomplished by dividing the array into subsections
and concurrently or nearly concurrently using the subsections
to emit negatively focused beams each allowing many look
directions. Blood flow can be visualized by subtracting high
speed images or implementing filters to accentuate certain
motions in the heart or blood for volume scans and 2 D scans.
High speed scans refer to imaging speeds above 150 per sec or
faster and 100 volumes/sec or faster.

[0066] In at least one example, elements in an array are
divided into two subgroups within two sub-apertures. A first
subgroup of elements is used to emit a beam with five hundred
look directions from a first sub-aperture and simultaneously a
second subgroup of elements is used to emit a beam with five
hundred look directions from a second sub-aperture. A thou-
sand beams are thus effectively formed using the sub-aper-
tures. Combinations ofthese examples are within the scope of
these descriptions.

[0067] A system 100 includes an ultrasonic array 102 of
elements by which ultrasonic beams are directed into a scan
volume in use. In at least one embodiment, the system 100
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includes a timing and control module 104 that operationally
controls the functions of transmit-side and receive-side
devices. A transmit-side controller 106 sends activation sig-
nals to the ultrasonic array 102. Input 108 to the timing and
control module 104 in FIG. 1 represents user inputs and/or
data and inputs from other equipment. The signal line 110
from the transmit-side controller 106 toward the ultrasonic
array 102 represents as many independent signal lines as
needed to individually activate each element of the array or as
needed to ultimately control each element independently or in
subgroups. The signal line 110 continues to the receive-side
amplifier device 114 where processing of the receive signals
emanating from the transducer elements of the array begins.
In various examples: the elements of the array 102 are used
for both transmit and receive; some of the elements are used
for transmit and some are used for receive; some are used for
both transmit and receive, others are used for only transmit,
and others yet are used for only receive; and all such examples
may change over time such that any or all elements functions
as to transmit, receive, or both can be re-assigned at any time.

[0068] Bidirectional communication of activation signals
to the ultrasonic array 102 and the receive signals emanating
from the transducer elements of the array is conducted by a
line 116 in communication with the signal line 110 upstream
of the receive-side amplifier device 114. The pre-processed
receive signals are passed to a receive-side delay device 120
downstream of the receive-side amplifier device 114 via a line
122. A multiplexer may be used for example between the
transmit-side controller 106 and the array 102, and/or
between the array 102 and receive-side amplifier device 114.
The line 116 in FIG. 1 may include or represent a multiplexer.

[0069] The receive-side delay device 120 facilitates the
discrimination of the response of each scan volume location
from the response of every other location so as to facilitate the
generation of a three-dimensional mapping of the scan vol-
ume for imaging purposes. As the array 102 sends outgoing
ultrasonic signals into a scan volume, incoming ultrasonic
echo signals return to the array 102 causing the generation of
receive signals in the elements of the array. As the time of
flight, for both send and return signals, from any particular
scan volume location varies from element to element in the
array, the return signals cause a time-varying receive signal at
each element. The receive-side delay device 120 can time
shift or time stamp the pre-processed receive signals down-
stream of the receive-side amplifier device 114 to compensate
for the time-of-flight (TOF) variations between each element
and each scan volume location. By introducing a delay into
the receive signal train of each element according to the
time-of-flight between that element and a particular scan
volume location, the return signal portions corresponding to
that particular scan volume location can be identified.

[0070] A downstream real-time processor and detection
device 124 gets the receive signals from the receive-side
delay device 120 via a line 126. A spatial and temporal image
processing device 130 receives data from the device 124 viaa
line 132 and further processes the data and outputs images on
a display. For example, constant response signal level asso-
ciated with a particular scan image location can be subtracted
so as to reveal movement in lieu of stationary features. Images
can be produced in real time from data slices for immediate
clinical use and to assure that an intended subject is within the
scan volume. The device 124 and/or spatial and temporal
image processing device 130 include or are in communication
with a storage device that stores the data stream. The saved
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data can later be used to create motion videos at selectable
view rates so the scan volumes can be viewed at any selected
speed to facilitate viewing and analysis of features moving in
slow (fast video) and fast (slow video) time regimes. That is,
the data can be later used to generate fast and slow motion
videos.

[0071] The array 102 of FIG. 1 is shown with a fill pattern
generically representing many ways in which multiple ele-
ments can be arranged within an effective aperture. The fill
pattern represents many element arrangement patterns in
many embodiments.

[0072] FIG. 2 is a plan view of a planar array 202 of ele-
ments 204 arranged, according to at least one embodiment, in
a rectangular grid pattern within a circular periphery 206
defining an effective circular aperture of the array.

[0073] FIG. 3 is a plan view of a planar array 302 of ele-
ments 304 arranged, according to at least one other embodi-
ment, in a pattern of concentric circles within a circular
periphery 306 defining an effective circular aperture of the
array. Many other element arrangements by which the array
of FIG. 1 may be constructed are within the scope of these
descriptions. The patterns by which the elements are placed
of distributed in FIGS. 2 and 3 are examples. Many other
placement patterns are within the scope of these descriptions.
There are many ways to spatially arrange elements in an array
or multiple elements within the scope of these descriptions.
[0074] FIG. 4 is a perspective view representation of an
ultrasonic signal propagating into a scan volume from a single
transducer element in an array 402 of multiple elements 404.
Although illustrated as having a rectangular periphery in the
drawing, the array 402 of FIG. 4 could have any other outer
peripheral shape, such as circular as shown for the arrays in
FIGS. 2 and 3, and any arrangement pattern of elements. A
single transducer element 406 is shown in FIG. 4 to emit an
ultrasonic signal 410 that advances forward from the array. In
a medium having a uniform speed for the propagation of
sound, the signal 410 can be said to have a diverging wave-
front 412. In theory a diverging spherical wavefront 412 is
generated as all points in the scan volume equidistant from the
active transducer element 406 in a spherical shell slice 414
receive the signal simultaneously. By use of multiple ele-
ments in the array. the wavefront of the advancing signal can
be manipulated. When all or some portion of the many ele-
ments in the array are used, each contributes to a resulting
beam formed by the summation of the many signals including
constructive and destructive interference.

[0075] FIG. 5is a side view representation of an ultrasonic
signal propagating into a scan volume from multiple trans-
ducer elements 504 in an array 502 of multiple elements. The
elements emit respective signals with a constant time delay
interval DT between adjacent elements firing in succession
from left to right. A wavefront 510, to which each active
element contributes by interference, advances from the array.
The respective propagation distance 506 of the signal of each
element to the resulting wavefront is proportional to the time
of flight (TOF) of the signal from that element. Thus, those
elements to the left in FIG. 5, which activated earlier than
those to the right as represented by a TOF axis 512, have
corresponding longer propagation distances. Where each ele-
ment in FIG. 5 represents a row of elements in a 2D array, the
resulting advancing interference pattern can be said to have a
wavefront that is approximately planar, at least near the array
and not accounting for edge effects, due to the constant time
delay interval DT between adjacent rows, and can be said to
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be abeam directed to the right in FIG. 5, due to the firing of the
rows in time succession from left to right.

[0076] FIG. 6 is a side view representation of an ultrasonic
signal propagating into a scan volume from multiple trans-
ducer elements 604 in an array 602 of multiple elements. The
respective propagation distance 606 of the signal of each
element to the resulting wavefront is proportional to the time
of flight (TOF) of the signal from that element. As in FIG. 5,
the elements 604 emit respective signals with respective time
delays, however, in FIG. 6 peripheral elements are activated
earlier than central elements and the time delays represented
by the TOF axis 612 are chosen to generate a concave bowl-
shaped wavefront 610. Where each element in FIG. 6 repre-
sents a circular pattern of elements in a 2D array centered
around the minima point in the illustrated wavefront 610, the
resulting advancing interference pattern can be said to be a
concave spherical wavefront converging upon a focal point
614 forward of the array. This defines a focused beam having
a focal point at a positive distance 616 from the array.
[0077] FIG. 7 is a side view representation of an ultrasonic
signal propagating into a scan volume from multiple trans-
ducer elements 704 in an array 702 of multiple elements. The
respective propagation distance 706 of the signal of each
element to the resulting wavefront is proportional to the time
of flight (TOF) of the signal from that element. As in FIG. 6,
the elements 704 emit respective signals with respective time
delays, however, in FIG. 7 central elements are activated
earlier than peripheral elements and the time delays repre-
sented by the TOF axis 712 are chosen to generate a convex-
shaped wavefront 710. Where each element 704 in FIG. 7
represents a circular pattern of elements in a 2D array cen-
tered around the maxima point in the illustrated wavefront,
the resulting advancing interference pattern can be said to be
aconvex spherical wavefront 710 diverging from a focal point
714 behind the array. This defines a negatively focused beam
having a focal point at a negative distance 716 from the array.
[0078] A defocused beam in these descriptions refers to a
negatively focused beam, that is, a beam having a focal point
or multiple focal points defined rearward of the array relative
to a scanned volume. An unfocused beam refers to a beam of
long focus (such as one thousand cm), that is, a beam having
a focal point defined forward of the array and deep within a
scanned volume or beyond.

[0079] InFIGS. 6 and 7, by introduction of a constant delay
or advance in the activation times of the elements throughout
the array, the focal point can be adjustably positioned relative
to the array plane in which the elements reside. For example,
an additional delay moves the focal points further forward,
and an advance or reduced delay moves the focal points
backwards. Thus, FIGS. 5-7 demonstrate that a beam can be
shaped and directed according to a schedule of activation of
the elements in an array. As described with reference to FIGS.
8-10, by zone control or subgrouping of element sets in a
single array device into effective sub-arrays, a single beam
array can as well be used to generate multiple beams, each
having its own beam shape characteristics and propagation
direction.

[0080] FIG. 8is a diagrammatic representation of a system
800, according to at least one embodiment, by which an array
802 of ultrasonic elements is effectively divided into subsec-
tions each of which emits beams from effective sub-apertures
into a scan volume in use. In at least one embodiment, the
system 800 includes master timing and control module 804
that operationally controls the functions of transmit-side and
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receive-side devices. A transmit-side controller 806 receives
data 810 and a clock signal 812 from the master timing and
control module 804 and sends element-specific commands to
a transmitter interface device 814, which sends activation
signals to the ultrasonic array 802 by which each element
thereof is controlled independently or in subgroups. The sig-
nal lines 816 from the transmitter interface device 814 toward
the ultrasonic array 802 represent as many independent signal
lines as needed to activate each element of the array indepen-
dently or in subgroups, or a multiplexer could be employed
with less or any number of physical communication lines. The
signal lines 816 further communicate with receivers, for
example as shown as the receive-side amplifier device 114 in
FIG. 1, where processing of the receive signals emanating
from the transducer elements of the array begins. The lines
816 in FIG. 8 may include or represent a multiplexer. One or
more multiplexers can be included with or within the trans-
ducer device 802.

[0081] The master timing and control module 804 sends
aperture select data 820 to the transmitter interface device 814
to control sub-aperture selection so as to effectively divide the
array 802 into subgroups of elements. Three selections for
concurrent or independent use, or use in any combination are
shown for example in array 802 of FIG. 8. A full aperture
selection 820, and two sub-aperture selections 822 and 824
defining respective subgroups of the elements are shown.
Data connections 830 and 832 sending data from the master
timing and control module 804 to delay and image control
devices are also shown in FIG. 8, of which further descrip-
tions are made in the preceding, for example with reference to
FIG. 1.

[0082] In the illustrated selection examples, all of the ele-
ments of the array are within the full aperture selection 820
and could be used, for example, to generate a wide aperture
negatively focused beam as shown in FIG. 7. The element
subgroups within sub-aperture selections 822 and 824 in FIG.
8 could be used, for example, to generate the negatively
focused beams 840 and 842 shown as directed in different
directions in FIG. 10. The array elements in FIG. 9 along the
array slice 846 are represented as elements 848 in FIG. 10,
showing that the sub-aperture selections 822 and 824 are
being used to generate the two negatively focused beams 840
and 842 in F1G. 10 simultaneously. In other examples within
the scope of these descriptions, multiple beams are sent from
multiple subgroups of elements at different times. Further-
more, the sub-aperture selections 822 and 824 are shown in
FIGS. 8 and 9 as having lesser effective aperture dimensions
than the full aperture selection 820, and are shown as over-
lapping. The corresponding element subgroups are defined as
all elements within the sub-aperture selections, and thus those
elements within the area where the two selections 822 and
824 overlap are included in both subgroups. In other
examples, multiple non-overlapping sub-aperture selections
822 are made and no elements are shared by the defined
subgroups. In yet other examples, subgroups are defined to
populate any sub-aperture area or even the full aperture of the
array, such that, for example, multiple subgroups can be
defined with partially or entirely overlapping subgroup-apet-
tures with or without sharing any of their elements. Further-
more, the positively and negatively focused beams shown
respectively in FIGS. 6, 7 and 10 are described as having
spherical wavefronts, however these descriptions relate as
well to other wavefront configurations for both positively and
negatively focused beams in any number. For example, in at
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least one embodiment a negatively focused parabolic beam
diverges outward from an array, and in another embodiment,
multiple negatively focused parabolic beams are generated.
Multiple negative focal points may be used, and multiple
beam shapes may be used with one or more than geometric
focal points. Thus, many variations may be used.

[0083] By the above descriptions, parallel processing can
increase, relative to previous approaches, scanning rates of a
scan volume by having multiple look directions in each signal
transmission or burst from an ultrasonic array. This can be
accomplished by emitting a negatively focused beam using
the full available aperture space of an ultrasonic array and
making the beam broad enough to include a high number of
look directions. This can be accomplished by dividing the
array into subsections and concurrently or nearly concur-
rently using the subsections to emit defocused beams each
corresponding to many look directions. All combinations of
the above examples are within the scope of these descriptions.
[0084] The following descriptions relate to a new high-
speed system, within the scope of the above descriptions with
reference to FIGS. 1-9, that is capable of live imaging while
acquiring images at rates up to 1000 frames per second for
adult cardiac imaging, and up to 2500 per second for other
applications (e.g., pediatric echocardiography). Transmit
configurations are described, and examples of clinical images
are shown. In practical clinical use of echocardiography, it is
preferable for the clinician or technician to be able to view
live images as they are acquired to ensure that the anatomy of
interest is scanned. While the acquisition rates achieved in the
following descriptions generate information in excess of what
a human operator may discern while data is collected, high
temporal resolution images and the simultaneously acquired
EKG signals can be studied retrospectively in slow motion or
frame by frame.

[0085] In at least one embodiment, an ultrasound scanning
system is used to acquire, display, and store all images, and to
permit real-time 3-D volumetric imaging. The ultrasound
scanning system is highly flexible and features 512 indepen-
dently controlled transmitters with a delay accuracy of 2.5
ns. Bach transmitter can be programmed for amplitude, center
frequency, bipolar pulse length, and pulse bandwidth. In addi-
tion, each transmitter can transmit up to 8 separate and inde-
pendent pulses in rapid succession for near simultaneous
transmit applications.

[0086] In at least one embodiment, there are 1024 receive
channels with 9 MHz bandwidth that are digitized at 50 MHz.
The output from each of the 1024 channels is then sent to 32
beamformers for a total count of 32,768 hardware beamform-
ers in the system.

[0087] Inatleastone exampleas described in the following,
a96-element linear array is used, employing 3072 beamform-
ers. The output of all unused beamformers is turned off. The
architecture of the system permits software controlled selec-
tion of the number of active transmit and receive channels.
The receive system is self-calibrating so that the signal ampli-
tude at the detectors is independent of the number of trans-
ducer elements used.

[0088] The array used has an active aperture of 21 mm
width and 14 mm height, and a center frequency of 3.5 MHz.
The output of the beamformers is distributed to 32 software
programmable detectors. Amplitude of the detected signal
can be adjusted and various time domain filters can be imple-
mented via software. The 15-bit detected brightness data
from each 32 independent detectors along with temporally
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synchronous EKG data are transferred to a computer, such as
a PC, for display and storage via three CameralLink connec-
tions. The output of the detectors is transferred at a measured
rate of up to 1.35 Gbps.

[0089] The computer is outfitted with three DALSA X64
FrameGrabber cards: two for dedicated image data acquisi-
tion with the third acquiring EKG data and various other
parameters. Display and storage of this data are accomplished
by software. High-speed transfers and basic image processing
are performed in real time by the Intel Integrated Performance
Primitives libraries. Real-time display of ultrasound images
is performed using Microsoft DirectX libraries.

[0090] During live clinical scans, images are displayed as
in conventional clinical echocardiography. When high-speed
imaging function is selected, the display system shows
images at the native rate of the video system, but all image
data are immediately available for analysis and real-time
display. All images are stored in a circular frame buffer in the
computer memory with a capacity of 25,000 frames. At 1000
fps, this memory capacity permits storage of up to 25 seconds
of images. These images can be played back at slower play-
back rates (i.e., in slow motion, or frame-by-frame as selected
by the operator). Various image parameters such as bright-
ness, gamma, and contrast can be adjusted during playback
mode, and various temporal and spatial filters can be applied.
[0091] A transmit beam configuration, according to at least
one embodiment, includes a phased array scanner system. In
at least one example, the system is capable of 32 to 1 parallel
receive processing. The transmit beam in at least one example
is widened to at least 16° to accommodate 32 received image
lines spaced every 0.5°. The diffraction limited resolution of
a 21-mm wide transducer used at 3.5 MHz is 1.2°. For this
transducer, the transition distance is approximately 30 cm. To
avoid the self-focusing effect (i.e., the natural narrowing of
the beam), the beam profile can be generated when transmit-
ting a negatively focused beam at minus 30 cm. For compari-
son, a transmit focused at mid-range (7 cm) and a beam
focused at 1,000 cm (the unfocused beam) can also be mea-
sured. The f-number in receive varied from 1 to 6.5 depending
on depth. No amplitude apodization was implemented in
transmit or receive, nor was spatial or temporal compounding
employed.

[0092] For each transmit scheme, beam plots are measured
by clamping the transducer to a ring stand in a water tank. An
OndaCorp HGL-0200 hydrophone is attached to a custom
rotational stage with the center of rotation aligned to the
center of the array transducer. Peak-to-peak receive voltage
from the hydrophone is measured with an oscilloscope (Agi-
lent DSO06054A, Agilent Technologies Inc., Santa Clara,
Calif., USA) at 1° intervals over a field of view from -35° to
+35°. Measurements are made every 2 cm, from 3 cm to 13
cm in range. At each range, the hydrophone’s location is
centered on axis in both azimuth and elevation by translating
the hydrophone until the maximum receive voltage is mea-
sured. The transmit beam is focused at the range being mea-
sured during the centering process. Measurements are then
made using the three transmit beams.

[0093] To visualize the appearance of the ultrasound beams
as a function of distance from the transducer, a synthetic
sponge with regular cell spacing in a water tank can be
scanned. A B-mode image of the transmit beam pattern can be
produced by transmitting on axis, at 0°, while receive beam-
formers are steered in the usual fashion over the sector field of
view. For such images, the transducer can be manually held at



US 2016/0135790 A1

the edge of the sponge. Images can be obtained and recorded
with unfocused, defocused, and focused beams.

[0094] To quantify image quality for high FR imaging, both
spatial resolution and image contrast are measured. Spatial
resolution is determined by imaging an ATUM standard reso-
lution phantom. The phantom contains wires spaced at 1, 2,3,
and 4 mm apart in the center. The linear array described
previously is clamped in a fixed position and the phantom is
aligned so that the resolution targets are located near the focal
point of the focused transmit beam, at 70 mm depth. Images
are acquired with focused, unfocused, and defocused transmit
beams, acquiring two image lines for each transmitted acous-
tic pulseto achieve a target FR of 60 Hz as is typical in clinical
practice. A fourth image is acquired using the same settings as
when scanning at 1000 fps, using a defocused transmit beam
and receiving 32 images lines for each transmitted pulse.
[0095] The contrast ratio can be measured by imaging a
tissue-mimicking phantom (CIRS Model 040GSE Multi-
Purpose Multi-Tissue Ultrasound Phantom. A central region
of the phantom that contains a 0.5-cm-diameter anechoic void
can be imaged four times, once for each of the three transmit
schemes with two image lines received per transmitted pulse,
to achieve an FR of 60 Hz. The fourth time, the phantom can
be imaged at 1000 fps with a defocused transmit and 32 image
lines received for each transmit. The average brightness of a
5-by-5 region of samples within the void can be calculated
over 60 frames; likewise, the average brightness of an 11-by-
11 region of samples in the tissue-mimicking region (i.e.,
speckle pattern) can be taken over 60 frames. The ratio of
these two values can calculated to give the contrast ratio.
[0096] EXAMPLE STUDY—In one example in adult car-
diac imaging, seventy volunteers had standard chest wall
echocardiograms performed at rates up to 1000 frames per
second with 800 FOV and 14-cm range. Volunteers enrolled
in this study ranged from 18 to 81 years old, these volunteers
consisted of a combination of healthy individuals with no
previous diagnosis of cardiac disease and patients who
already had a physician-ordered echocardiogram performed.
All volunteers consented, and all human studies were per-
formed under IRB approval. During the examination, patients
had a lead I EKG acquired synchronously with the image
acquisition. Lead placement and ultrasonic exams were pet-
formed by licensed sonographers. During the examination,
volunteers were supine on an examination table and, if nec-
essary to expose a more viable acoustic window, were
instructed to roll on their left side. Images were acquired in up
to five standard views: parasternal long axis (PLAX) and
short axis (PSAX), and apical four-chamber (AP4), two-
chamber (AP2), and three-chamber (AP3) views. In the
example, images were obtained at the same power level out-
puts, which was about 50 mW/cm?.

[0097] BEAM PLOTS—The array used both in vitro and in
vivo was a linear array with 96 elements, 21-mm aperture in
the scan plane (azimuth), height of 14 mm (elevation), and
center frequency of 3.5 MHz. Beam plots measured for each
transmit scheme are shown in FIGS. 11-13. FIG. 11 is a
measured beam plot 1100 for the unfocused transmit beam.
FIG. 12 is a measured beam plot 1200 for the transmit beam
with -30-cm focus. FIG. 13 is a measured beam plot 1300 for
the transmit beam focused at 7 cm.

[0098] The received voltages are displayed (FIGS. 11-13)
on a decibel scale y-axis 1102, using the maximum of all
measurements as the reference voltage. The reference voltage
at 0 dB as shown in FIG. 13 corresponds to the peak voltage
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1302 measured at the 7-cm range for the focused transmit.
The amplitude of each beam plot at different ranges can be
measured by using the receive amplitude scale on the y-axis
1102 on the left of the 3-cm range plot. The diagonal line in
FIGS. 11-13 indicates the intersection of the —-40-dB ampli-
tude at 0° off axis at each range. The dashed horizontal lower
lines indicate the —-40-dB level for each measured range.

[0099] As can be seen from the beam plots in FIGS. 11-13,
the location of the focal point greatly affects the profile of the
transmitted acoustic beam. In the case of the unfocused trans-
mit seen in FIG. 11, the beam consistently converges over all
measured ranges. As the transducer is diffraction limited, the
transmitted beam naturally focuses at the transition distance,
which, given the size of the aperture and wavelength trans-
mitted, is approximately 30 cm for this transducer.

[0100] The defocused transmit in FIG. 12 also converges,
albeit not as rapidly as the unfocused beam. Over the mea-
sured range, the negatively focused beam is consistently the
broadest, but at the expense of ripple in the main lobe and
reduced overall amplitude. For this case, the negative focus is
analogous to placing a diverging lens on the aperture. A
negative focus near the transition distance reduces the self-
focusing effect of the aperture for the range being imaged.

[0101] For the focused case in FIG. 13, the beam has
already begun to converge at a range of 3 cm and continues to
narrow until the focus is reached at 7 cm. Beyond the focus,
the beam diverges. The peak amplitude at each range also
increases to its peak at 7 cm and decreases at further ranges as
the beam spreads out.

[0102] The three transmit beams presented here were com-
pared quantitatively in terms of average beam width, ampli-
tude, and amplitude ripple over the 3-cm to 13-cm range. The
-6-dB beam width averaged over all ranges was found to be
6.8+5.4° for the focused transmit beam, 16.0£8.3° for the
unfocused, and 22.6+11.1° for the defocused case. A second
metric is the average reduction in peak amplitude, at each
range, with respect to the maximum amplitude at the 7-cm
range for the focused transmit beam (FIG. 13). For the
focused case, this is a metric of variation in amplitude of the
beam over 13 cm, whereas for the other two transmit schemes
(FIGS. 11, 12), this is a measurement of loss in signal with
respect to a focused transmit beam. The average reduction
was found to be -8.6+£5.0 dB for the focused transmit,
-2.7£1.8 dB for the unfocused, and -13.3x1.5 dB for the
defocused beam. A third comparison was the ripple in the
main beam, or the difference in the maximum and minimum
voltages measured in the main lobe of each transmit beam.
For the focused transmit, the ripple was found to be 0.6+0.9
dB, for the unfocused 2.7+0.2 dB, and for the defocused
2.4+0.4 dB.

[0103] Qualitative differences between beam profiles can
be seen in beam images in FIGS. 14A-14C. FIG. 14A is a
speckle target image demonstrating the relative beam width
for the unfocused transmit beam. FI1G. 14B is a speckle target
image demonstrating the relative beam width for the transmit
beam with =30 cm focus. FIG. 14C is a speckle target image
demonstrating the relative beam width for the transmit beam
focused at 7 cm. These images show the same relationship
between the beams as the measured beam plots (FIGS.
11-13). In FIG. 14C, the focused beam converges at 7 cm,
where the brightness in the image is at its maximum value. In
FIG. 14A, the unfocused beam converges, but does not reach
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its natural focus (i.e., the transition distance). In FIG. 14B, the
negatively focused beam converges, although not as quickly
as the other two.

[0104] IMAGE QUALITY—Images of the resolution tar-
get taken with different transmit configurations can be seen in
FIGS. 15A-15C. Wires in the target are spaced 1, 2, 3, and 4
mm apart, left to right in each of FIGS. 15A-15D. FIG. 15A
is an image of a resolution target with focused transmit. For
the focused transmit beam in FIG. 15A, all targets are clearly
resolved. With this transmit configuration, the system has 1
mm or 0.8° lateral resolution. FIG. 15B is an image of the
resolution target with unfocused transmit. FIG. 15C is an
image of the resolution target with defocused transmit. For
these transmit configurations, unfocused in FIG. 15B and
defocused in FIG. 15C, the 2-mm-spaced targets are clearly
resolved, whereas the 1-mm-spaced targets are not. The lat-
eral resolution for these configurations is 2 mm, or 1.6°. FIG.
15D is an image of the resolution target acquired at 1000
frames per second. When increasing the number of image
lines received per transmit to 32 to acquire at 1000 fps, the
lateral resolution is unaffected, as seen in FIG. 15D. The
range resolution was 1 mm in all cases.

[0105] Images of the tissue-mimicking phantom are shown
in FIGS. 16A-16D. An anechoic void used to calculate the
contrast ratio can be seen in the upper left quarter of each
image. The anechoic void is 0.5 cm in diameter. FIG. 16A is
an image of the tissue-mimicking phantom acquired with
focused transmit. FIG. 16B is an image of the tissue-mimick-
ing phantom of FIG. 16 A acquired with unfocused transmit.
FIG. 16C is an image of the tissue-mimicking phantom of
FIG. 16A acquired with defocused transmit. FIG. 16D is an
image ofthe tissue-mimicking phantom of F1G. 16 A acquired
at 1000 frames per second. The contrast ratio was calculated
to be 25.7 dB for the focused transmit (FIG. 16A), 11.5 dB for
the unfocused (FIG. 16B), and 10.9 dB for the defocused
transmit (FIG. 16C). When imaging at 1000 fps (FIG. 16D),
the contrast ratio was 10.2 dB.

[0106] ADULT CARDIAC IMAGES—Images of adult
hearts were acquired at various FRs using the transmit beams
listed in Table 1. Images in both the parasternal long axis
(PLAX) and apical four-chamber (AP4) views can be seen in
FIGS. 17A-17D and 18A-18D, respectively.

TABLE I

Transmit and Receive Schemes for In Vivo Imaging

Frame rate Transmit focus Receive
(fps) (cm) explosos
60 +7 2
240 =30 8
500 =30 16
1000 =30 32
[0107] FIGS. 17A-17D are images in the PLAX view

acquired in a 59-year-old female subject taken with different
acquisition rates. The views in FIGS. 17A-17D were taken
from late diastole when both aortic and mitral valves are
distinct features in the image. Other notable features in these
images are the right ventricle (RV) and the anterior wall of the
RV at the apex of the image, the interventricular septum
(IVS). and the left ventricle (LV). FIGS. 17A-17D were
acquired with acquisition rates of 60 Hz, 240 Hz, 500 Hz and
1000 Hz, respectively.
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[0108] FIGS. 18A-18D are images in the AP4 view
acquired in an 81-year-old female subject during late systole
with different acquisition rates. Apical views in FIGS. 18A-
18D were taken from late systole so that both septal and
lateral walls are within the field of view, in the center and on
the right side of the image, respectively. The mitral valve
separating the left atrium (LA) from the L'V is closed in all
images. The patient’s right atrium (RA) and RV, as well as the
tricuspid valve separating the two, can be seen in all images.
FIGS. 18A-18D were acquired with acquisition rates of 60
Hz, 240 Hz, 500 Hz and 1000 Hz, respectively.

[0109] Inboth sets of images (FIGS. 17A-17B, 18A-18B),
signal to noise 1s greater at 60 fps than at 240, 500, or 1000 {ps
due to the loss in signal caused by widening the transmit
beam; however, there is no appreciable difference in image
quality between the higher FR images.

[0110] DISCUSSION—To correlate electrical events as
measured by the EKG to mechanical events seen in ultrasonic
images, comparable sampling rates may be advantageous.
The AHA/ACC consensus for EKG measurements indicates
a minimum sampling rate of 500 Hz. Echocardiographic
images, therefore, may advantageously be acquired at a mini-
mum of 500 per second for correlative studies between the
images and EKG measurements.

[0111] High-frame-rate echocardiography was earlier
described in a preliminary study. Using a high-speed video
camera to capture ultrasound images displayed on a phospho-
rous screen, FRs up to 240 per second were achieved. At that
time, the technique proved too cumbersome for clinical appli-
cations. Advances in digital memory storage and processing
speeds now make possible even faster image acquisition
rates, their storage, and playback at various slower speeds.

[0112] For the high FR system described herein, a beam
characteristic of note is the average beam width. In this
approach, the beam width used for imaging can be deter-
mined by the receive resolution of the system and the number
of parallel image lines desired or available for each transmit
beam. As a system according to at least one embodiment has
a hardware limitation of 32 received image lines per transmit
and the transducerused has a Rayleigh resolution limit of 1.2°
at 3.5 MHz, an optimized beam width for this application
would be 16°, assuming that the image is spatially over-
sampled at0.5° intervals. Both the unfocused transmit and the
defocused transmit beams satisfy this criterion; however, the
unfocused transmit beam narrows significantly with range
resulting in uneven signal level at deeper ranges.

[0113] Forthe defocused beam, the negative focus of 30 cm
can be chosen for imaging because, in diffractive optics,
placing a point source at the secondary focus of a diverging
lens will produce an optical beam that is a projection of the
aperture. This may not be the best location of the negative
focus because the resulting beam has an average width of 8°
wider than necessary. By combining apodization with a dif-
ferent negative focal length, a transmit beam that is confined
to a narrower and more consistent width may be produced.

[0114] As theripplein the main beam was found to be only
2.4 dB, this amount of variation in signal amplitude was
deemed acceptable for preliminary clinical imaging due to
the signal compression used in hardware processing and
brightness transfer functions. Inspection of the beam images
in FIGS. 14A-14B evinces no perceivable difference in
brightness laterally across the beams, reflecting the negligible
effect of beam ripple on the resultant images. This difference
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in amplitude, however, may have an effect on measurement
techniques for high FR images.

[0115] An apodization scheme to minimize the ripple in the
main beam may be implemented. As seen in FIGS. 15A-15D
and 16A-16D, both lateral resolution and contrast are reduced
when using a broadened transmit beam. The overall resolu-
tion in the images, however, is not greatly effected as long as
receive resolution is maintained. The loss of 13 to 15 dB in
image contrast is significant. It should be noted that the phan-
tom used presents a case more extreme than in typical cardiac
imaging applications where low-contrast regions, such as the
cavity of the left ventricle, are larger than 0.5 cm in diameter.
The reduction of image quality for in vivo images, specifi-
cally in lateral resolution and image contrast, can be readily
appreciated by the naked eye as well in the quantitative image
quality metrics presented. However, image quality of in vivo
images was still deemed viable for clinical use by an experi-
enced cardiologist. Given the anatomic considerations for
adult cardiac imaging, namely an 80° field of view and 14-cm
range, the FR achieved was 1000 per second. In other appli-
cations such as pediatric cardiology or peripheral vascular
imaging where the field of view and range required are
reduced, higher FRs are achievable with the system described
herein.

[0116] Others have recently utilized high-acquisition-rate
ultrasonic methods to investigate physiologic processes in the
heart, most commonly the electromechanical coupling of
myocardial tissue. Multiple studies have measured propagat-
ing phenomena in adult myocardial tissue that propagate at
velocities of 1 to 9 m/s and occur in the time domain of the
EKG that would indicate a correlation to electromechanical
events. At conventional imaging rates of 60 fps, these phe-
nomena would move 1.6 to 15 ¢cm from frame to frame,
making detection and measurement of these phenomena dif-
ficult if not impossible. However, those studies have yet to
describe a real-time system with live display.

[0117] Descriptions herein demonstrate the clinical signifi-
cance of temporal sampling at much higher rates than previ-
ously used in echocardiography. The systems and methods
described herein allow for the extension of diagnostic ultra-
sound imaging to higher temporal sampling and support one
of the main strengths of diagnostic ultrasound, real-time
imaging. The availability of real-time, high-speed images at
rates comparable to EKG sampling opens up new possibilities
for studying cardiac functions in the healthy and sick. For
example, high-speed images permit a more accurate determi-
nation of contractile events, such as strain, or the performance
of cardiac valves. This demonstrates the ability to acquire
realtime, high-speed ultrasound images in a clinical context
without reducing FOV and with minimal reduction of image
resolution. As these high-speed techniques are applied to the
clinical situation, numerical processing techniques handle the
increased data generated from each patient. The extension of
these methods to real-time, high-speed 3-D imaging allow for
amore complete understanding of the complicated electrical
and mechanical interactions of the heart.

[0118] Particular embodiments and features have been
described with reference to the drawings. It is to be under-
stood that these descriptions are not limited to any single
embodiment or any particular set of features, and that similar
embodiments and features may arise or modifications and
additions may be made without departing from the scope of
these descriptions and the spirit of the appended claims.
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What is claimed is:
1. A method of generating an image, the method compris-
ing:
emitting, by multiple ultrasonic elements of an array, mul-
tiple respective ultrasonic signals into a subject, the mul-
tiple respective ultrasonic signals defining at least two
beam portions traveling in different directions;

receiving, by the multiple ultrasonic elements, multiple
respective ultrasonic echo signals; and

generating at least one image of a portion of the subject

from the received multiple ultrasonic echo signals.

2. The method of claim 1, wherein emitting, by multiple
ultrasonic elements of an array, multiple respective ultrasonic
signals into the subject comprises emitting a negatively
focused wavefront comprising the at least two beam portions
traveling in the different directions.

3. The method of claim 2, wherein emitting, by multiple
ultrasonic elements of an array, multiple respective ultrasonic
signals into the subject comprises emitting negatively
focused wavefront having the at least two beam portions
traveling in the different directions.

4. The method of claim 2, wherein emitting, by multiple
ultrasonic elements of an array, multiple respective ultrasonic
signals into the subject comprises emitting at least two nega-
tively focused wavefronts, each comprising at least one of the
atleast two beam portions traveling in the different directions.

5. The method of claim 4, wherein emitting at least two
negatively focused wavefronts comprises:

sending a first negatively focused wavefront from a first

subgroup of multiple ultrasonic elements of the array;
and

sending a second negatively focused wavefront from a

second subgroup of multiple ultrasonic elements of the
array.

6. The method of claim 4, wherein:

the array defines an array aperture in which the multiple

ultrasonic elements of the array are positioned;

the first subgroup defines a first sub-aperture in which the

multiple ultrasonic elements of the first subgroup are
positioned;

the second subgroup defines a second sub-aperture in

which the multiple ultrasonic elements of the second
subgroup are positioned; and

the first sub-aperture and second sub-aperture as smaller

than the array aperture.

7. The method of claim 6, wherein the first and second
sub-apertures overlap.

8. The method of claim 1, wherein generating at least one
image comprises generating a video image in real time.

9. The method of claim 1, further comprising saving data
comprising information about the multiple respective ultra-
sonic echo signals, and wherein generating at least one image
comprises generating a video image using the saved data.

10. The method of claim 9, wherein generating at least one
image comprises generating a selectable view-rate video
image using the saved data.

11. The method of claim 1, further comprising subtracting
high speed images to show blood flow.

12. The method of claim 11, wherein the high speed images
are taken at at least 150 per second.

13. A system for generating an image, the system compris-
ing:

an array of multiple ultrasonic elements configured to emit

multiple respective ultrasonic signals into a subject, the
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multiple respective ultrasonic signals defining at least
two beam portions traveling in different directions, and
to receive multiple respective ultrasonic echo signals;
and

a device configured to generate at least one image of a

portion of the subject from the received multiple ultra-
sonic echo signals.

14. The system of claim 13, wherein the array of multiple
ultrasonic elements is configured to emit a negatively focused
wavefront comprising the atleast two beam portions traveling
in the different directions.

15. The system of claim 14, wherein the array of multiple
ultrasonic elements is configured to emit a negatively focused
wavefront signal having the at least two beam portions trav-
eling in the different directions.

16. The system of claim 14, wherein the array of multiple
ultrasonic elements is configured to emit at least two nega-
tively focused wavefronts, each comprising at least one of the
at least two beam portions traveling in the different directions.

17. The system of claim 16, wherein the at least two nega-
tively focused wavefronts comprise:

a first negatively focused wavefront from a first subgroup

of multiple ultrasonic elements of the array; and

a second negatively focused wavefront from a second sub-

group of multiple ultrasonic elements of the array.

18. The system of claim 16, wherein:

the array defines an array aperture in which the multiple

ultrasonic elements of the array are positioned;
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the first subgroup defines a first sub-aperture in which the
multiple ultrasonic elements of the first subgroup are
positioned;

the second subgroup defines a second sub-aperture in

which the multiple ultrasonic elements of the second
subgroup are positioned, and

the first sub-aperture and second sub-aperture as smaller

than the array aperture.

19. The system of claim 18, wherein the first and second
sub-apertures overlap.

20. The system of claim 13, wherein the least one image
comprises a video image in real time.

21. The system of claim 13, wherein the system is config-
ured to save data comprising information about the multiple
respective ultrasonic echo signals, and wherein the at least
one image comprises generating a video image using the
saved data.

22. The system of claim 21, wherein the at least one image
comprises a selectable view-rate video image generated using
the saved data.

23. The system of claim 13, wherein the system is config-
ured to subtract or apply more complex temporal filters to
high speed images to show blood flow or tissue motion.

24.The system of claim 23, wherein the high speed images
are taken at at least 150 per second.
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