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(57) ABSTRACT

Systems and methods for improving the quality of ultrasound
images made up of a combination of multiple sub-images
include giving more weight to sub-image information that is
more likely to improve a combined image quality. Weighting
factor information may be determined from the geometry
(e.g., angle or path length) of a location of one or more
specific transducer elements relative to a specific point within
a region of interest or a region of an image. In some embodi-
ments, any given pixel (or other discrete region of an image)
may be formed by combining received echo data in a manner
that gives more weight to data that is likely to improve image
quality, and/or discounting or ignoring data that is likely to
detract from image quality (e.g., by introducing noise or by
increasing point spread).
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SYSTEMS AND METHODS FOR IMPROVING
ULTRASOUND IMAGE QUALITY BY
APPLYING WEIGHTING FACTORS

CROSS REFERENCES TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application No. 61/615,735, filed on Mar. 26,
2012, titled “Systems and Methods for Improving Ultrasound
Image Quality by Applying Weighting Factors”, which is
incorporated by reference in its entirety.

[0002] This application is related to U.S. Pat. No. 8,007,
439, issued Aug. 30, 2011 and titled “Method and Apparatus
to Produce Ultrasonic Images Using Multiple Apertures;”
U.S. patent application Ser. No. 13/029,907, published as
2011/0201933 and titled “Point Source Transmission and
Speed-Of-Sound Correction Using Multiple-Aperture Ultra-
sound Imaging;” U.S. patent application Ser. No. 12/760,375,
filed on Apr. 14, 2010, published as 2010/0262013 and titled
“Universal Multiple Aperture Medical Ultrasound Probe;”
and U.S. patent application Ser. No. 13/279,110, filed on Oct.
21,2011, published as 2012/0057428 and titled “Calibration
of Ultrasound Probes;” all of which are incorporated herein
by reference.

INCORPORATION BY REFERENCE

[0003] Unless otherwise specified herein, all patents, pub-
lications and patent applications mentioned in this specifica-
tion are herein incorporated by reference to the same extent as
if each individual publication or patent application was spe-
cifically and individually indicated to be incorporated by
reference.

FIELD

[0004] This invention generally relates to ultrasound imag-
ing and more particularly to systems and methods for improv-
ing ultrasound imaging quality by applying weighting fac-
tors.

BACKGROUND

[0005] Inconventional ultrasonic imaging, a focused beam
of ultrasound energy is transmitted into body tissues to be
examined and the returned echoes are detected and plotted to
form an image. While ultrasound has been used extensively
for diagnostic purposes, conventional ultrasound has been
greatly limited by depth of scanning, speckle noise, poor
lateral resolution, obscured tissues and other such problems.
[0006] In order to insonify body tissues, an ultrasound
beam is typically formed and focused either by a phased array
or a shaped transducer. Phased array ultrasound is a com-
monly used method of steering and focusing a narrow ultra-
sound beam for forming images in medical ultrasonography.
A phased array probe has many small ultrasonic transducer
elements, each of which can be pulsed individually. By vary-
ing the timing of ultrasound pulses (e.g. by pulsing elements
one by one in sequence along a row), a pattern of constructive
interference is set up that results in a beam directed at a
chosen angle. This is known as beam steering. Such a steered
ultrasound beam may then be swept through the tissue or
object being examined. Data from multiple beams are then
combined to make a visual image showing a slice through the
object.
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[0007] Traditionally, the same transducer or array used for
transmitting an ultrasound beam is used to detect the return-
ing echoes. This design configuration lies at the heart of one
of the most significant limitations in the use of ultrasonic
imaging for medical purposes: poor lateral resolution. Theo-
retically, the lateral resolution could be improved by increas-
ing the width of the aperture of an ultrasonic probe, but
practical problems involved with aperture size increase have
kept apertures small. Unquestionably, ultrasonic imaging has
been very useful even with this limitation, but it could be more
effective with better resolution.

[0008] Significant improvements have been made in the
field of ultrasound imaging with the creation of multiple
aperture imaging, examples of which are shown and
described in Applicant’s prior patents and applications refer-
enced above. Multiple aperture imaging methods and systems
allow for ultrasound signals to be both transmitted and
received from separate apertures.

SUMMARY OF THE DISCLOSURE

[0009] A method of forming an ultrasound image is pro-
vided, the method comprising transmitting an unfocused first
circular wave front ultrasound signal into a region of interest
from a first transmit aperture and receiving echoes of the first
circular wave front ultrasound signal at a first receive aperture
to form a first image layer, transmitting an unfocused second
circular wave front ultrasound signal into a region of interest
from a second transmit aperture and receiving echoes of the
second circular wave front ultrasound signal at the first
receive aperture to form a second image layer, applying a
weighting factor to at least one pixel of the first image layer to
obtain a modified first image layer, and combining the modi-
fied first image layer with the second image layer to form a
combined image.

[0010] In some embodiments, the method further com-
prises applying a weighting factor to a least one pixel of the
second image layer to obtain a modified second image layer.
[0011] In other embodiments, the method further com-
prises, prior to applying the weighting factor, determining a
value of the weighting factor by determining an angle
between a point represented by the at least one pixel and the
first transmit aperture, and determining the value of weight-
ing factor as a mathematical function of the determined angle.
[0012] Inone embodiment, the method further comprises,
prior to applying the weighting factor, determining a value of
the weighting factor by determining an angle between a point
represented by the at least one pixel and the first receive
aperture, and determining the weighting factor as a math-
ematical function of the determined angle.

[0013] Insomeembodiments, determining the value of the
weighting factor comprises determining whether the angle
exceeds a threshold value, selecting a first value for the
weighting factor if the angle exceeds the threshold value, and
selecting a second value for the weighting factor if the angle
does not exceed the threshold value.

[0014] In other embodiments, determining the value of the
weighting factor comprises determining whether the angle
exceeds a threshold value, selecting a first value for the
weighting factor if the angle exceeds the threshold value, and
selecting a second value for the weighting factor if the angle
does not exceed the threshold value.

[0015] In one embodiment, the method further comprises,
prior to applying the weighting factor, determining a value of
the weighting factor by determining a first distance from one
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of'the first or second transmit apertures to a point represented
by the at least one pixel, determining a second distance from
the point to the first receive aperture, summing the first dis-
tance and the second distance to obtain a total path length, and
determining the weighting factor as a mathematical function
of the total path length.

[0016] In some embodiments, applying the weighting fac-
tor comprises multiplying the weighting factor by a pixel
intensity value of the at least one pixel.

[0017] In other embodiments, applying the weighting fac-
tor decreases the value of pixels that are identified as likely to
contain more than a threshold level of noise.

[0018] In one embodiment, the method further comprises
transmitting the first circular wave front at a first frequency,
and transmitting the second circular wavefront at a second
frequency, the first frequency being greater than the second
frequency, and applying a weighting factor to at least one
pixel in the second image based on the difference between the
first frequency and the second frequency.

[0019] Insome embodiments, the mathematical function is
selected from the group consisting of a monotonic function, a
linear function, a normal distribution, a parabolic function, a
geometric function, an exponential function, a Gaussian dis-
tribution, and a Kaiser-Bessel distribution.

[0020] In another embodiment, the method comprises,
prior to applying the weighting factor, determining a value of
the weighting factor by evaluating a quality of a point-spread-
function of the first transmit aperture and the first receive
aperture, determining that a pixel image obtained using the
first transmit aperture and the first receive aperture will
improve image quality, and assigning a non-zero positive
value to the weighting factor.

[0021] In some embodiments, the method also comprises,
prior to applying the weighting factor, determining a value of
the weighting factor by evaluating a quality of a point-spread-
function of the first transmit aperture and the first receive
aperture, determining that a pixel image obtained using the
first transmit aperture and the first receive aperture will
degrade image quality, and assigning a value of zero to the
weighting factor.

[0022] In another embodiment, the method further com-
prises changing an image window by zooming or panning to
a different portion of the region of interest, determining a new
weighting factor value based on the changed image window.

[0023] A method of identifying transmit elements not
blocked by an obstacle is also provided, the method compris-
ing transmitting an unfocused first circular wave front ultra-
sound signal from a first transmit aperture and receiving
echoes of the first circular wave front ultrasound signal at a
first receive aperture, determining whether deep echo returns
from within the region of interest are received by identifying
if a time delay associated with the received echoes exceeds a
threshold value, and identifying the first transmit aperture as
being clear of an obstacle if deep echo returns are received.

[0024] Another method of identifying transducer elements
blocked by an obstacle is provided, the method comprising
transmitting an unfocused first circular wave front ultrasound
signal from a first transmit aperture and receiving echoes of
the first circular wave front ultrasound signal at a first receive
aperture, determining whether strong shallow echo returns
are received by identifying a plurality of echo returns with
intensity values greater than a threshold intensity and with
time delays less than a threshold time delay, and identifying
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the first transmit aperture as being blocked by an obstacle if
strong shallow echo returns are received.

[0025] An ultrasound imaging system is also provided
comprising an ultrasound transmitter configured to transmit
unfocused ultrasound signals into a region of interest, an
ultrasound receiver configured to receive ultrasound echo
signals returned by reflectors in the region of interest, a beam-
forming module configured to determine positions of the
reflectors within the region of interest for displaying images
of the reflectors on a display, first user-adjustable controls
configured to select a designated aperture from a plurality of
transmit apertures and receive apertures of the ultrasound
transmitter and ultrasound receiver, and second user-adjust-
able controls configured to increase or decrease a speed-of-
sound value used by the beamforming module to determine
the positions of reflectors detected with the designated aper-
ture.

[0026] In one embodiment, the designated aperture is a
transmit aperture. In another embodiment, the designated
aperture is a receive aperture.

[0027] Another ultrasound imaging system is provided,
comprising a first transmit aperture configured to transmit
first and second unfocused circular wave front ultrasound
signals into a region of interest, a first receive aperture con-
figured to receive echoes of the first and second circular wave
front ultrasound signals, and a controller configured to form a
first image layer from received echoes of the first circular
wave front ultrasound signal, and configured to form a second
image layer from received echoes of the second circular wave
front ultrasound signal, the controller being further config-
ured to apply a weighting factor to at least one pixel of the first
image layer to obtain a modified first image layer, and to
combine the modified first image layer with the second image
layer to form a combined image.

[0028] In some embodiments, the controller is configured
to apply a weighting factor to a least one pixel of the second
image layer to obtain a modified second image layer.

[0029] In other embodiments, the controller is configured
to determine a value of the weighting factor by determining
an angle between a point represented by the at least one pixel
and the first transmit aperture, the controller being further
configured to determine the value of weighting factor as a
mathematical function of the determined angle.

[0030] In some embodiments, the controller is configured
to determine a value of the weighting factor by determining
an angle between a point represented by the at least one pixel
and the first receive aperture, the controller being further
configured to determine the weighting factor as a mathemati-
cal function of the determined angle.

[0031] In one embodiment, determining the value of the
weighting factor comprises determining whether the angle
exceeds a threshold value, selecting a first value for the
weighting factor if the angle exceeds the threshold value, and
selecting a second value for the weighting factor if the angle
does not exceed the threshold value.

[0032] In another embodiment, determining the value of
the weighting factor comprises determining whether the
angle exceeds a threshold value, selecting a first value for the
weighting factor if the angle exceeds the threshold value, and
selecting a second value for the weighting factor if the angle
does not exceed the threshold value.

[0033] In some embodiments, the controller is configured
to determine a value of the weighting factor by determining a
first distance from one of'the first or second transmit apertures
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to a point represented by the at least one pixel, determining a
second distance from the point to the first receive aperture,
summing the first distance and the second distance to obtain
a total path length, and determining the weighting factor as a
mathematical function of the total path length.

[0034] In one embodiment, applying the weighting factor
comprises multiplying the weighting factor by a pixel inten-
sity value of the at least one pixel.

[0035] Inanother embodiment, applying the weighting fac-
tor decreases the value of pixels that are identified as likely to
contain more than a threshold level of noise.

[0036] In some embodiments, the first transmit aperture is
configured to transmit the first circular wave front at a first
frequency and the second circular wavefront at a second
frequency, the first frequency being greater than the second
frequency, and the controller is configured to apply a weight-
ing factor to at least one pixel in the second image based on
the difference between the first frequency and the second
frequency.

[0037] In another embodiment, the mathematical function
is selected from the group consisting of a monotonic function,
a linear function, a normal distribution, a parabolic function,
a geometric function, an exponential function, a Gaussian
distribution, and a Kaiser-Bessel distribution.

[0038] In another embodiment, the controller, prior to
applying the weighting factor, is configured to determine a
value of the weighting factor by evaluating a quality of a
point-spread-function of the first transmit aperture and the
first receive aperture, the controller being configured to deter-
mine that a pixel image obtained using the first transmit
aperture and the first receive aperture will improve image
quality, the controller being further configured to assign a
non-zero positive value to the weighting factor.

[0039] In some embodiments, the controller is configured
to determine a value of the weighting factor by evaluating a
quality of a point-spread-function of the first transmit aper-
ture and the first receive aperture, the controller being con-
figured to determine that a pixel image obtained using the first
transmit aperture and the first receive aperture will degrade
image quality, the controller being further configured to
assign a value of zero to the weighting factor.

[0040] In another embodiment, the controller is further
configured to change an image window by zooming or pan-
ning to a different portion of the region of interest, the con-
troller further being configured to determine a new weighting
factor value based on the changed image window.

BRIEF DESCRIPTION OF THE DRAWINGS

[0041] The novel features of the invention are set forth with
particularity in the claims that follow. A better understanding
of'the features and advantages of the present invention will be
obtained by reference to the following detailed description
that sets forth illustrative embodiments, in which the prin-
ciples of the invention are utilized, and the accompanying
drawings of which:

[0042] FIG. 1A is a perspective view illustration of an
embodiment of a multiple aperture ultrasound imaging con-
trol system.

[0043] FIG. 1B is a block diagram illustrating an embodi-
ment of some components of an imaging system that may be
used in combination with the systems and methods herein.
[0044] FIG. 2 is a schematic illustration of a multiple aper-
ture ultrasound imaging probe with two transducer arrays and
a grid of points/pixels to be imaged.
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[0045] FIG. 3 is a schematic illustration of a multiple aper-
ture ultrasound imaging probe with three transducer arrays
and a grid of points/pixels to be imaged.

[0046] FIG.4isagraphillustrating several embodiments of
transtfer functions that may be used to determine weighting
factors based on a total path length from a transmit aperture to
a reflector back to a receive aperture.

[0047] FIG. 5 is a cross-sectional view of an ultrasound
transducer array illustrating an effective angle of the trans-
ducer elements.

[0048] FIG. 6 a schematic illustration of the probe of FIG.
2 showing two example transmit angles for a selected point
and selected transmit apertures.

[0049] FIG.7isaschematicillustration of the probe of FIG.
2 showing two example receive angles for a selected point and
selected receive apertures.

[0050] FIG. 8isagraphillustrating several embodiments of
transfer functions that may be used to determine weighting
factors based on an aperture transmit angle and/or an aperture
receive angle.

[0051] FIG. 9is a schematic illustration of a multiple aper-
ture ultrasound imaging probe with three transducer arrays
and a grid of points/pixels to be imaged, with an obstacle
between the probe and the image field.

DETAILED DESCRIPTION

[0052] The various embodiments will be described in detail
with reference to the accompanying drawings. References
made to particular examples and implementations are for
illustrative purposes, and are not intended to limit the scope of
the invention or the claims.

[0053] The present disclosure provides systems and meth-
ods for improving the quality of ultrasound images made up
of a combination of multiple sub-images by assigning rela-
tively more weight to sub-image information that is more
likely to improve overall quality of a combined image. In
some cases, this may be achieved by amplifying the effect of
higher quality sub-image information. In other embodiments,
image optimization may be achieved by reducing the effect of
lower quality sub-image information. In some embodiments,
such information may be determined from a known location
of a specific transducer element relative to a specific region of
an image. In some embodiments, any given pixel (or other
discrete region of an image) may be formed by combining
received echo data in a manner that gives more weight to data
that is likely to improve image quality, and/or discounting or
ignoring data that is likely to detract from image quality (e.g.,
by introducing noise or by increasing point spread). Details of
systems and methods for achieving such improvements are
provided herein.

[0054] Although the various embodiments are described
herein with reference to ultrasound imaging of various ana-
tomic structures, it will be understood that many of the meth-
ods and devices shown and described herein may also be used
in other applications, such as imaging and evaluating non-
anatomic structures and objects.

[0055] A multiple aperture ultrasound system may include
a control unit containing electronics, hardware, software, and
user interface components for controlling a multiple aperture
imaging process. FIG. 1A illustrates an example of a multiple
aperture ultrasound imaging control system 100 which has a
control panel 120 and a display screen 130. The imaging
control system also contains electronic hardware and soft-
ware configured to transmit, receive and process ultrasound
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signals using a multiple aperture ultrasound imaging (MAUT)
probe. Such hardware and software is generically referred to
herein as MAUTI electronics. In some embodiments, a MAUI
control system may also include a calibration unit (not
shown). In such embodiments, a calibration unit may be
electronically connected to the MAUI electronics by any
wired or wireless communications system. In further embodi-
ments, the electronics controlling a calibration system,
including electronics controlling a probe during calibration,
may be entirely independent (physically and/or electroni-
cally) of the electronics used for controlling an ultrasound
imaging process. Some examples of suitable calibration sys-
tems are shown and described in U.S. patent application Ser.
No. 13/279,110 (publication no. 2012/0057428), which is
incorporated herein by reference. In some embodiments, the
MAUT electronics may include only hardware and software
sufficient to perform a portion of an imaging process. For
example, in some embodiments the system 100 may include
only controls and electronics for capturing image data, while
hardware, software, electronics and controls for processing
and displaying an image may be external to the system 100.

[0056] As used herein the terms “ultrasound transducer”
and “transducer” may carry their ordinary meanings as under-
stood by those skilled in the art of ultrasound imaging tech-
nologies, and may refer without limitation to any single com-
ponent capable of converting an electrical signal into an
ultrasonic signal and/or vice versa. For example, in some
embodiments, an ultrasound transducer may comprise a
piezoelectric device. In other embodiments, ultrasound trans-
ducers may comprise capacitive micro machined ultrasound
transducers (CMUT) or any other transducing device capable
of converting ultrasound waves to and from electrical signals.

[0057] Transducers are often configured in arrays of mul-
tiple individual transducer elements. As used herein, the
terms “transducer array” or “array” generally refers to a col-
lection of transducer elements mounted to a common backing
plate. Such arrays may have one dimension (1D), two dimen-
sions (2D), 1.X dimensions (1.XD) or three dimensions (3D).
Other dimensioned arrays as understood by those skilled in
the art may also be used. Annular arrays, such as concentric
circular arrays and elliptical arrays may also be used. An
element of a transducer array may be the smallest discretely
functional component of an array. For example, in the case of
an array of piezoelectric transducer elements, each element
may be a single piezoelectric crystal or a single machined
section of a piezoelectric crystal.

[0058] As used herein, the terms “transmit element” and
“receive element” may carry their ordinary meanings as
understood by those skilled in the art of ultrasound imaging
technologies. The term “transmit element” may refer without
limitation to an ultrasound transducer element which at least
momentarily performs a transmit function in which an elec-
trical signal is converted into an ultrasound signal. Transmit-
ted ultrasound signals may be focused in a particular direc-
tion, or may be unfocused, transmitting in all directions or a
wide range of directions. Similarly, the term “receive ele-
ment” may refer without limitation to an ultrasound trans-
ducer element which at least momentarily performs a receive
function in which an ultrasound signal impinging on the
element is converted into an electrical signal. Transmission of
ultrasound into a medium may also be referred to herein as
“insonifying.” An object or structure which reflects ultra-
sound waves may be referred to as a “reflector” or a “scat-
terer.”
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[0059] As used herein, the term “aperture” may refer to a
conceptual “opening” through which ultrasound signals may
be sent and/or received. In actual practice, an aperture is
simply a single transducer element or a group of transducer
elements that are collectively managed as acommon group by
imaging control electronics. For example, in some embodi-
ments an aperture may be a grouping of elements which may
be physically separate and distinct from elements of an adja-
cent aperture. However, adjacent apertures need not neces-
sarily be physically separate or distinct. Conversely, a single
aperture may include elements of two or more physically
separate or distinct transducer arrays. For example or distinct
groups of transducer elements (e.g., a “left aperture” may be
constructed from a left array, plus the left half of a physically
distinct center array, while a “right aperture” may be con-
structed from a right array, plus the right half of a physically
distinct center array).

[0060] It should be noted that the terms “receive aperture,”
“insonifying aperture,” and/or “transmit aperture” are used
herein to mean an individual element, a group of elements
within an array, or even entire arrays, that perform the desired
transmit or receive function from a desired physical view-
point or aperture. In some embodiments, such transmit and
receive apertures may be created as physically separate com-
ponents with dedicated functionality. In other embodiments,
any number of send and/or receive apertures may be dynami-
cally defined electronically as needed. In other embodiments,
a multiple aperture ultrasound imaging system may use a
combination of dedicated-function and dynamic-function
apertures.

[0061] Asused herein, the term “total aperture” refers to the
total cumulative size of all imaging apertures. In other words,
the term “total aperture” may refer to one or more dimensions
defined by a maximum distance between the furthest-most
transducer elements of any combination of send and/or
receive elements used for a particular imaging cycle. Thus,
the total aperture is made up of any number of sub-apertures
designated as send or receive apertures for a particular cycle.
In the case of a single-aperture imaging arrangement, the total
aperture, sub-aperture, transmit aperture, and receive aper-
ture may all have the same dimensions. In the case of a
multiple aperture imaging arrangement, the dimensions of
the total aperture includes the sum of the dimensions of all
send and receive apertures.

[0062] In some embodiments, two apertures may be
located adjacent to one another on a continuous array. In still
other embodiments, two apertures may overlap one another
on a continuous array, such that at least one element functions
as part of two separate apertures. The location, function,
number of elements and physical size of an aperture may be
defined dynamically in any manner needed for a particular
application. Constraints on these parameters for a particular
application will be discussed below and/or will be clear to the
skilled artisan.

[0063] Elements and arrays described herein may also be
multi-function. That is, the designation of transducer ele-
ments or arrays as transmitters in one instance does not pre-
clude their immediate re-designation as receivers in the next
instance. Moreover, embodiments of the control system
herein include the capabilities for making such designations
electronically based on user inputs, pre-set scan or resolution
criteria, or other automatically determined criteria.

[0064] Asusedherein the term “point source transmission”
may refer to an introduction of transmitted ultrasound energy
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into a medium from single spatial location. This may be
accomplished using a single ultrasound transducer element or
combination of adjacent transducer elements transmitting
together as a single transmit aperture. A single transmission
from a point source transmit aperture approximates a uniform
spherical wave front, or in the case of imaging a 2D slice, a
uniform circular wave front within the 2D slice. In some
cases, a single transmission of a circular, semi-circular,
spherical or semi-spherical wave front from a point source
transmit aperture may be referred to herein as an “unfocused
circular wave front ultrasound signal”, a “ping”, or a “point
source pulse.”

[0065] Point source transmission differs in its spatial char-
acteristics from a “phased array transmission” which focuses
energy in a particular direction from the transducer element
array. A point source pulse (ping) may be transmitted so as to
generate a circular wavefront in the scanning plane. Images
may then be reconstructed from echoes assuming that the
wavefronts emitted from point source transmitters are physi-
cally circular in the region of interest. In actuality, the wave-
front may also have some penetration in the dimension nor-
mal to the scanning plane (i.e., some energy may essentially
“leak™ into the dimension perpendicular to the desired two-
dimensional scanning plane, reducing the effective imaging
reach). Additionally, the “circular” wavefront may actually be
limited to a semicircle or a fraction of a circle less than 180
degrees ahead of the front face of the transducer according to
the unique off-axis properties of the transducing material.
Phased array transmission, on the other hand, manipulates the
transmission phase of a group of transducer elements in
sequence so as to strengthen or steer an insonifying wave to a
specific region of interest (mathematically and physically,
this is done by means of constructive and destructive inter-
ference along multiple overlapping wavefronts). Phased
array transmission also suffers the same third-dimension
energy leakage (off plane) as point source transmission. A
short duration phased array transmission may be referred to
herein as a “phased array pulse.”

[0066] The block diagram of FIG. 1B illustrates compo-
nents of an ultrasound imaging system 200 that may be used
in combination with various embodiments of systems and
methods as described herein. The system 200 of FIG. 1B may
include several subsystems: a transmit control subsystem
204, a probe subsystem 202, a receive subsystem 210, an
image generation subsystem 230, and a video subsystem 240.
Invarious embodiments, the system 200 may also include one
or more memory devices for containing various data for use
during one or more ultrasound imaging steps. Such memory
devices may include a raw echo data memory 220, a weight-
ing factor memory 235, a calibration data memory 238, an
image buffer 236 and/or a video memory 246. In various
embodiments all data (including software and/or firmware
code for executing any other process) may be stored on a
single memory device. Alternatively, separate memory
devices may be used for one or more data types. Further, any
of'the modules or components represented in FIG. 2B may be
implemented using any suitable combination of electronic
hardware, firmware and/or software.

[0067] The transmission of ultrasound signals from ele-
ments of the probe 202 may be controlled by a transmit
control subsystem 204. In some embodiments, the transmit
control subsystem 204 may include any combination of ana-
log and digital components for controlling transducer ele-
ments of the probe 202 to transmit un-focused ultrasound
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pings at desired frequencies and intervals from selected trans-
mit apertures according to a desired imaging algorithm. In
some embodiments a transmit control system 204 may be
configured to transmit ultrasound pings at a range of ultra-
sound frequencies. In some (though not all) embodiments, the
transmit control subsystem may also be configured to control
the probe in a phased array mode, transmitting focused (i.e.
transmit beamformed) ultrasound scanline beams.

[0068] In some embodiments, a transmit control sub-sys-
tem 204 may include a transmit signal definition module 206
and a transmit element control module 208. The transmit
signal definition module 206 may include suitable combina-
tions of hardware, firmware and/or software configured to
define desired characteristics of a signal to be transmitted by
an ultrasound probe. For example, the transmit signal defini-
tion module 206 may establish (e.g., based on user inputs or
on pre-determined factors) characteristics of an ultrasound
signal to be transmitted such as a pulse start time, pulse length
(duration), ultrasound frequency, pulse power, pulse shape,
pulse direction (if any), pulse amplitude, transmit aperture
location, or any other characteristics.

[0069] The transmit element control module 208 may then
take information about the desired transmit pulse and deter-
mine appropriate electrical signals to be sent to appropriate
transducer elements in order to produce the designated ultra-
sound signal. In various embodiments, the signal definition
module 206 and the transmit element control module 208
may comprise separate electronic components, or may
include portions of one or more common components.
[0070] Uponreceiving echoes of transmitted signals from a
region of interest, the probe elements may generate time-
varying electric signals corresponding to the received ultra-
sound vibrations. Signals representing the received echoes
may be output from the probe 202 and sent to a receive
subsystem 210. In some embodiments, the receive subsystem
may include multiple channels, each of which may include an
analog front-end device (“AFE”) 212 and an analog-to-digital
conversion device (ADC) 214. In some embodiments, each
channel of the receive subsystem 210 may also include digital
filters and data conditioners (not shown) after the ADC 214.
In some embodiments, analog filters prior to the ADC 214
may also be provided. The output of each ADC 214 may be
directed into a raw data memory device 220. In some embodi-
ments, an independent channel of the receive subsystem 210
may be provided for each receive transducer element of the
probe 202. In other embodiments, two or more transducer
elements may share a common receive channel.

[0071] In some embodiments, an analog front-end device
212 (AFE) may perform certain filtering processes before
passing the signal to an analog-to-digital conversion device
214 (ADC). The ADC 214 may be configured to convert
received analog signals into a series of digital data points at
some pre-determined sampling rate. Unlike most ultrasound
systems, some embodiments of the ultrasound imaging sys-
tem of FIG. 3 may then store digital data representing the
timing, phase, magnitude and/or the frequency of ultrasound
echo signals received by each individual receive element in a
raw data memory device 220 before performing any further
receive beamforming, filtering, image layer combining or
other image processing.

[0072] Inorderto convert the captured digital samples into
animage, the data may be retrieved from the raw data memory
220 by an image generation subsystem 230. As shown, the
image generation subsystem 230 may include a beamforming
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block 232 and an image layer combining (“ILC”) block 234.
In some embodiments, a beamformer 232 may be in commu-
nication with a calibration memory 238 that contains probe
calibration data. Probe calibration data may include informa-
tion about the precise position, operational quality, and/or
other information about individual probe transducer ele-
ments. The calibration memory 238 may be physically
located within the probe, within the imaging system, or in
location external to both the probe and the imaging system.
[0073] In some embodiments, after passing through the
image generation block 230, image data may then be stored in
an image buffer memory 236 which may store beamformed
and (in some embodiments) layer-combined image frames. A
video processor 242 within a video subsystem 240 may then
retrieve image frames from the image buffer, and may process
the images into a video stream that may be displayed on a
video display 244 and/or stored in a video memory 246 as a
digital video clip, e.g. as referred to in the art as a “cine loop”.
[0074] Insomeembodiments, the AFE 212 may be config-
ured to perform various amplification and filtering processes
to areceived analog signal before passing the analog signal to
an analog-to-digital conversion device. For example, an AFE
212 may include amplifiers such as a low noise amplifier
(LNA), a variable gain amplifier (VGA), a bandpass filter,
and/or other amplification or filtering devices. In some
embodiments, an AFE device 212 may be configured to begin
passing an analog signal to an ADC 214 upon receiving a
trigger signal. In other embodiments, an AFE device can be
“free running”, continuously passing an analog signal to an
ADC.

[0075] In some embodiments, each analog-to-digital con-
verter 214 may generally include any device configured to
sample a received analog signal at some consistent, pre-de-
termined sampling rate. For example, in some embodiments,
an analog-to-digital converter may be configured to record
digital samples of a time-varying analog signal at 25 MHz,
which is 25 million samples per second or one sample every
40 nanoseconds. Thus, data sampled by an ADC may simply
include a list of data points, each of which may correspond to
a signal value at a particular instant. In some embodiments, an
ADC 214 may be configured to begin digitally sampling an
analog signal upon receiving a trigger signal. In other
embodiments, an ADC device can be “free running”, continu-
ously sampling a received analog signal.

[0076] Insomeembodiments, the raw data memory device
220 may include any suitable volatile or non-volatile digital
memory storage device. In some embodiments, the raw data
memory 220 may also comprise communication electronics
for transmitting raw digital ultrasound data to an external
device over a wired or wireless network. In such cases, the
transmitted raw echo data may be stored on the external
device in any desired format. In other embodiments, the raw
data memory 220 may include a combination of volatile
memory, non-volatile memory and communication electron-
ics.

[0077] Insomeembodiments, the raw data memory device
220 may comprise a temporary (volatile or non-volatile)
memory section, and a long-term non-volatile memory sec-
tion. In an example of such embodiments, the temporary
memory may act as a buffer between the ADC 214 and the
beamformer 232 in cases where the beamformer 232 may be
unable to operate fast enough to accommodate data at the full
rate from the ADC 214. In some embodiments, a long-term
non-volatile memory device may be configured to receive
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data from a temporary memory device or directly from the
ADC 214. Such a long-term memory device may be config-
ured to store a quantity of raw echo data for subsequent
processing, analysis or transmission to an external device.
[0078] Insome embodiments, the beamforming block 232
and the image layer combining block 234 may each include
any digital signal processing and/or computing components
configured to perform the specified processes (e.g., as
described below). For example, in various embodiments the
beamforming 232 and image layer combining 234 may be
performed by software running on a single GPU, on multiple
GPUs, on one or more CPUs, on combinations of CPUs &
GPUs, on single or multiple accelerator cards or modules, on
a distributed processing system, or a clustered processing
system. Alternatively, these or other processes may be per-
formed by firmware running on a FPGA architecture or one or
more dedicated ASIC devices.

[0079] Insome embodiments, the video processor 242 may
include any video processing hardware, firmware and soft-
ware components that may be configured to assemble image
frames into a video stream for display and/or storage.
[0080] A weighting factor memory device may contain
data defining weighting factor values to be applied during
beamforming, image layer combining, image processing, or
any other stage of image formation as desired. Examples of
various types of weighting factors are provided below.
[0081] FIG. 2illustrates an embodiment of a multiple aper-
ture ultrasound imaging probe 10 and a region of interest 20
to be imaged represented as a grid. The probe 10 is shown
with a left transducer array 12 which includes three transmit
apertures labeled ‘n,” ‘j, and ‘k’ (which may be referred to
herein by short-hand designations Ln, [j and Lk). A right
transducer array 14 also includes three transmit apertures ‘n,’
‘J, and ‘k’ (which may be referred to herein by short-hand
designations Rn, Rj and Rk). Some or all of the elements of
the left transducer array 12 may also be designated as a left
receive aperture 13. Similarly, some or all of the elements of
the right transducer array 14 may be designated as a right
receive aperture 15.

[0082] FIG. 3 illustrates an embodiment of a three-array
multiple aperture ultrasound imaging probe 11. In addition to
the left and right arrays of the two-array probe, the three-array
probe includes a center transducer array 16, which includes
three transmit apertures labeled ‘n,” ‘j, and ‘k’ (which may be
referred to herein by short-hand designations Cn, Cj and Ck).
Some or all of the elements of the center transducer array 16
may also be designated as a center receive aperture 17. In
other embodiments, any other multiple aperture probe con-
struction may also be used with the systems and methods
described herein. For example, Applicant’s prior applications
describe several alternative probe constructions, such as
probes with four, five or more arrays, probes with one or more
adjustable arrays, probes with one or more large arrays that
may be electronically sub-divided into any number of aper-
tures, and single-aperture probes, any of which (or others)
may be used in connection with the systems and methods
described herein.

[0083] Insome embodiments, the width of a receive aper-
ture may be limited by the assumption that the average speed
of sound is approximately the same for every path from a
scatterer to each element of the receive aperture. Given a
sufficiently narrow receive aperture this simplifying assump-
tion is acceptable. However, as the receive aperture width
increases, a tipping point is reached (referred to herein as the
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“maximum coherent aperture width” or “maximum coher-
ence width”), beyond which the echo return paths will nec-
essarily pass though different types of tissue having intrinsi-
cally different speeds of sound. When this difference results
in receive wavefront phase shifts approaching or exceeding
180 degrees, additional receive elements extended beyond the
maximum coherent receive aperture width will actually
degrade the image rather than improve it.

[0084] Therefore, in orderto realize the inherent benefits of
a wide probe with a total aperture width far greater than the
maximum coherent aperture width, the full probe width may
be physically or logically divided into multiple apertures,
each of which may be limited to an effective width less than
or equal to the maximum coherent aperture width, and thus
small enough to avoid phase cancellation of received signals.
The maximum coherence width can be different for different
patients and for different probe positions on the same patient.
In some embodiments, a compromise width may be deter-
mined for a given probe system. In other embodiments, a
multiple aperture ultrasound imaging control system may be
configured with a dynamic algorithm to subdivide the avail-
able elements in multiple apertures into groups that are small
enough to avoid significant image-degrading phase cancella-
tion.

[0085] Insome embodiments, it may be difficult or impos-
sible to meet additional design constraints while grouping
elements into apertures with a width less than the maximum
coherence width. For example, if material is too heteroge-
neous over very small areas, it may be impractical to form
apertures small enough to be less than the maximum coher-
ence width. Similarly, if a system is designed to image a very
small target at a substantial depth, an aperture with a width
greater than the maximum coherence width may be needed.
In such cases, a receive aperture with a width greater than the
maximum coherence width can be accommodated by making
additional adjustments or corrections to account for differ-
ences in the speed-of-sound along different paths. Some
examples of such speed-of-sound adjustments are provided
here, while additional examples are provided in US Patent
Application Publication 2010/0201933, titled “Universal
Multiple Aperture Medical Ultrasound Probe” In some
embodiments, because the maximum coherence width is ulti-
mately variable from patient-to-patient and from location-to-
location even for a single patient, it may be desirable to
provide a user-interface adjustment configured to allow a user
to selectively increase or decrease a maximum coherence
width during an imaging session, or during post-processing of
stored raw echo data. The adjusted maximum coherence
width may be applied by correspondingly increasing or
decreasing the size of receive apertures (i.e., transducer ele-
ment groups) to be used during beamforming.

Image Layer Combining

[0086] In some embodiments, multiple aperture imaging
using a series of transmit pings may operate by transmitting a
point-source ping from a first transmit aperture and receiving
echoes with elements of two or more receive apertures. A
complete image may be formed by triangulating the position
of scatterers based on delay times between ping transmission
and echo reception. As a result, a complete image may be
formed by a controller or control system from data received at
each receive aperture from echoes of each transmit ping.
Images obtained from different unique combinations of a
ping and a receive aperture may be referred to herein as image
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layers. Multiple image layers may be combined to improve
the overall quality of a final combined image. Thus, in some
embodiments the total number of image layers generated can
be the product of the number of receive apertures and the
number of transmit apertures (where a “transmit aperture”
can be a single transmit element or a group of transmit ele-
ments).

[0087] For example, in some embodiments, a single time
domain frame may be formed by combining image layers
formed from echoes at two or more receive apertures from a
single transmit ping. In other embodiments, a single time
domain frame may be formed by combining image layers
formed from echoes at one or more receive apertures from
two or more transmit pings. In some such embodiments, the
multiple transmit pings may originate from different transmit
apertures.

[0088] For example, in one embodiment with reference to
FIG. 2, a first image layer (representing all points in the grid
20, or only a section of the grid 20 if panning/zooming to a
particular target of interest 30) may be formed by transmitting
a first ping from a first transmit aperture Ln and receiving
echoes of the first ping at a left receive aperture 13. A second
image layer may be formed from echoes of the first ping
received at the right receive aperture 15. Third and fourth
image layers may be formed by transmitting a second ping
from a second transmit aperture Lj and receiving echoes of
the second ping at the left receive aperture 13 and the right
receive aperture 15. In some embodiments, all four image
layers may then be combined to form a single time domain
image frame. In other embodiments, a single time domain
image frame may be obtained from echoes received at any
number of receive apertures from any number of pings trans-
mit by any number of transmit apertures. Time domain image
frames may then be displayed sequentially on a display
screen as a continuous moving image. Still images may also
be formed by combining image layers using any of the above
techniques.

[0089] Display screens and the images displayed on them
may generally be divided into a grid of pixels. In some cases,
a pixel is the smallest individually controllable area of a
display screen. Relationships between image pixels and dis-
play pixels are generally well understood in the art, and will
not be described here. For the purposes of the present descrip-
tion, the square cells of the grids 20 shown in the figures will
be referred to as pixels. In many of the embodiments herein,
groups of pixels may be treated together as a common group.
Thus, the use of the term “pixel” is not intended to be limited
to any particular size, but is used as a convenient term for
describing a discrete section of an image.

[0090] In a monochrome display each pixel is assigned
only one value: “intensity”, which is a scalar value that
defines how much light the pixel should display. In a color
display, in addition to an intensity value, each pixel may be
assigned multiple color component values, such as red, green,
and blue; or cyan, magenta, yellow, and black. The following
description will primarily refer to applying weighting factors
against various contributions to a pixel’s intensity from mul-
tiple sources. However, in some embodiments some or all
color values may also be weighted using the same or related
techniques.

[0091] With a multiple aperture probe using a point-source
transmission imaging technique, each image pixel may be
assembled by beamforming received echo data on a per-
receive element basis, combining information from echoes
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received at each of the multiple receive elements within each
of the multiple receive apertures (the echoes having resulted
from pings transmitted from each of the multiple transmitters
within each of the multiple transmit apertures). In some
embodiments of multiple aperture imaging with point-source
transmission, receive beamforming comprises forming a
pixel of a reconstructed image by summing time-delayed
echo returns on receive transducer elements from a scatterer
in the object being examined. The time delays of a scatterer’s
echoes recorded at each receiver are a function of the unique
geometry of the probe elements, combined with an assumed
value for the speed of sound through the medium being
imaged. An important consideration is whether the summa-
tion should be coherent (phase sensitive) or incoherent (sum-
ming signal magnitudes only and disregarding phase infor-
mation). Further details of ping-based beamforming are
described in Applicants’ patent application Ser. No. 13/029,
907 which is incorporated herein by reference.

[0092] Summation or averaging of image layers resulting
from multiple transmit pings may be accomplished either by
coherent addition, incoherent addition, or a combination of
the two. Coherent addition (incorporating both phase and
magnitude information during image layer summation) tends
to maximize lateral resolution, whereas incoherent addition
(summing magnitudes only and omitting phase information)
tends to average out speckle noise and minimize the effects of
image layer alignment errors that may be caused by minor
variations in the speed of sound through the imaged medium.
Speckle noise is reduced through incoherent summing
because each image layer will tend to develop its own inde-
pendent speckle pattern, and summing the patterns incoher-
ently has the effect of averaging out these speckle patterns.
Alternatively, if the patterns are added coherently, they rein-
force each other and only one strong speckle pattern results.
Incoherent addition may be thought of as akin to instanta-
neous compound imaging, which has long been known as a
means to suppress speckle noise.

[0093] Variations in the speed of sound may be tolerated by
incoherent addition as follows: Summing two pixels coher-
ently with a speed-of-sound variation resulting in only half a
wavelength’s delay (e.g., approximately 0.25 mm for a 3
MHz probe) results in destructive phase cancellation, which
causes significant image data loss; if the pixels are added
incoherently, the same or even greater delay causes only an
insignificant spatial distortion in the image layer and no loss
of image data. The incoherent addition of such image layers
may result in some smoothing of the final image (in some
embodiments, such smoothing may be added intentionally to
make the image more readable).

[0094] Image layer combining may be described in terms of
three image layer levels for which the determination of coher-
ent vs. incoherent summing can be made. These three cases
include first-level image layers, second-level image layers
and third-level image layers. (1) A first-level image layer may
be formed from echoes received at a single receive aperture
resulting from a single ping from a single transmit aperture.
For a unique combination of a single ping and a single receive
aperture, the delayed echoes received by all the receive ele-
ments in the receive aperture may be summed to obtain a
first-level image layer. (2) Multiple first-level image layers
resulting from echoes of multiple transmit pings (from the
same or different transmit apertures) received at a single
receive aperture can be summed together to produce a sec-
ond-level image layer. Second-level image layers may be
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further processed to improve alignment or other image char-
acteristics. (3) Third-level images may be obtained by com-
bining second-level image layers formed with data from mul-
tiple receive apertures. In some embodiments, third-level
images may be displayed as sequential time-domain frames
to form a moving image.

[0095] Atall threeimage layer levels, coherent addition can
lead to maximum lateral resolution of a multiple aperture
system if the geometry of the probe elements is known to a
desired degree of precision and the assumption of a constant
speed of sound across all paths is valid. Likewise, at all image
layer levels, incoherent addition leads to the best averaging
out of speckle noise and tolerance of minor variations in
speed of sound through the imaged medium.

[0096] In some embodiments, coherent addition can be
used to combine image layers resulting from apertures for
which phase cancellation is not likely to be a problem, and
incoherent addition can then be used where phase cancella-
tion would be more likely to present a problem, such as when
combining images formed from echoes received at different
receive apertures separated by a distance exceeding some
threshold.

[0097] Insome embodiments, all first-level images may be
formed by using coherent addition assuming the receive aper-
tures used were chosen to have a width less than the maximum
coherent aperture width. For second and third level image
layers, many combinations of coherent and incoherent sum-
mation are possible. For example, in some embodiments,
second-level image layers may be formed by coherently sum-
ming contributing first-level image layers, while third-level
image layers may be formed by incoherent summing of the
contributing second-level image layers.

Speckle Preset Control

[0098] In other embodiments, it may be desirable to com-
bine image layers through any of a wide variety of algorithms
using combinations of coherent and incoherent summation.
In some embodiments, an imaging control system may be
configured to store a plurality of selectable pre-programmed
summation algorithms that may be designed for specific
imaging applications. In some embodiments, stored summa-
tion algorithms may be manually selectable such as by oper-
ating a manual user interface control. Alternatively, stored
summation algorithms may be automatically selectable based
on other data or information available to the control system.
[0099] For example, in some embodiments an alternative
algorithm may comprise forming all second-level and third-
level image layers by coherent addition. In another embodi-
ment, all second-level and/or third-level image layers may be
formed by incoherent addition. In further embodiments, only
selected combinations of second-level images may be com-
bined coherently or incoherently to form third-level images.
In other embodiments, only selected combinations of first-
level image layers may be combined coherently to form sec-
ond-level image layers.

[0100] Insomeembodiments, a first-level image layer may
also be formed by summing in-phase and quadrature echo
data (i.e. summing each echo with an echo Y4 wavelength
delayed) for each receive-aperture element. In most embodi-
ments, echoes received by elements of a single receive aper-
ture are typically combined coherently. In some embodi-
ments, the number of receive apertures and/or the size of each
receive aperture may be changed in order to maximize some
desired combination of image quality metrics such as lateral
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resolution, speed-of-sound variation tolerance, speckle noise
reduction, etc. In some embodiments, such alternative
arrangements may be selectable by a user. In other embodi-
ments, such arrangements may be automatically selected or
developed by an imaging system.

[0101] Once an image layer is formed by incoherent sum-
mation, any phase information for that image layer is lost.
Thus, any subsequent image layers using an image layer
formed by incoherent summation will themselves necessarily
be incoherently combined. Thus, in some embodiments,
phase information may be retained for as long as desired in an
image-layer combining process.

Speed of Sound Control

[0102] As discussed above, a speed-of-sound value is typi-
cally assumed during beamforming in order to determine the
location of ROI points and corresponding pixels based on
time delays between a transmit time and a receive time. In soft
human tissue, the speed of sound is typically assumed to be
about 1540 m/s. However, the speed of sound is known to vary
by as much as 10% or more among patients and among
different types of soft tissue within a single patient. Variation
between an assumed speed-of-sound and an actual value for a
particular scatterer path may cause errors during beamform-
ing, which may cause a blurring or spatial displacement effect
in an image. Therefore, in some embodiments a multiple
aperture ultrasound imaging system may be configured to
allow for automatic and/or manual adjustment of an assumed
speed of sound value for some or all scatterer paths.

[0103] Insomeembodiments, a multiple aperture imaging
system may include a “coarse” speed-of-sound adjustment
that increases or decreases an assumed value of speed-of-
sound used in beamforming for all scatterer paths (i.e. for all
combinations of transmit aperture and receive aperture). In
some cases, such an adjustment may also be provided for
single-aperture ultrasound imaging systems. A coarse speed-
of-sound adjustment may be manual (e.g., a dial, slider or any
other physical or virtual user interface device) to allow a
sonographer or other user to directly increase or decrease an
assumed speed-of-sound value until the system produces a
result acceptable to the user. In other embodiments, a
“coarse” speed of sound adjustment may be controlled auto-
matically by an imaging control system. Thus, a coarse speed-
of-sound adjustment may apply a single adjustment to all
image layers.

[0104] Various embodiments of “fine” speed-of-sound
adjustments may also be provided. In some embodiments, a
fine speed-of-sound adjustment may be configured to adjust
anassumed speed of sound value for a single receive aperture.
In other embodiments, a fine speed-of-sound adjustment may
be configured to adjust an assumed speed of sound value for
a single transmit aperture. In further embodiments, a fine
speed-of-sound adjustment may be configured to adjust an
assumed speed of sound value for one or more specific com-
binations of transmit aperture and receive aperture. Thus, fine
speed-of-sound controls may be configured to effectively
apply adjustments to specific first-level or second-level image
layers. As with coarse speed-of-sound adjustments, fine
speed-of-sound adjustments may be manual, automatic or a
combination of the two.

[0105] In some embodiments, a coarse speed-of-sound
adjustment may be made manually by a user, and fine speed-
of-sound adjustments may be made automatically by the
ultrasound imaging control system. In other embodiments,
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both coarse and fine speed-of-sound adjustments may be
automatically controlled. In some embodiments, the ultra-
sound imaging control system may be configured to try out
different coarse and/or fine speed of sound values until a
desired image quality metric (e.g. sharpness of edges or
points, maximum contrast, maximum dynamic range, etc.) of
the resulting image (or images) exceeds a threshold value.
Alternatively any other “autofocus” algorithms may be
applied to adjust a speed-of-sound value until an image qual-
ity metric is improved or optimized.

[0106] Insome cases, each unique pair of transmit aperture
and receive aperture may be referred to herein as a “view.” In
other cases, a view may also refer to a unique combination of
a single transmit transducer element and a single receive
transducer element. In embodiments in which receive aper-
tures comprise a plurality of transducer elements, the groups
of receive elements may be treated collectively for the pur-
poses of the following descriptions. Alternatively, even when
part of a receive aperture group, individual receive elements
may be treated individually in some embodiments. For
example, if a multiple aperture imaging system utilizes 30
transmit apertures and three receive apertures, each image
pixel is potentially formed by the combination of image data
from 90 different views. Alternately, treating each view as a
combination of an individual transmit element and an indi-
vidual receive element, and considering a probe with 48 trans-
mit elements and 144 receive elements, each pixel may poten-
tially be formed by the combination of image data from 6,912
distinct views. Images obtained from such views may be
aggregated through image layer combinations (e.g., as
described above) to produce a smaller number of images or
image frames.

[0107] Unless otherwise specified, the grid 20 of FIGS. 2,
3,6,7 and 9 simultaneously represents a grid of display pixels
and a grid of corresponding points within a region of interest
(“ROI”) in an object being imaged. The term “ROI points”
will be used herein to describe points within the scan plane (or
3D scan volume) at fixed locations relative to the probe. As
will become clear from the following description, ROI points
will not necessarily always correlate directly to pixel loca-
tions. For example, if an image is “zoomed in” to represent a
smaller area 30, the grid of display pixels 20 would corre-
spond only to the points within the zoomed area 30 in the
region of interest. However, at any zoom level, the physical
location of an ROI point represented by a given image pixel
may be determined (relative to the probe) with a high degree
of accuracy.

[0108] Insomeembodiments, a speed-of-sound value used
during beamforming may be based on a calculation of an
average speed-of-sound through a number of different mate-
rials, each material having a known average speed-of-sound.
For example, when imaging a human patient, ultrasound
waves may pass through and reflect from multiple different
tissue types. Each type of tissue typically has a slightly dif-
ferent fundamental speed-of-sound. By identifying approxi-
mate dimensions of all of the tissues through which a given
sound wave passes between a transmit transducer element
and a reflector and between the reflector and a receive trans-
ducer element, an average speed-of-sound may be calculated
for the complete sound wave path. In some embodiments, a
weighted average may be used in which each material-spe-
cific speed-of-sound value is weighted by a weighting factor
that is proportional to a thickness of the material in the image
plane. In some embodiments, performing such a calculation
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may provide a more accurate average speed-of-sound value
foruse during a beamforming process which may improve the
quality beamforming results relative to results obtained using
a generic average speed-of-sound value.

[0109] Insome embodiments, computer-automated-detec-
tion techniques (e.g., various heuristic models) may be used
to automatically identify one or more tissue types within a
patient, based on information such as a shape, position,
reflectiveness, or other characteristics of the tissue(s). Alter-
natively, a user may identify tissues based on his or her own
expertise and through the use of a suitable user interface (e.g.,
by circumscribing an organ in an ultrasound image obtained
by beamforming using an assumed speed-of-sound value).
[0110] Inother embodiments, such techniques may be used
in non-medical imaging contexts, such as industrial non-
destructive testing. In such embodiments, the dimensions,
structures and materials of an object to be imaged may be
substantially known. Thus, average speed-of-sound values
may be calculated based on a known structure of the object
and a known position of the transducer relative to the object.

Introducing Weighting Factors

[0111] Inany ofthe various embodiments described herein,
weighting factors may be applied at any appropriate point
during the process of image formation, from the receiving of
analog echo signals through image layer combining to pro-
duce final image frames. For example, in some embodiments,
some weighting may be applied to signals received from one
or more transducer elements when analog echo signals are
received by an AFE (212 in FIG. 1B), during analog-to-digital
conversion of echo signals by an A/D converter (214 in FIG.
1B), during beamforming performed by a beamforming mod-
ule (232 in FIG. 1B), or during image layer combining as
performed by an image layer combining module (234 in FIG.
1B).

[0112] In some embodiments, weighting factors may be
applied during beamforming by multiplying individual pixel
values by a corresponding weighting factor as each pixel is
formed from received echoes. Alternatively, a single weight-
ing factor may be applied to all pixels in an entire image
during beamforming, such as when a weighting factor is to be
applied to all pixels involving an identified transmit or receive
transducer element. Applying weighting factors during
beamforming means that a most basic image layer may be
improved using weighting factors. In some cases, applying
weighting factors during beamforming may be more compu-
tationally intensive than applying them later in an image layer
combining process, but such low-level image layers may also
retain more original information. In some embodiments,
computational intensity may need to be balanced against
image quality in order to maximize a result using a particular
system.

[0113] Prior to combining image layers at any of the three
levels described above, any individual image layer may be
adjusted by applying one or more weighting masks to
increase or decrease the contribution of the entire image layer
oronly aportion of the image layer to a final combined image.
In some embodiments, after applying a weighting mask and/
or after combining image layers, a normalizing step may be
applied in order to cause all regions of a final image (e.g., a
third-level image) to have a consistent average intensity.
[0114] For any given ROI point and corresponding pixel,
some views will provide higher quality image data while
other views may contribute lower quality data to the pixel. In
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some embodiments, one or more weighting factors may be
used to increase the effect of high quality views on a displayed
pixel and/or to diminish the effect of low quality views on a
displayed pixel. For example, during image processing, the
intensity magnitude of any given pixel I, may be obtained by
multiplying the pixel intensity values from each contributing
image layer by one or more corresponding weighting factors,
and then summing the products. For example: I, =2w*],.
Where w is a weighting factor and is the intensity obtained by
a particular view (v). Such individual weighting factors may
be combined into a mask to be applied to an entire image
layer.

[0115] In some embodiments, weighting factors may be
pre-calculated for a for a given set of pixel-view combina-
tions, ROI point-view combinations, combinations of trans-
mit aperture and a pixel or ROI point, or combinations of
receive aperture (or receive element) and a pixel or ROI point.
Such pre-calculated weighting factors may be stored for later
retrieval, such as by a table lookup operation during imaging.
In other embodiments, weighting factors may be calculated or
otherwise determined “on-the-fly” during imaging. In some
embodiments, a different weighting factor may be obtained
for each unique pixel-view pair (and/or ROI point-view pair).
In some embodiments, the quality of imaging data provided
by a view with respect to a given pixel/ROI point may be
evaluated in terms of a plurality of factors, two examples of
which include signal-to-noise (S/N) ratio and point spread
function (PSF).

Weighting Factors Based on S/N Ratio

[0116] As used herein, the S/N ratio is a function of attenu-
ation of an ultrasound signal as it passes through an imaged
medium. Thus, in some embodiments, signal-to-noise ratio
S/N may be predicted as a function of path length. Path length
refers to a total distance from a transmit aperture, to an ROI
point and back to a receive aperture. In general, an ultrasound
signal will attenuate at a somewhat constant rate for each unit
of length traveled through a medium. Attenuation rates are
well understood by those skilled in the art, and may be a
function of an imaging medium, ultrasound frequency, the
angle between the signal path and the surfaces of both the
transmit and receive elements, and other factors.

[0117] Therefore, all else being equal, echoes from objects
close to an element will tend to be stronger and have better
signal-to-noise ratios than echoes from objects that are far
away from an element. Thus, in some embodiments, a total
distance between transmit and/or receive apertures and an
ROI point corresponding to a display pixel may be deter-
mined and a table of weighting factors may also be calculated
as a function of such total distance. For example, FIG. 4
illustrates examples of relationships between S/N weighting
factors 40 (vertical axis) that may be applied to displayed
pixels and total path length 42 (horizontal axis). For example,
in some embodiments the S/N weighting factor 40 may vary
linearly 44 as a function of path length. In other embodiments,
the S/N weighting factor 40 may vary as a function of path
length 42 exponentially 46, geometrically or according to any
other transfer function curve such as parabolic functions,
normal distributions, lognormal distributions, Gaussian dis-
tributions, Kaiser-Bessel distributions, etc. In some embodi-
ments, relationships between total path distance and a desired
S/N weighting factor may be pre-computed using one or more
transfer functions and stored in a lookup table such that,
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during imaging, an imaging system may look up a weighting
factor based on a determined path length without performing
substantial calculations.

[0118] In some embodiments, a path length may be pre-
calculated for each combination of view and ROI point. Such
path lengths and/or desired weighting factors may then be
stored in a lookup table which may be accessed in order to
obtain weighting factors during imaging. In other embodi-
ments, a path length may be estimated or calculated based on
a time delay between transmitting a ping and receiving an
echo using an assumed speed of sound in the medium being
imaged. Thus, in some embodiments, a weighting factor may
be dynamically determined based on time delays determined
during beam forming.

Weighting Factors Based On Point Spread

[0119] In other embodiments, weighting factors may be
used to improve the overall point spread function (or impulse
response) of an imaging system. The point spread function
(PSF) is well known to those skilled in the art of ultrasound
imaging. PSF is the generalized “impulse response” of any
imaging system, whether acoustic, optical, or other electro-
magnetic radiation. In other words, a figure of merit for any
imaging system is the degree to which a “point” (impulse) in
the examination field is smeared in the component (image
layers) and/or final images. For the purposes of the present
description, point spread refers to the degree to which an
imaging system ‘smears’ or spreads a representation of an
object that should appear as a point. The point spread function
for any given ROI point (or represented pixel) may be deter-
mined as a function of the transmit angle and/or receive angle
relative to a given ROI point. Other factors affecting point
spread may include the depth of the ROI point, the degree of
coherence, the total aperture width, individual aperture
widths, ultrasound frequency, and other factors.

[0120] Ultrasound transducer elements are generally most
effective at transmitting and receiving ultrasound signals in a
direction perpendicular to the element’s surface (i.e., along
line 50 in FIG. 5). The sensitivity of a transducer element
tends to decrease as the angle 6 of transmission or reception
increases. At some angle 0, image data obtained from an
element may have too little signal strength to be useful and/or
too much noise or point spread to provide valuable image
data. This is true for both transmit angles and receive angles.
(Transmit angles and receive angles may be referred to herein
generically as “look angles”). As a result, in some embodi-
ments, it may be determined that, for a given pixel, data from
a particular transmit aperture, a particular receive aperture or
a particular view (i.e., a particular combination of transmit
aperture and receive aperture) may be useful in forming an
image of the pixel, but less so than data from other apertures
or views that may contribute to an image of the pixel. In such
cases, a fractional weighting factor may be applied to such
lower quality image data in order to decrease its overall con-
tribution to an image or to one or more pixels of an image. In
other embodiments, integer weighting factors may also be
used.

[0121] In some cases, an ideal range of transmit and/or
receive angle may depend on factors such as the material of a
transducer array, the size or shape of transducer elements,
manufacturing methods, element cut shapes, the age of an
array, the ultrasound frequency to be transmitted, the voltage
or power applied during ultrasound signal transmission, or
other factors. In some cases, weighting factors may be applied
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based on whether a transmit angle or a receive angle exceeds
a particular threshold value. For example, in some embodi-
ments when ultrasound signals are transmitted or received at
angles 0 greater than a certain threshold, the signal power
may drop dramatically to such a point that the signal is over-
whelmed by random noise even for relatively small total
distances traveled from a transmitter to an ROI point and back
to a receiver. In such cases, even though the s/n ratio due to
path-length attenuation may be very high, the s/n ratio due to
the contributions of transducers at transmit or receive angles
in excess of a threshold may be very low. In some embodi-
ments, the value of such a threshold angle may be determined
by experimentation for a particular transducer type. In other
embodiments, the value of a threshold angle may be selected
based in part on one or more operating parameters such as a
transmit frequency, a transmit power, a transmitted pulse
shape, or other factors. In some embodiments, some trans-
ducers may have a threshold angle of about 60°, 75°, or 80°.
Other transducers may have larger or smaller quality thresh-
old angles.

[0122] In some embodiments, weighting factors may be
applied in a binary fashion based on whether a transmit angle
or a receive angle for a given ROI point exceeds a threshold
value. For example, in some embodiments, a weighting factor
of “1” may be used for all combinations of ROI point and
transducer element for which the angle 0 (TX or RX) is less
than or equal to a threshold angle, and a weighting factor of
“0” may be used for any combinations for which the angle 6
exceeds the threshold. In other embodiments, such effects
may be counteracted using weighting factors that are propor-
tional to an angle 8. In other embodiments, a combination of
such approaches may be used, such as by using a transfer
function as described in more detail below.

[0123] FIG. 6, illustrates two transmit angles relative to
pixel ‘A’ In the illustrated example, a first transmit angle 0,
is shown between transmit aperture [j and point ‘A’. A second
transmit angle 6 ,, is shown between transmit aperture [j and
point ‘A’. As shown, the first transmit angle 0 ,, is substan-
tially larger than the second transmit angle 6. As a result of
this difference in transmit angle, an image of point ‘A’ formed
by pings from transmit aperture Ln will be of higher quality
than an image of point ‘A’ formed by pings from transmit
aperture Lj since transmit angle 0, is smaller than transmit
angle 0,,. Thus in some embodiments using this example,
image layers formed by pings from transmit aperture Ln may
have a larger weighting factor for point ‘A’ than image layers
formed by pings from aperture Lj. In some embodiments, the
actual and relative values of such weighting factors may be
determined as a function of the relevant transmit angles based
on a transfer function (examples of which are described
below). In some embodiments, a transmit angle may be mea-
sured relative to the center of a transmit aperture.

[0124] In a similar manner, some embodiments of a mul-
tiple aperture imaging system may apply weighting factors
based on receive angles. FIG. 7 illustrates two different
receive angles receiving echoes of a reflector at point ‘A’. A
first receive angle 8, is shown between an element of the left
transducer array 12 and point ‘A,” and a second receive angle
0, 1s shown between point ‘A’ and an element on the center
transducer array 17. As shown, the first receive angle 0, is
substantially smaller than the second receive angle 6,. As a
result of this difference in receive angle, an image of point ‘A’
formed by echoes received at the left receive aperture 13 will
be of higher quality than an image of point ‘A’ formed by
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echoes received at the center receive aperture 17 since receive
angle 85, is smaller than receive angle 6,.

[0125] In the illustrated embodiments, each receive aper-
ture has a substantial width comprising a plurality of receive
elements. Thus for example, a receive angle between point ‘A’
and a receive element at the far left edge of the center receive
aperture 17 will be smaller than a receive angle between point
‘A’ and a receive element at the far right edge of the same
center receive aperture 17. Thus, in some embodiments, when
determining a weighting factor based on a receive angle, the
receive angle may be defined as an angle between the given
ROI point and a center of the receive aperture. In other
embodiments, a receive angle may be defined as a maximum
receive angle experienced by a group of transducer elements
in an aperture. Similarly, any of these methods may also be
used for selecting a transmit angle for transmit apertures
comprising more than one transmitting transducer element.
[0126] In other embodiments, weighting factors may be
used to correct for combinations of transmit and receive aper-
tures (i.e., “views”). The effect of poorly-contributing views
may be mitigated in several ways. In some cases, a poorly-
contributing view may be completely eliminated by ignoring
echo data received from a particular view, such as by using a
weighting factor of zero. For example in some embodiments,
for a view defined by the transmit aperture Ck and the right
receive aperture 15 (e.g., as shown in FIG. 3) may be ignored
simply by not using echo data received by the right receive
aperture 15 from a ping transmitted by the Ck transmit aper-
ture. Alternatively, if it is determined that all views involving
transmit aperture Ck should be ignored, the system may sim-
ply skip transmit aperture Ck while cycling through transmit
apertures. Alternatively, all echo data received from pings
transmitted by aperture Ck may receive a weighting factor of
zero (or nearly zero).

[0127] In some embodiments, transmit and/or receive
angles may be determined in advance for each ROI point and
such lookup angles may be stored in a memory device. When
azoom level is selected, the imaging system may identify ROI
points corresponding to image pixels and then identify cor-
responding transmit or receive angles. Once transmit or
receive angles are known for a given ROI point in a particular
first-level image layer, a weighting factor may be determined
as a function of one or both of the transmit and receive angles
in order to increase or decrease the effect of the given view on
a final pixel value.

[0128] FIG. 8 illustrates examples of transfer functions that
may be used for determining weighting factors 60 (vertical
axis) based on a particular look angle 62 (i.e. either a transmit
angle, a receive angle, or amaximum of the two) for any given
combination of view and ROI point. A relationship between a
look angle 62 and a weighting factor 60 may follow any of a
wide range of patterns. In some embodiments, one or more
stepwise functions (e.g., functions with a step increase or
decrease in weight at a threshold angle) may be used. For
example as shown in curve 64 of FIG. 8, weighting factors
may be a monotonic function of look angle in which any
pixel-view pair with at least one look angle greater than a
threshold angle (e.g, about 60°, or 7/3 radians, in the illus-
trated example) may be given a weighting value of zero, while
all pixel-view pairs with both look angles less than the thresh-
old angle may have a weight of one. In other embodiments,
weighting factors 60 may be a linear function 66 of look
angle, varying from zero to one as an absolute look angle 62
increases. In other embodiments, as shown in Curve 65, a

Sep. 26, 2013

transfer function may assign weighting factors of one for all
look angles less than or equal to the threshold angle (e.g., 60°
in the illustrated example), and weighting factors may vary
linearly from one to zero for look angles greater than the
threshold angle. In further embodiments, weighting factors
may vary exponentially, geometrically or according to any
other transfer function curve, including but not limited to
parabolic functions, normal distributions (e.g., as shown by
curve 68), lognormal distributions, Gaussian distributions,
Kaiser-Bessel distributions, etc. In some embodiments, an
ultrasound imaging control system may be configured to
include a plurality of selectable look-angle-to-weighting-fac-
tor transfer functions that may be selected manually by a user
or automatically by an imaging system.

[0129] Insome embodiments, such transfer functions may
be implemented with lookup tables. For example, a lookup
table may be constructed using a chosen transfer function and
weighting factors may be calculated for several possible dis-
crete values of the relevant input variable (e.g., TX angle, RX
angle, path length, or time delay). Then during imaging, an
imaging control system may simply determine the input vari-
able quantity and look up a weighting factor value based on
the nearest (or interpolated) result value in the lookup table.
[0130] Insome other embodiments, instead of determining
a weighting factor from a transmit and/or receive angle, the
point spread for any given ROI point corresponding to an
image pixel by each view may be predicted by modeling, or
determined empirically using a phantom. In some embodi-
ments, each view may be tested for a given pixel to determine
whether each view improves image quality or makes it worse.
Repeating this process for each view and for each pixel loca-
tion, a table of weighting factors may be assembled. For
example, with reference to FIG. 3, pixel ‘A’ may be tested by
transmitting a first ping from transmit aperture Ln and receiv-
ing echoes on the Center receive aperture 17, then transmit-
ting a second ping from transmit aperture [j and receiving
echoes on the Center receive aperture 17. The results of the
two views may then be compared to determine which view
provides higher quality data for forming pixel A. In some
embodiments, such a testing method may be carried out auto-
matically by modeling the conditions of a given imaging
system and a given multiple aperture probe.

[0131] In some embodiments, a lookup table may be
assembled to represent the results of testing each view for
each pixel. For example, a lookup table may include a weight-
ing value for each unique combination of pixel and view
(referred to herein as a pixel-view pair). In some embodi-
ments, such weighting values may be binary such that data
from each view either contributes to a pixel or is ignored. In
other embodiments, weighting values may be fractional val-
ues, such that each view contributes to a pixel in proportion to
aweighting factor (e.g., 0% to 100% of data acquired for each
view may contribute to a given pixel’s displayed value). In
some embodiments, such fractional weighting factors may be
determined by using a transfer function based on any suitable
variable related to a degree of expected point spread.

[0132] One challenge with maintaining a lookup table of
weighting values for each pixel-view pair is that pixel-view
relationships change as an image is “zoomed” or “panned” to
display different portions of the insonified regions. For
example, if the pixel grid 20 is assumed to be a complete
insonified region, and a user “zooms in” on a particular region
30 of the insonified region, the information within the
zoomed region 30 will be enlarged to occupy the entire dis-
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play pixel grid 20. In that case, the ROI points corresponding
to displayed pixels will be substantially different relative to
the transmit and receive apertures of the probe as compared
witha fully zoomed-out image. As a result, the contribution of
each view to each new pixel may be substantially different
than in the original “un-zoomed” image. For example, if a
selected zoomed region is small enough and sufficiently far
from the probe, every value of a weighting mask may simply
be one.

[0133] In some embodiments, this challenge may be
addressed by computing and storing pixel-view weighting
values for a plurality of discrete zoom levels or pan locations.
In such embodiments, separate weighting value tables would
be needed for each pre-computed zoom level. In some
embodiments, weighting values for zoom levels in between
pre-computed zoom levels may be interpolated, or the nearest
table may be used. In other embodiments, weighting factors
may be determined on-the-fly using a transfer function to
identify a weighting factor based on a measurable or detect-
able variable quantity such as transmit angle or receive angle
as described above.

Combining Weighting Factors

[0134] Insomeembodiments, SN weighting factors may be
combined with point spread weighting factors, look angle
threshold weighting factors, transmit frequency weighting
factors and/or weighting factors of any other type. In some
embodiments, multiple distinct weighting factors may be
combined by simple arithmetic averaging. In other embodi-
ments, weighted arithmetic averaging may be used to
increase or decrease the relative impact of one type of weight-
ing factor relative to one or more other type. As discussed
above, the intensity magnitude of any given pixel I, may be
obtained by: I, =2w*],. Where w is a weighting factor and I,
is the intensity obtained by a particular view (v). Thus, in
some embodiments, the weighting factor ‘w’ may be deter-
mined by: w=Aw, +Bw,, where A and B are weighted average
coefficients, and w, and w, are different types of weighting
factors. For example, if the coefficients A & B are both 0.5,
then equal weight will be given to the weighting factors w, &
w,. On the other hand, for example, if A is 0.75 and B 15 0.25,
w, will be given three times the weight of w,. In further
embodiments, weighting factors of multiple types may be
combined by more complex normalizing algorithms which
may be based on factors such as the type of weighting factor,
the location of pixels, or other factors. Any other combining
ornormalizing algorithms may also be used. Any of the above
approaches to combining weighting factors may be applied to
pixel-specific tables of weighting factors, array-specific
tables, or scalar weighting factors.

[0135] In other embodiments, a common weighting factor
may be applied to all or any portion of one or more first-level
image layers. For example, if it is determined that a given
transmit aperture is providing low quality imaging data, all
pixels may have a weighting factor of zero for all views or
image layers containing data obtained from that transmit
aperture.

[0136] In some embodiments, an ultrasound imaging sys-
tem may include manual or automatic controls configured to
allow for manual or automatic adjustment of weighting fac-
tors by aperture. For example, in some embodiments, an
ultrasound imaging system may include an array of sliders (or
other physical or virtual control devices), with one slider for
each transmit aperture. Adjusting such sliders may increase or
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decrease a weighting factor for a particular transmit aperture
for all views. Similarly, such controls may be provided for
each receive aperture. For example, while imaging a region of
interest, a user may adjust a given aperture control in order to
increase or decrease a contribution of that aperture to the
displayed image until the user determines that an adequate or
optimal image has been obtained.

[0137] In further embodiments, a multiple aperture imag-
ing system may be configured to automatically increase or
decrease weighting factors for individual transmit and/or
receive apertures or elements until a desired image quality
metric is optimized. In some embodiments, image quality
metrics that may be optimized by adjusting weighting factors
may include image sharpness, contrast, dynamic range, point
spread, or other metrics. In some embodiments, optimization
may comprise identifying a group of weighting factors that
maximizes the selected image quality variable. In other
embodiments, optimization may comprise identifying a
group of weighting factors that minimizes the selected image
quality variable. In still other embodiments, optimization
may comprise maximizing or minimizing a group of image
quality variables while remaining within additional con-
straints. In various embodiments, when applying weighting
factors to a collection of transducer elements (or apertures), a
single scalar may be stored and applied to all relevant pixels
rather than storing and applying a table of weighting factors.

Transmitting Multiple Ping Frequencies

[0138] In other embodiments, weighting factors may be
developed to normalize the effect of other factors that may
otherwise cause some transmit or receive elements to have a
distorting effect on a final image. For example, in some cases
an ultrasound probe may include one or more transmit trans-
ducer elements configured to transmit ultrasound signals with
different power levels, different fundamental frequencies,
different pulse shapes and/or different pulse lengths as com-
pared with other transmit (and/or receive) transducer ele-
ments. In such cases, it may be desirable to increase or
decrease the relative contribution of echoes from such trans-
ducer elements to a final combined image. As with the previ-
ous embodiments, such transmit and/or receive elements may
be weighted individually or in groups according to manual
controls or automatic algorithms. Such additional weighting
factors may also be combined with other types of weighting
factors as described above.

[0139] For example, as is generally understood by those
skilled in the art, high frequency pulses can produce higher
quality images but cannot penetrate as far into the body. On
the other hand, lower frequency pulses may penetrate deeply,
and may therefore produce higher quality images of deeper
tissue, but will tend to produce lower quality images of shal-
low tissue compared with higher frequency pulses. Thus, in
some embodiments, an ultrasound imaging system may be
configured to transmit and receive low-frequency pulses to
image deep regions of an image frame. The same system may
also be configured to transmit and receive high frequency
pulses to image relatively shallow regions ofthe image frame.
In such a system, low-frequency image layers may be com-
bined with the high-frequency image layers to improve the
quality of all regions of a combined image. In some embodi-
ments, weighting factors may be used to increase the contri-
bution of deep regions of the low frequency image layer, to
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increase the contribution of shallow regions of the high fre-
quency image layer, and to smooth a transition between the
deep and shallow regions.

[0140] In similar ways, further embodiments may be con-
figured to adjust a transmit signal (e.g. by adjusting a transmit
pulse frequency, shape, time length, etc.) to optimize one or
more selected regions of an image frame, and the resulting
regionally-optimized image layer may be combined with
other image layers that may be optimized in different regions.
In other examples, regionally-optimized image layers may be
combined with image layers that are not regionally opti-
mized. In some embodiments, weighting factors may be used
to smooth transitions or to otherwise improve the quality of a
combined image. For example, weighting factors may be
used to increase the contribution of pixels within an opti-
mized region of an image while decreasing the contribution of
non-optimized image regions. In further embodiments,
weighting factors may be used to smooth a transition between
an optimized region of one image layer and adjacent regions
of other image layers.

[0141] Insomeembodiments, after applying any weighting
masks and/or after combining image layers, a normalizing
step may be applied in order to cause all regions of a final
image (e.g., a third-level image) to have a consistent average
intensity. For example, without normalizing pixel intensities,
lateral and/or corner regions of a final image may be substan-
tially less bright than a central region of the image due to the
application of weighting factors. Thus, in order to provide a
more consistent image, intensity levels for all pixels in an
entire image may be normalized to fall within a desired range.
In some embodiments, such normalization may be achieved
by techniques similar to those employed by a lateral gain
control of a standard ultrasound imaging system, which
increases brightness of otherwise relatively “dim” pixels at
lateral edges of an image.

Weighting Factors to Avoid Obstacles

[0142] FIG. 9 illustrates an ultrasound imaging scenario in
which some transmit transducers of a multiple aperture probe
11 are partially or completely obscured by an obstacle 70. In
some embodiments, the obstacle 70 may be a rib or other bone
in a human or animal subject. In other embodiments, an
obstacle may be a material with a very high or very low
inherent speed-of-sound relative to surrounding material
being imaged. For example, bone has a high inherent speed of
sound relative to tissue, and an air-filled organ such as a lung
will typically have a much lower speed-of-sound than sur-
rounding tissues. Alternatively, any other structure that inter-
feres with a desired image may be interpreted as an obstacle.
Multiple aperture ultrasound imaging systems may produce
an image using an un-modified multiple aperture imaging
technique in the scenario of FIG. 9, but the obstacle will
typically cause a bright “halo” effect in the near field and a
shadow beyond the obstacle, since a hard obstacle will echo
substantially all of the ultrasound energy transmitted toward
it. By contrast, with single-aperture (and especially phased-
array) imaging systems, any obstacle will tend to entirely
eclipse a substantial section of image data beyond the
obstacle, resulting in a null set of image data for the eclipsed
region. Thus, in some embodiments, it may be desirable to
ignore or reduce the effect of transmit pings from transmit
apertures that are entirely or partially obscured by an
obstacle. In some embodiments, a degree of obstacle block-

Sep. 26, 2013

age may be determined and then a weighting factor may be
selected as a function of the degree of blockage.

[0143] As an example, when trying to image tissue behind
obstructions such as ribs, an imaging system using ping tech-
nology can be configured to make use of signals returning
from the deep tissues and can, to a large extent, ignore the
signals that were blocked. However, when the beamformer
does incorporate the signals that are received after a blocked
transmission, channel noise is typically added into the image.
For this reason, it is desirable to detect blocked transmitters
and not use the corresponding received signals which are
mostly noise.

[0144] Insomeembodiments, a trial and error process may
be used to identify transmit apertures that are not obscured by
obstacles. In some embodiments, a given transmit aperture
may be tested by transmitting a ping from that transmit aper-
ture and listening for return echoes at one or more receive
apertures. Received echoes with magnitudes greater than
some specific threshold value, occurring after relatively long
time delays, may indicate that the ultrasound signals are
penetrating to a substantial depth within the region of interest,
and the test transmit aperture therefore may be qualified as
being essentially free of blocking obstacles. In some embodi-
ments, transmit apertures that return no deep echoes at all
may be interpreted as being entirely blocked by an obstacle.
However, this is an imperfect method because a lack of deep
echoes may also indicate very anatomically and acoustically
uniform material or some other material that simply doesn’t
contain any significant reflectors at the test depth.

[0145] In other embodiments, it may be preferable to
directly identify blocked transmit apertures rather than
attempting to identify unblocked transmit apertures. In some
embodiments, a transmit aperture may be tested for blockage
by transmitting a ping and evaluating return echoes in the near
field using, for example, a temporal gating or windowing
mechanism to eliminate potential false positive results due to
anticipated strong echoes occurring at or just above the skin
surface. This may be important to preclude strong echoes
likely to be received from the transducer-to-lens interface, the
lens-to-gel interface, and the gel-to-skin interface from being
incorrectly interpreted as blocking obstacles. Accordingly,
the test depth can be restricted by establishing a temporal
“starting point” for return echoes to be examined, and
samples arriving prior to the start of the window are likely
interface echoes that can safely be ignored. Similarly, a tem-
poral “ending point” for strong return echoes can be estab-
lished to rule out deep structures beneath the region of interest
from being classified as blocking obstacles; any such echoes
detected may also be ignored. If the echoes received from a
test ping are substantially strong ones with time delays occur-
ring within the appropriately defined gate or window, a hard
blocking obstacle is likely present between the probe and the
region of interest, and the test transmit aperture may be clas-
sified as being potentially blocked by this obstacle. If a test
ping does not return any substantially strong echoes within
the appropriately defined test depth, that transmit aperture
may be assumed to be clear of blocking obstacles. In some
embodiments, the degree or extent of blockage may be evalu-
ated by analyzing the patterns of strong shallow echoes and
deeper echoes occurring at multiple receive apertures.
[0146] In some embodiments, a test depth at which an
obstacle is anticipated can differ based on variability of the
body or object under inspection. For example, substantial
variation in the thickness of a fat layer over the ribs from one
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patient to another may cause significant variation in the test
depth at which the imaging system may evaluate echoes to
identify obstacles. In some embodiments, a variable window/
depth control may be provided to allow manual or automatic
adjustment of an evaluation depth for identifying obstacles.
For example in some embodiments, a test-depth control may
be set to evaluate echoes at depths between 1 mm and 1 cm (or
more) below the probe. Such a control may be adjusted to
evaluate echoes at various depths in order to locate a range of
depths returning strong echoes indicating the presence of an
obstacle. In some embodiments, the width of such a test
window may be held constant while seeking echoes at various
depths. In some embodiments, a range of depth at which the
system may search for obstacles may be determined auto-
matically. In such embodiments, a probe may be placed over
a known (or expected) obstacle, and a process may be initi-
ated in which an imaging control system transmits pings and
“listens” for strong echoes within a particular depth range.

[0147] In some embodiments, weighting factors may be
applied to transmit apertures based on a degree to which each
transmit aperture is obscured by an obstacle. For example, a
transmit aperture that is entirely obscured by an obstacle may
receive a weighting factor of zero (or a value substantially
near zero). A transmit aperture that is entirely clear (i.e. not
obscured by any obstacles at all) may have a weighting factor
of one (or substantially near one). In some embodiments,
partially or entirely blocked transmit apertures may have
weighting factors applied with respect to all receive apertures.
In other embodiments, partially or entirely blocked transmit
apertures may have weighting factors applied with respect to
only some receive apertures. In still other embodiments,
weighting factors may be applied based on ROI point loca-
tion, such as applying different weights for shallow ROI
regions above a blocking obstacle relative to regions below
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15 receive apertures. Transmit aperture Ln is partially
blocked by the obstacle 70, since some ultrasound energy will
still pass through the region of interest around the obstacle 70.
In some embodiments, weighting factors may be applied to
transmit apertures alone in order to improve image quality in
the area of a detected obstacle. For example, in the situation
illustrated in FIG. 9, a weighting factor for all image pixels
may resemble the following:

TABLE 1

Weighting Factors for a Blocked TX Aperture

RX Left

TX Ln 0.3
TX Lj

TX Lk 5
TX Cn
TX Cj
TX Ck
TX Rn
TXRj
TX Rk

o e

[0149] In other embodiments, both individual transmit ele-
ments and individual receive elements may be weighted to
address detected obstacles. For example, in the situation illus-
trated in FIG. 9 (and assuming that the elements Ln, Lj, Lk,
Cn, Cj, Ck, Rn, Rj, and Rk may also be used as receive
elements), a weighting factor table for all image pixels may
resemble the following:

TABLE 2

TX and RX Weighting Factors for a Blocked TX Aperture

RXLn RXLj RXLk RXCn RxCj RXCk RXRn RXRj RXRk
TX Ln 0.3 0.0 0.4 05 05 05 0.5 05 0.5
TX Lj 0.0 0.0 0.0 00 00 00 0.0 0.0 0.0
TX Lk 0.4 0.0 0.5 07 07 07 0.7 0.7 0.7
TX Cn 0.5 0.0 0.7 1 1 1 1 1 1
TX Gj 0.5 0.0 0.7 1 1 1 1 1 1
TX Ck 0.5 0.0 0.7 1 1 1 1 1 1
TX Rn 0.5 0.0 0.7 1 1 1 1 1 1
TX Rj 0.5 0.0 0.7 1 1 1 1 1 1
TX Rk 0.5 0.0 0.7 1 1 1 1 1 1
(i.e., blocked by) the obstacle. For example, ROI points above [0150] In some embodiments, a general smoothing func-

an obstacle may receive weighting factors of about one, while
ROI points below the obstacle may receive a weight of about
zZero.

[0148] In some embodiments, transmit apertures that are
only partially obscured may have weighting factors between
zero and one in proportion to a degree of blockage. With
referenceto FIG. 9, transmit aperture Lj may be interpreted as
entirely blocked by the obstacle 70, since nearly all of the
energy transmit by aperture Lj will be reflected by the
obstacle 70. However, aperture Lk is only partially blocked
by the obstacle 70 and some substantial amount of energy
transmitted by aperture Lk will pass through the region of
interest and will be reflected to at least the center 17 and right

tion may be applied based on expected geometry of a particu-
lar type of obstacle. For example, if it is known that expected
obstacles are ribs, certain assumptions can be made regarding
the geometry of detected obstacles, such as a range of antici-
pated rib size, spacing between ribs, ranges of depth at which
ribs may be found, etc. In some embodiments, such informa-
tion may be used to correct measurement errors. For example,
an indication that an ostensibly un-blocked transmit aperture
is positioned in between two or more closely spaced blocked
apertures could be safely interpreted as an error. As a result,
the ostensibly unblocked transmit aperture may be ignored
and may be treated as “blocked.” Similarly, if the spacing
between ribs is assumed to fall within a known range, an
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indication that a blocked transmit aperture is positioned
between two or more closely spaced clear apertures may also
be interpreted as an error.

[0151] In other embodiments, known or assumed informa-
tion about the geometry of obstacles within a region of inter-
est may be used to smooth a transition between “blocked” and
“un-blocked” transmit apertures. For example, during
B-mode imaging, transmit apertures that are positioned at an
edge of an obstacle can in some cases experience refraction
and/or diffraction of the ultrasound signal. Thus, in some
embodiments, transmit apertures adjacent to an edge of a
detected obstacle may be assigned weighting factors that
increase from zero (for blocked apertures) to one (for entirely
clear apertures) in steps, thereby minimizing the effect of
transmit apertures that may still be adjacent to (and/or par-
tially blocked by) the obstacle. In other embodiments, trans-
mit apertures that are only partially blocked, or that are deter-
mined to be too close to detected obstacles may be ignored.
[0152] Insome embodiments, in addition to improving the
quality of B-mode ultrasound images, the identification of
“clear” transmit apertures may be beneficial for performing
Doppler imaging or Elastography with a multiple aperture
probe. Some embodiments of Doppler imaging and Elastog-
raphy utilize a single transmit aperture for obtaining multiple
images at extremely high frame rates (e.g., hundreds or thou-
sands of frames per second). In such embodiments, the above
methods may be used to identify one or more suitable transmit
apertures that are well clear of any detected obstacles. For
example, if two adjacent obstacles are identified (such as two
adjacent ribs), an imaging control system may select a trans-
mit aperture that is in between the two obstacles. In some
embodiments, such a selected transmit aperture may be equi-
distant from both detected obstacles.

[0153] Any of the foregoing embodiments may be used in
combination with a multiple aperture imaging probe of any
desired construction. Examples of multiple aperture ultra-
sound imaging probes are provided in Applicants’ prior
patent applications, including the following US patent appli-
cations: U.S. patent application Ser. No. 11/865,501, filed on
Oct. 1, 2007 and titled “Method And Apparatus To Produce
Ultrasonic Images Using Multiple Apertures,” now U.S. Pat.
No. 8,007,439; U.S. patent application Ser. No. 12/760,375,
filed on Apr. 14, 2010, published as 2010/0262013 and titled
“Universal Multiple Aperture Medical Ultrasound Probe”;
U.S. patent application Ser. No. 12/760,327, filed on Apr. 14,
2010, published as 2010/0268503 and titled “Multiple Aper-
ture Ultrasound Array Alignment Fixture”; U.S. patent appli-
cation Ser. No. 13/279,110, filed on Oct. 21, 2011, published
as 2012/0057428 and titled “Calibration of Ultrasound
Probes”; U.S. patent application Ser. No. 13/272,098, filed on
Oct. 12, 2011, published 2012/0095347 and titled “Multiple
Aperture Probe Internal Apparatus and Cable Assemblies”;
U.S. patent application Ser. No. 13/272,105, filed on Oct. 12,
2011, published as 2012/0095343 and titled “Concave Ultra-
sound Transducers and 3D Arrays™; U.S. patent application
Ser. No. 13/029,907, filed on Feb. 17, 2011, published as
2011/0201933 and titled “Point Source Transmission And
Speed-Of-Sound Correction Using Multi-Aperture Ultra-
sound Imaging”. The entire contents of each of these patents
and patent applications is incorporated herein by reference.
[0154] Embodiments of the systems and methods
described above may also be beneficially applied to multiple
aperture ultrasound imaging systems utilizing focused
phased array transmit pulses rather than point source transmit
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pulses (pings). Similarly, embodiments of the systems and
methods described above may also be beneficially applied to
single-aperture imaging systems using multiple sub-aper-
tures for ping transmission. In still further embodiments, the
methods described above may also be applied to conventional
ultrasound systems using phased array-transmissions from a
single-aperture probe.
[0155] Although this invention has been disclosed in the
context of certain preferred embodiments and examples, it
will be understood by those skilled in the art that the present
invention extends beyond the specifically disclosed embodi-
ments to other alternative embodiments and/or uses of the
invention and obvious modifications and equivalents thereof.
Various modifications to the above embodiments will be
readily apparent to those skilled in the art, and the generic
principles defined herein may be applied to other embodi-
ments without departing from the spirit or scope of the inven-
tion. Thus, it is intended that the scope of the present inven-
tion herein disclosed should not be limited by the particular
disclosed embodiments described above, but should be deter-
mined only by a fair reading of the claims that follow.
[0156] In particular, materials and manufacturing tech-
niques may be employed as within the level of those with skill
in the relevant art. Furthermore, reference to a singular item,
includes the possibility that there are plural of the same items
present. More specifically, as used herein and in the appended
claims, the singular forms “a,” “and,” “said,” and “the”
include plural referents unless the context clearly dictates
otherwise. As used herein, unless explicitly stated otherwise,
the term “or” is inclusive of all presented alternatives, and
means essentially the same as the commonly used phrase
“and/or.” It is further noted that the claims may be drafted to
exclude any optional element. As such, this statement is
intended to serve as antecedent basis for use of such exclusive
terminology as “solely,” “only” and the like in connection
with the recitation of claim elements, or use of a “negative”
limitation. Unless defined otherwise herein, all technical and
scientific terms used herein have the same meaning as com-
monly understood by one of ordinary skill in the art to which
this invention belongs.
What is claimed is:
1. A method of forming an ultrasound image, the method
comprising;
transmitting an unfocused first circular wave front ultra-
sound signal into a region of interest from a first transmit
aperture and receiving echoes of the first circular wave
front ultrasound signal at a first receive aperture to form
a first image layer;

transmitting an unfocused second circular wave front ultra-
sound signal into a region of interest from a second
transmit aperture and receiving echoes of the second
circular wave front ultrasound signal at the first receive
aperture to form a second image layer;

applying a weighting factor to at least one pixel of the first

image layer to obtain a modified first image layer; and
combining the modified first image layer with the second
image layer to form a combined image.

2. The method of claim 1, further comprising applying a
weighting factor to aleast one pixel of the second image layer
to obtain a modified second image layer.

3. The method of claim 1, further comprising, prior to
applying the weighting factor, determining a value of the
weighting factor by determining an angle between a point
represented by the at least one pixel and the first transmit
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aperture, and determining the value of weighting factor as a
mathematical function of the determined angle.

4. The method of claim 1, further comprising, prior to
applying the weighting factor, determining a value of the
weighting factor by determining an angle between a point
represented by the at least one pixel and the first receive
aperture, and determining the weighting factor as a math-
ematical function of the determined angle.

5. The method of claim 3, wherein determining the value of
the weighting factor comprises determining whether the
angle exceeds a threshold value, selecting a first value for the
weighting factor if the angle exceeds the threshold value, and
selecting a second value for the weighting factor if the angle
does not exceed the threshold value.

6. The method of claim 4, wherein determining the value of
the weighting factor comprises determining whether the
angle exceeds a threshold value, selecting a first value for the
weighting factor if the angle exceeds the threshold value, and
selecting a second value for the weighting factor if the angle
does not exceed the threshold value.

7. The method of claim 1 further comprising, prior to
applying the weighting factor, determining a value of the
weighting factor by:

determining a first distance from one of the first or second

transmit apertures to a point represented by the at least
one pixel;

determining a second distance from the point to the first

receive aperture;

summing the first distance and the second distance to

obtain a total path length; and

determining the weighting factor as a mathematical func-

tion of the total path length.

8. The method of claim 1, wherein applying the weighting
factor comprises multiplying the weighting factor by a pixel
intensity value of the at least one pixel.

9. The method of claim 1, wherein applying the weighting
factor decreases the value of pixels that are identified as likely
to contain more than a threshold level of noise.

10. The method of claim 1, further comprising transmitting
the first circular wave front at a first frequency, and transmit-
ting the second circular wavefront at a second frequency, the
first frequency being greater than the second frequency, and
applying a weighting factor to at least one pixel in the second
image based on the difference between the first frequency and
the second frequency.

11. The method of claim 4, wherein the mathematical
function is selected from the group consisting of a monotonic
function, a linear function, a normal distribution, a parabolic
function, a geometric function, an exponential function, a
Gaussian distribution, and a Kaiser-Bessel distribution.

12. The method of claim 1 further comprising, prior to
applying the weighting factor, determining a value of the
weighting factor by evaluating a quality of a point-spread-
function of the first transmit aperture and the first receive
aperture, determining that a pixel image obtained using the
first transmit aperture and the first receive aperture will
improve image quality, and assigning a non-zero positive
value to the weighting factor.

13. The method of claim 1 further comprising, prior to
applying the weighting factor, determining a value of the
weighting factor by evaluating a quality of a point-spread-
function of the first transmit aperture and the first receive
aperture, determining that a pixel image obtained using the
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first transmit aperture and the first receive aperture will
degrade image quality, and assigning a value of zero to the
weighting factor.

14. The method of claim 1, further comprising changing an
image window by zooming or panning to a different portion
of the region of interest, determining a new weighting factor
value based on the changed image window.

15. A method of identifying transmit elements not blocked
by an obstacle, the method comprising:

transmitting an unfocused first circular wave front ultra-
sound signal from a first transmit aperture and receiving
echoes of the first circular wave front ultrasound signal
at a first receive aperture;

determining whether deep echo returns from within the
region of interest are received by identifying if a time
delay associated with the received echoes exceeds a
threshold value; and

identifying the first transmit aperture as being clear of an
obstacle if deep echo returns are received.

16. A method of identifying transducer elements blocked

by an obstacle, the method comprising:

transmitting an unfocused first circular wave front ultra-
sound signal from a first transmit aperture and receiving
echoes of the first circular wave front ultrasound signal
at a first receive aperture;

determining whether strong shallow echo returns are
received by identifying a plurality of echo returns with
intensity values greater than a threshold intensity and
with time delays less than a threshold time delay; and

identifying the first transmit aperture as being blocked by
an obstacle if strong shallow echo returns are received.

17. An ultrasound imaging system comprising:

an ultrasound transmitter configured to transmit unfocused
ultrasound signals into a region of interest;

an ultrasound receiver configured to receive ultrasound
echo signals returned by reflectors in the region of inter-
est;

a beamforming module configured to determine positions
of the reflectors within the region of interest for display-
ing images of the reflectors on a display;

first user-adjustable controls configured to select a desig-
nated aperture from a plurality of transmit apertures and
receive apertures of the ultrasound transmitter and ultra-
sound receiver; and

second user-adjustable controls configured to increase or
decrease a speed-of-sound value used by the beamform-
ing module to determine the positions of reflectors
detected with the designated aperture.

18. The system of claim 17, wherein the designated aper-

ture is a transmit aperture.

19. The system of claim 17, wherein the designated aper-
ture is a receive aperture.

20. An ultrasound imaging system, comprising:

a first transmit aperture configured to transmit first and
second unfocused circular wave front ultrasound signals
into a region of interest;

a first receive aperture configured to receive echoes of the
first and second circular wave front ultrasound signals;
and

a controller configured to form a first image layer from
received echoes of the first circular wave front ultra-
sound signal, and configured to form a second image
layer from received echoes of the second circular wave
front ultrasound signal, the controller being further con-
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figured to apply a weighting factor to at least one pixel of
the first image layer to obtain a modified first image
layer, and to combine the modified first image layer with
the second image layer to form a combined image.

21. The system of claim 20, wherein the controller is con-
figured to apply a weighting factor to a least one pixel of the
second image layer to obtain a modified second image layer.

22. The system of claim 20, wherein the controller is con-
figured to determine a value of the weighting factor by deter-
mining an angle between a point represented by the at least
one pixel and the first transmit aperture, the controller being
further configured to determine the value of weighting factor
as a mathematical function of the determined angle.

23. The system of claim 20, wherein the controller is con-
figured to determine a value of the weighting factor by deter-
mining an angle between a point represented by the at least
one pixel and the first receive aperture, the controller being
further configured to determine the weighting factor as a
mathematical function of the determined angle.

24. The system of claim 23, wherein determining the value
of the weighting factor comprises determining whether the
angle exceeds a threshold value, selecting a first value for the
weighting factor if the angle exceeds the threshold value, and
selecting a second value for the weighting factor if the angle
does not exceed the threshold value.

25. The system of claim 22, wherein determining the value
of the weighting factor comprises determining whether the
angle exceeds a threshold value, selecting a first value for the
weighting factor if the angle exceeds the threshold value, and
selecting a second value for the weighting factor if the angle
does not exceed the threshold value.

26. The system of claim 20, wherein the controller is con-
figured to determine a value of the weighting factor by:

determining a first distance from one of the first or second

transmit apertures to a point represented by the at least
one pixel;

determining a second distance from the point to the first

receive aperture;

summing the first distance and the second distance to

obtain a total path length; and

determining the weighting factor as a mathematical func-

tion of the total path length.
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27. The system of claim 20, wherein applying the weight-
ing factor comprises multiplying the weighting factor by a
pixel intensity value of the at least one pixel.

28. The system of claim 20, wherein applying the weight-
ing factor decreases the value of pixels that are identified as
likely to contain more than a threshold level of noise.

29. The system of claim 20, wherein the first transmit
aperture is configured to transmit the first circular wave front
at a first frequency and the second circular wavefront at a
second frequency, the first frequency being greater than the
second frequency, and the controller is configured to apply a
weighting factor to at least one pixel in the second image
based on the difference between the first frequency and the
second frequency.

30. The system of claim 23, wherein the mathematical
function is selected from the group consisting of a monotonic
function, a linear function, a normal distribution, a parabolic
function, a geometric function, an exponential function, a
Gaussian distribution, and a Kaiser-Bessel distribution.

31. The system of claim 20, wherein the controller, prior to
applying the weighting factor, is configured to determine a
value of the weighting factor by evaluating a quality of a
point-spread-function of the first transmit aperture and the
first receive aperture, the controller being configured to deter-
mine that a pixel image obtained using the first transmit
aperture and the first receive aperture will improve image
quality, the controller being further configured to assign a
non-zero positive value to the weighting factor.

32. The system of claim 20, wherein the controller is con-
figured to determine a value of the weighting factor by evalu-
ating a quality of a point-spread-function of the first transmit
aperture and the first receive aperture, the controller being
configured to determine that a pixel image obtained using the
first transmit aperture and the first receive aperture will
degrade image quality, the controller being further configured
to assign a value of zero to the weighting factor.

33. The system of claim 20, wherein the controller is fur-
ther configured to change an image window by zooming or
panning to a different portion of the region of interest, the
controller further being configured to determine a new
weighting factor value based on the changed image window.
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